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POLYMERIC MATERIAL FOR THREE-DIMENSIONAL PRINTING
Related Application

The present application claims priority to U.B. provisional application serial
no. 81/863,944, filed on August 8, 2013, which is incorporated herein in its entirety

by referance thereto.

Extrusion-based layered deposition systems are used {o build a thres-
dimensional object from a computer-aided design ("CAD") model in a layer-by-
layer manner by extruding a flowable build material. In such systems, the build
material is typically extruded through an extrusion tip and deposited as a sequence
of layers on a substrate in an x-y plane. The extruded build material fuses to
previcusly deposited build material and solidifies upon a drop in temperature. The
position of the extrusion head relative to the substrate is then incremented along a
z-axis (perpendicular to the x-y plane), and the process is repeated to form a
three-dimensional object resembling the CAD model. Supporting structures are
often built underneath overhanging portions or in cavities of objects under
construction, which are not supporied by the build material itself. A support
structure may be built using the same deposition techniques by which the build
material is deposited. The host computer generates additional geometry acting as
a support structure for the overhanging or free-space segments of the three-
dimensional object being formed. Support material is then deposited from the
same nozzie as the build material or a second nozzle pursuant o the generated
geometry during the build process. The support material adheres to the build
material during fabrication, and is removable from the completad three-
dimensional object when the build process is complete. Additionally, a support
structure may also be created prior to printing the 3-D object to provide a more
stable base for the object.

Regardless of the particular system employed, two of the most common
polymers that are used as build and support materials are acrylonitrile butadiene
styrene ("ABS") and polyiactic acid ("PLA”). ABS is a relatively flexible and
machinable polymer, but it is not renewable and it also tends to curt or warp when
placed into contact with the print surface. On the other hand, while PLA is
renewable and less subject to warping, it is relatively brittle and lacks flexibility.
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Such properties can significantly limit the use of PLA in complex shapes, where a
good balance between material stiffness and impact strength is reguired. As such,
a need currently exists for an improved polymeric material that is capable of being
gmployed as a build material and/or support material in three-dimensional printer
systems,

Summary of the Invention

in accordance with ong embodimeant of the present invention, a printer
cartridge for use in a three-dimensional printer system is disclosed. The printer
cartridge contains a spool that carries a polymeric material. The polymeric
material is formed from a thermoplastic composition containing a continuous phase
that includes a maltrix polymer, and a microinclusion additive and nanoinclusion
additive are dispersad within the continuous phase in the form of discrete domains.

in accordance with another embodiment of the present invention, a method
for forming a three-dimensional obisct is disclosed. The method comprises
printing a three-dimensional structure as a series of successive layars of a build
material and optionally printing a support structure from a support material. The
build material, support material, or both contain a polymeric material formed from a
thermoplastic composition containing a continuous phase that includes a matrix
polymer. A microinclusion additive and nanoinclusion additive are dispersed within
the continuous phase in the form of discrete domains.

Other features and aspects of the present invention are discussed in greater
detail below.

Brief Description of the Drawings

A full and enabling disclosure of the present invention, including the best
mode thereof, directed to one of ordinary skill in the art, is set forth more
particularly in the remainder of the specification, which makes reference to the
appendead figures in which:

Fig. 1 is a front view of one embodiment of an extrusion-based three-
dimensional printer system that may be employed in the present invention;

Fig. 2 is a perspective view of one embodiment of a three-dimensional
precursor object that may be formed using the polymeric material of the present
invention;

Figs. 3A-3C are cross-sectional views of Fig. 2 taken along a line 3A-3A,
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depicting a process for building a three-dimensional obiect;

Fig. 4 is an exploded perspective view of one embodiment of a printer
cartridge that may be employed in the present invention;

Figs. 5-6 are SEM microphotographs of the unstretched material of
Example 1, where the material was cut perpendicular to the machine direction in
Fig. 5 and parallel to the machine direction in Fig. §;

Figs. 7-8 are SEM microphotographs of the stretched material of Example 1
{material was cut parallel to machine direction orientation}.

Figs. 8-10 are SEM microphotographs of the unstreiched material of
Exampie 2, where the material was cuf perpendicular to the machine direction in
Fig. 8 and parallel to the machine direction in Fig. 10; and

Figs. 1112 are SEM microphotographs of the stretched material of
Example 2 {material was cut parallel 1o machine direction orientation).

Repeat use of references characters in the present specification and
drawings is intended {o represent same or analogous features or elaments of the
invention.

Detailed Description of Representative Embodiments

Reference now will be made in detail to various embodiments of the
invention, one or more examples of which are set forth below, Each example is
provided by way of explanation of the invention, not limitation of the invention. In
fact, it will be apparent to those skilled in the art that various modifications and
varigtions may be made in the present invention without departing from the scope
or spirit of the invention. For instance, features illustrated or described as part of
one embodiment, may be used on ancther embodiment o vield a still further
embodiment. Thus, it is intended that the present invention covers such
modifications and variations as come within the scope of the appended claims and
their equivalents.

Generally speaking, the present invention is directed to a polymeric material
that is capable of being employad as the build material and/or support material in a
three-dimensional printer system. The material is flexible, yet also capable of
retaining its shape, which can allow the matetial to be more readily printed into
complex shapes. This unique combination of flexibility and shape retention
properties may be achieved for a single, monglithic polymeric material through
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selective control over the manner in which the material is formed. More
particularly, the polymeric malerial is formed from a thermoplastic composition
containing a continuous phase that includes a matrix polymer, microinclusion
additive, and nanoinclusion additive. The additives may be selected so that they
have a different elastic modulus than the matrix polymer. In this manner, the
microinclusion and nanoinclusion additives can become dispersed within the
continuous phase as discrete micro-scale and nano-scale phase domains,
respectively. When subjected 1o a deformational strain before, during and/or after
thres-dimensional printing, infensive localized shear regions and/or stress intensity
regions (e.g., normal stresses) can form near the micro-scale discrete phase
domains as a result of stress concentrations that arise from the incompatibility of
the materials. These shear and/or stress intensity regions may cause some initial
debonding in the polvmer matrix adjacent o the micro-scale domains. Notably,
howaver, localized shear and/or stress intensity regions may also be created near
the nano-scale discrele phase domains that overlap with the micro-scale regions.
Such overlapping shear and/or stress intensity regions cause even further
debonding to occur in the polymer matrix, thereby creating a substantial number of
pores adjacent to the nano-scale domains and/or micro-scale domains.

A porous network can thus be formed within the polymeric material. A
substantial portion of the pores within this network may be of a "nano-scale” size
{“nanopores”), such as those having an average cross-sectional dimension of
about 800 nanometers or less, in some embodiments from about 5 {o about 250
nanometers, and in some embodiments, from about 10 to about 100 nanometers.
The term “cross-sectional dimension” generally refers to a characteristic dimension
{e.g., width or diameter} of a pore, which is substantially orthogonal to its major
axis {(&.g., length) and also typically substantially orthogonal o the direction of the
stress applied during straining. Such nanopores may, for example, constitute
about 15 vol.% or more, in some embodiments about 20 vol.% or more, in some
embodiments from about 30 vol. % to 100 vol.%, and in some embodiments, from
about 40 vol.% to about 80 vol.% of the total pore volume in the polymeric
material. Due to their location adjacent to discrete domains (e.g., micro-scale
and/or nano-scale), a bridge can be formed bstween the boundaries of the
nanopores within the porous network that act as internal structural *hinges” o help
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stabilize the network. Among other things, this enhances the flexibility of the
material yet allows it to retain a sufficient degree of strength so it can retain the
desired shape after printing.

Micropores may also be formed at and around the micro-scale domaing
during drawing that have an average cross-sectional dimension of from about 0.5
to about 30 micrometers, in some embodiments from about 1 to about 20
micrometers, and in some embodiments, from about 2 micrometers to about 15
micrometers. The micropores and/or nanopores may have any regular or irregular
shape, such as spherical, elongated, etc. In certain cases, the axial dimension of
the micropores and/or nanopores may be larger than the cross-sectional
dimension s0 that the aspect ratio (the ratio of the axial dimension to the cross-
sectional dimension) is from about 1 to about 30, in some embodiments from about
1.1 to about 15, and in some embodiments, from about 1.2 to about 5. The "axial
dimension’ is the dimension in the direction of the major axis (e.g., length). The
present inventors have also discovered that the pores (e.g., micropores,
nanopores, or both) can be distributed in a substantially homogensaous fashion
throughout the material. For example, the pores may be distributed in columns
that are oriented in a direction generally perpendicular to the direction in which a
stress is applied. These columns may be generally parallel to each other across
the width of the material, Without intending to be limiled by theory, it is believed
that the presence of such a homogeneously distributed porous network can result
in good mechanical properties.

Various embodiments of the present invention will now be described in
more detail.

L. Thermoplastic Composition

A, Matrix Polymer

As indicated above, the thermoplastic compuosition contains a continuous
phase within which the microinclusion and nanoinclusion additives are dispersed.
The continuous phase contains one or more matrix polymers, which typically
constitute from about 60 wi.% to about 89 wt.%, in some embodiments from about
75 wt.% to about 88 wt.%, and in some embodiments, from about 80 wt.% to about
95 wt. % of the thermoplastic compuosition. The nature of the matrix polymer(s)
used o form the continuous phase is not critical and any suitable polymer may
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generally be employed, such as polyesters, polyolefing, styrenic polymers,
polyamides, ete. In certain embodiments, for example, polyesters may be
employed in the composition to form the polymer matrix. Any of a variety of
polyesters may generally be employed, such as sliphatic polyesters, such as
polycaprolactone, polyesteramides, polylactic acid (PLA) and its copolymers,
polyglycolic acid, polyalkylene carbonates (e.g., polyethylene carbonate), poly-3-
hydroxybutyrate (PHB), poly-3-hydroxyvalerate (PHV), poly-3-hydroxybutyrate-co-
4-hydroybutyrate, poly-3-hydroxybutyrate-co-3-hydroxyvalerate copolymers
{PHBV), poly-3-hydroxybutyrate-co-3-hydroxyhexanoate, poly-3-hydroxybutyrate-
co-3-hydroxyoctanoate, poly-3-hydroxybutyrate-co-3-hydroxydecanoate, poly-3-
hydroxybutyrate-co-3-hydroxyoctadecanoate, and succinate-based aliphatic
polymers (e.9., polybutylene succinatg, polybutylene succinate adipale,
nolyethylene succinate, elc.); aliphatic-aromatic copolyesters {(e.g., polybutylene
adipate terephthaiate, polyethyvlene adipate terephthalate, polyethylene adipate
isophthalate, polybutylene adipate isophthalate, etc.); aromatic polyesters {8.g.,
polyethylene terephthalate, polybutylene terephthalate, etc.}; and so forth.

In certain cases, the thermoplastic composition may contain at leastone
polyester that is rigid in nature and thus has a relatively high glass transition
temperature. For example, the glass transition temperature ("T4") may be about
0°C or more, in some embodiments from about 8°C to about 100°C, in some
embodiments from about 30°C to about 80°C, and in some embaodiments, from
about 50°C to about 75°C. The polyester may also have a melting temperature of
from about 140°C to about 300°C, in some embodiments from about 150°C to
about 250°C, and in some embodiments, from about 160°C to about 220°C. The
melting temperature may be determined using differential scanning calorimetry
(“DSCY) in accordance with ASTM D-3417. The glass fransition temperature may
be determined by dynamic mechanical analysis in accordance with ASTM E1640-
0g.

One particularly suitable rigid polyester is polylactic acid, which may
generally be derived from monomer units of any isomer of lactic acid, such as
levorotory-lactic acid ("L-lactic acid”), dexirorotatory-lactic acid {("D-lactic acid”),
meso-tactic acid, or mixtures thereof, Monomer units may also be formed from

anhydrides of any isomer of lactic acid, including L-lactide, D-lactide, meso-lactide,
8
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or mixtures thereof. Cyclic dimers of such lactic acids and/or lactides may also be
employed. Any known polymerization meathod, such as polycondensation or ring-
opening polymerization, may be used to polymerize lactic acid. A small amount of
a chain-extending agent {&.g., a diisocyanate compound, an epoxy compound or
an acid anhydride) may also be employed. The polylactic acid may be a
homopolymer or a copolymer, such as ong that containg monomer units derived
from L-lactic acid and monomer units derived from D-lactic acid. Although not
reguired, the rate of content of one of the monomer unit derived from L-lactic acid
and the monomer unit derived from D-lactic acid is preferably about 85 mole% or
maore, in some embodiments about 80 mole% or more, and in some embodiments,
about 95 mole% or more. Muitiple polylactic acids, each having a different ratio
betwesn the monomaer unit derived from L-lactic acid and the monomer unit
derived from D-lactic acid, may be blended at an arbitrary percentage. Of course,
polylactic acid may also be blended with other types of polymers (e.g., polyolefing,
polyesters, ete.).

In one particular embodiment, the polylactic acid has the following general

siructure;

CH, ©
C

¥ ¢
i §

&
¢
¢
L X

One specific example of a suitable polylactic acid polymer that may be used
in the present invention is commercially available from Biomer, Inc. of Krailling,
Germany) under the name BIOMER™ L8000, Other suitable polylactic acid
polymers are commercially available from Natureworks LLC of Minnetonka,
Minnesota (NATUREWORKS®) or Mitsui Chemical (LACEA™), &till other suitable
polylactic acids may be described in U.S. Patent Nos. 4,787 468; 5,470,944,
5,770,682; 5,821,327, 5,880,254; and 6,326,458.

The polylactic acid typically has a number average molecular weight ("M.")
ranging from about 40,000 to about 180,000 grams per mole, in some
embodiments from about 50,000 to about 160,000 grams per mole, and in some
embodiments, from about 80,000 to about 120,000 grams per mole. Likewise, the
polymer also typically has a weight average molecular weight ("M,)”) ranging from

7
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about 80,000 to about 250,000 grams per mole, in some embodiments from about
100,000 to about 200,000 grams per mole, and in some embodiments, from about
110,000 to about 160,000 grams per mole. The ratio of the weight average
molecular weight to the number average molecular weight ("M /M), Le., the
“‘polydispersity index”, is also relatively low. For example, the polydispersily index
typically ranges from about 1.0 to about 3.0, in some embodiments from about 1.1
to about 2.0, and in some embodiments, from about 1.2 to about 1.8. The weight
and number average molecular weights may be determined by methods known to
those skilled in the art.

The polylactic acid may also have an apparent viscosity of from about 50 to
about 600 Pascal seconds (Pas), in some embodiments from about 100 to about
500 Pa-s, and in some embodiments, from about 200 to about 400 Pa-s, as
determined at a temperature of 180°C and a shear rate of 1000 sec”. The melt
flow rate of the polylactic acid (on a dry basis) may also range from about 0.1 to
about 40 grams per 10 minutes, in some embodiments from about 0.5 to about 20
grams per 10 minutes, and in some embodiments, from about 5 to about 15 grams
per 10 minutes, determined at a load of 2160 grams and at 180°C.

Some types of neat polyesters {e.g., polylactic acid) can absorb water from
the ambient environment such that it has a moisture content of about 500 to 800
parts per million ("ppm”), or even greater, based on the dry weight of the starting
polylactic acid. Moisture content may be determined in a variety of ways as is
known in the art, such as in accordance with ASTM D 71981-05, such as described
below. Because the presence of water during melt processing can hydrolytically
degrade the polyester and reduce its molecular weight, it is sometimes desired to
dry the polyester prior to blending. In most embodiments, for example, it is desired
that the polyester have a moisture content of about 300 parts per million ("ppm'} or
less, in some embodiments about 200 ppm or less, in some embodiments from
about 1 to about 100 ppm prior o blending with the microinclusion and
nanoinclusion additives. Drying of the polyester may occur, for instance, at a
temperature of from about 50°C to about 100°C, and in some embodiments, from
about 70°C 1o about 80°C.

B. Microinclusion Additive

As used herein, the term “microinclusion additive” generally refers to any
8
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amorphous, crystalline, or semi-crystalling material that is capable of being
dispersed within the polymer matrix in the form of discrete domains of a micro-
scale size. For example, prior to straining, the domains may have an average
cross-sactional dimension of from about 0.05 um to about 30 um, in somea
embodiments from about 0.1 um to about 25 um, in some embodiments from
about 0.5 um to about 20 um, and in some embodiments from about 1 um to about
10 um. The term “cross-sectional dimension” generally refers fo a characteristic
dimension (e.g., width or diameter) of a domain, which is substantially orthogonal
to its major axis {e.q., length) and also typically substantially orthogonal to the
direction of the stress applied during straining. While typically formed from the
microinciusion additive, it should be also understood that the micro-scale domains
may also be formed from a combination of the microinclusion and nanoinclusion
additives and/or other components of the composition.

The microinclusion additive is generally polymeric in nature and possesses
a relatively high molecular weight to help improve the melt strength and stability of
the thermoplastic composition. Typically, the microinclusion polymer may be
generally immiscible with the matrix polymer. In this manner, the additive can
better become dispersed as discrete phase domains within a continuous phase of
the matrix polymer. The discrete domains are capable of absorbing energy that
arises from an external force, which increases the overall toughness and strangth
of the resulting material. The domains may have a variety of different shapes,
such as elliptical, spherical, cylindrical, plate-like, tubular, efc. In one embodiment,
for example, the domains have a substantially elliptical shape. The physical
dimension of an individua!l domain is typically small enough to minimize the
propagation of cracks through the polymeric material upon the application of an
external stress, but large enough to initiate microscopic plastic deformation and
allow for shear and/or stress intensity zongs at and around particle inclusions.

While the polymers may be immiscible, the microinclusion additive may
nevertheless be selected 1o have 3 solubility parameter that is relatively similar to
that of the matrix polymer. This can improve the interfacial compatibility and
physical interaction of the boundaries of the discrete and continuous phases, and
thus reduces the likelihood that the compuosition will fracture. In this regard, the
ratio of the solubility parameter for the matrix polymer to that of the additive is

9
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typically from about 0.5 to about 1.5, and in some embodiments, from about 0.8 fo
about 1.2. For example, the microinclusion additive may have a solubility
parameter of from about 15 to about 30 MJoules"*/m™? and in some

embodiments, from about 18 to shout 22 MdoulesY3im*?

, while polylactic acid may
have a solubility parameter of about 20.5 MJoules#/m®?. The term “solubility
parameter” as used herein refers o the "Hildebrand Solubility Parameter”, which is
the sguare root of the cohesive energy density and calculated according to the

following equation:
§ = \/((AH, - RT)/V.n)
where;

A Hv = heat of vaporization
R = ldeal Gas constant

T = Temperature

Vim = Molecular Volume

The Hildebrand solubility parameters for many polymers are also available
from the Solubility Handbook of Plastics, by Wyeych (2004), which is incorporated
herein by reference.

The microinclusion additive may also have a certain melt flow rate (or
viscosity) to ensure that the discrete domains and resulling pores can be
adequately maintained. For example, if the melt flow rate of the additive is foo
high, it tends fo flow and disperse uncontroliably through the continuous phasé.

. This results in lamellar, plate-like domains or co-continuous phase structures that
are difficult to maintain and also likely to prematurely fracture. Conversely, if the
melt flow rate of the additive is too low, it tends to clump together and form very
targe elliptical domains, which are difficult to disperse during blending. This may
cause uneven distribution of the additive through the entirety of the continuous
phase. In this regard, the present inventors have discovered that the ratic of the
melt flow rate of the microinclusion additive to the melt flow rate of the matrix
polymaer is typically from about 0.2 to about 8, in some embodiments from about
0.5 to about 8, and in some embodiments, from about 110 about 8. The
microinclusion additive may, for example, have a melt flow rate of from about 0.1
to about 250 grams per 10 minutes, in some embodiments from about 0.5 {o sbout

200 grams per 10 minutes, and in some embodimants, from about & to gbout 150
10
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grams per 10 minutes, determined at a load of 21860 grams and at 180°C.

i addition to the properties noted above, the mechanical characteristics of
the microinclusion additive may also be selected to achieve the desired porous
network. For example, when a blend of the matrix polymer and microinclusion
additive is applied with an external force, stress concentrations (e.g., including
normal or shear stresses) and shear and/or plastic vielding zones may be initiated
at and around the discrete phase domains as a result of stress concentrations that
arise from a difference in the elastic modulus of the additive and matrix polymaer.
Larger stress concentrations promotfe more intensive localized plastic flow at the
domains, which allows them to become significantly elongated when stresses are
imparted. These elongated domains can allow the composition to exhibit a more
pliable and softer behavior than the matrix polymer, such as when it is a rigid
polyester resin. To enhance the stress concentrations, the microinclusion additive
may be selected fo have a relatively low Young's modulus of elasticity in
comparison to the matrix polymer. For example, the ratio of the modulus of
glasticity of the matrix polymer to that of the additive is typically from about 1 to
ghout 250, in some embodiments from about 2 o asbout 100, and in some
embodiments, from about 2 to about 50, The modulus of elasticity of the
microinclusion additive may, for instance, range from about 2 to about 1000
Megapascals (MPa), in some embodiments from about 5 to about 500 MPa, and in
some embodiments, from about 10 to about 200 MPa. To the contrary, the
muodulus of elasticity of polylactic acid, for exampile, is typically from about 800
MPa to about 3000 MPa.

While a wide variety of microinclusion additives may be emploved thal have
the properties identified above, particularly suitable examples of such additives
may inciude synthetic polymers, such as polyolefins (e.g., polysthylene,
polypropylene, polybulylene, efc.); styrenic copolymers (e.g., styrene-butadiene-
styrene, styrene-isoprene-siyrene, styrene-ethylene-propylene-styrene, styrene-
ethylene-butadiene-styrene, efc.); polytetraflucrosthylenss; polyesters (8.9,
recyclad polyester, polyethylene terephthalate, etc.); polyvinyl acelates (e.g.,
poly(ethyiene vinyl acetate), polyvinyl chioride acetate, efc.); polyviny! alcohols
{e.g., polyvinyl alcohol, poly{ethylene vinyl aicohol}, etc.); polyvinyl butyrals; acrylic
resins (e.g., polyacrylate, polymathylacrylate, polymethyimethacndate, efe);

11
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polyamides (e.g., nylon}; polyvinyl chlorides; polyvinylidene chiorides;
polystyrenes; polyurethanes; efc. Suitable polyolefins may, for instance, include
ethylene polymers (e.g., low density polysthylene (*LDPE"), high density
polyethylene ("HDPE”), linear low density polyathylene ("LLDPE"), etc.), propylene
homopolymers (e.g., syndictactic, atactic, isotactic, sic.), propylene copolymers,
and so forth.

in one particular embodiment, the polymer is a propylene polymer, such as
homopolypropylene or a copolymer of propyiene. The propylene polymer may, for
instance, be formed from a substantially isotactic polypropylene homopolymer or a
copolymer containing equal {o or less than about 10 wi. % of other monomer, i.g,,
at least about 80% by weight propyiene. Such homopolymers may have a melting
point of from about 160°C {o about 170°C.

in still another embodiment, the polyolefin may be a copolymer of ethylene
or propylens with another a-olefin, such as a Ca-Cyp a-olefin or C5-Cyo a-olefin,
Specific examples of suitable a-olefing include 1-butene; 3-methyl-1-butene; 3,3-
dimethyl-1-butene; 1-pentene; 1-pentene with one or more methyl, ethyl or propyt
substituents; 1-hexene with one or more methyl, ethyl or propyl substituents; 1-
heptene with one or more methyl, ethyl or propyl substituents; 1-octene with one or
more methyl, ethyl or propyi substituents; 1-nonene with one or more methyl, ethyl
or propyl substituents; ethyl, methyl or dimethyl-substituted 1-decene; 1-dodeceans;
and styrene. Particularly desired g-olefin comonomers are 1-butene, 1-hexene
and 1-actene. The ethylene or propylene content of such copolymers may be from
about 80 mole% to about 98 mole%, in some embodiments from about 80 mole%
to about 98.5 mole%, and in some embodiments, from about 87 mole™ {o about
87.5 mole%. The o-olefin content may likewise range from about 1 mole% to
about 40 mole%, in some embodiments from about 1.5 mole% to about 15 mole%,
and in some embodiments, from about 2.5 mole% to about 13 mole%.

Exemplary olefin copolymers for use in the present invention include
sthylene-based copolymers available under the designation EXACT™ from
ExxonMobil Chemical Company of Houston, Texas. Other suitable ethylene
copolymers are available under the designation ENGAGE ™, AFFINITY ™,
DOWLEX™ (LLDPE)} and ATTANE™ (ULDPE) from Dow Chemical Company of

Midiand, Michigan. Other suitable ethylene polymers are described in U.S. Patent
12
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Nos. 4,837 288 o Ewen etal 5,218,071 1o Tsulsul et al.; 5272236 {0 Lai et al.;
and 5,278,272 to Lai, et al. Suitable propylene copolymers are also commercially
available under the designations VISTAMAXX™ from ExxonMaobil Chemical Co. of
Houston, Texas; FINA™ (e.g., 8573) from Atofina Chemicals of Feluy, Belgium;
TAFMER™ available from Mitsui Petrochemical Industries; and VERSIFY™
available from Dow Chemical Co. of Midland, Michigan. Suitable polypropylene

homopolymers may likewise include BExocon Mobil 3155 polypropylene, Exxon Mobil
Achieve™ resins, and Total M3881 PP resin. Other examples of suilable

PR S o I8 e

Any of a variety of known techniques may generally be employed fo form
the olefin copolymers. For instance, olefin polymears may be formed using a free
radical or a coordination catalyst (e.g., Zisgler-Natta). Preferably, the olefin
polymer is formed from a single-site coordination catalyst, such as a meatallocene
catalyst. Such a catalyst system produces ethylene copolymers in which the
comonomer is randomly distributed within a motecular chain and uniformly

distributed across the different molecular weight fractions. Metallocene-catalyzed

and 6,080,325 to Wheat, et al. Examples of metallocene catalysts include bis{n-

butyloyclopentadienyititanium dichloride, bis(n-butylcyclopentadianyl)zirconium
dichloride, bis(cyclopentadienyliscandium chloride, bis{indenyhzirconium
dichloride, bis{methylcyclopentadienyhtitanium dichloride,
bis(methylcyclopentadienyl)zirconium dichloride, cobaliocene,
cyclopentadienviiitanium trichloride, ferrocene, hafhocene dichloride,
isopropyl{cyclopentadienyl - -flourenyl)zirconium dichloride, molybdocens
dichloride, nickelocene, niocbocene dichloride, ruthenocene, titanocene dichloride,
zirconocene chioride hydride, zirconocene dichloride, and so forth, Polymers
made using metallocene catalysts typically have a narrow muolecular weight range.
For instance, metaliocene-catalyzed polymers may have polydispersity numbers
{My/M,) of below 4, controlled short chain branching distribution, and controlled
isatacticity.

Regardless of the materials employed, the relative percentage of the

13
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microinclusion additive in the thermoplastic composition is selected to achieve the
desired properties without significantly impacting the base properties of the
composition. For example, the microinclusion additive is typically employed inan
amount of from about 1 wt.% to about 30 wi.%, in some embodiments from about
2 wt % o about 25 wt.%, and in some embodiments, from about 5wt % io about
20 wt.% of the thermoplastic composition, based on the weight of the continuous
phase (matrix polymer(s)). The concentration of the microinclusion additive in the
entire thermoplastic composition may likewise constitute from about 0.1 wt.% to
about 30 wt.%, in some embodiments from about 0.5 wt.% to about 25 wt.%, and
in some embodiments, from about 1 wi.% fo about 20 wi %.

C.  Nanoinclusion Additive

As used herein, the term "nanoinclusion additive” generally refers {o any
amorphous, crystalline, or semi-crystaliine material that is capabie of being
dispersed within the polymer matrix in the form of discrete domains of a nano-
scale size. For example, prior to straining, the domains may have an average
cross-sectional dimension of from about 1 to about 1000 nanometers, in some
embodiments from about 5 to about 800 nanometers, in some embodiments from
about 10 to about 500 nanometers, and in some embodiments from about 20 to
about 200 nanometers. It should be also understood that the nano-scale domains
may alsc be formed from a combination of the microinclusion and nanoinclusion
additives and/or other components of the composition. The nanoinclusion additive
is typically employed in an amount of from about 0.05 wt. % to about 20 wi.%, in
some embodiments from about 0.1 wi.% to about 10 wt.%, and in some
embodiments, from about 0.5 wt.% to about § wt % of the thermoplastic
composition, based on the weight of the continuous phase (matrix polymer(s}}.
The concentration of the nanoinclusion additive in the entire thermoplastic
composition may likewise be from about 0.01 wi.% fo about 15 wt.%, in some
embodiments from about 0.05 wt.% {o about 10 wt.%, and in some embodiments,
from about 0.3 wt.% to about 6 wt.% of the thermoplastic composition.

The nancinclusion additive may be polymeric in nature and possess a
relatively high molecular weight to help improve the malt strength and stability of
the thermoplastic composition. To enhance its ability to become dispersed info
nano-scale domains, the nanoinclusion additive may also be selected from

14



WO 2015/019212 PCT/IB2014/062976

materials that are generally compatible with the malrix polymer and the
microinclusion additive. This may be particularly useful when the matrix polymer
or the microinclusion additive possesses a polar moiety, such as a polyester. One
example such a nancinclusion additive is a functionalized polyolefin. The polar
component may, for exampls, be provided by one or more functional groups and
the non-polar component may be provided by an olefin.  The olefin component of
the nanoinclusion additive may generally be formed from any linear or branched «-
olefin monomer, oligomer, or polymer (including copolymers) derived from an
olefin monomer, such as described above.

The functional group of the nanoinciusion additive may be any group,
molacular segment and/or block that provides a polar component to the molecule
and is not compatible with the matrix polymer. Examples of molecular segment
and/or blocks not compatible with polyolefin may include acrylates, styrenics,
polyesters, polyamides, etc. The functional group can have an ionic nature and
comprise charged metal ions. Particularly suitable functional groups are maleic
anhydride, maleic acid, fumaric acid, malsimide, maleic acid hydrazide, a reaction
product of maleic anhydride and diamine, methylnadic anhydride, dichioromaleic
anhydride, malsic acid amide, etc. Maleic anhydride modified polyolefins are
particularly suitable for use in the present invention. Such modified polyolefins are
typically formed by grafting maleic anhydride onto a polymaeric backbone material.
Such maleated polyolefins are available from E. | du Pont de Nemours and
Company under the designation Fusabond®, such as the P Series (chemically
modified polypropyleng), E Series (chemically modified polyethylene), C Series
{chemically modified ethylene vinyl acetale), A Series (chemically modified
ethylene acrylate copolymers or terpolymers), or N Series (chemically modified
ethylena-propylene, ethylens-propylene diene monomer ("EPDM"} or sthylene-
octene). Alternatively, maleated polyoclefins are also available from Chemtura
Corp. under the designation Polybond® and Eastman Chemical Company under
the designation Eastman G serigs.

in certain embodiments, the nanoinclusion additive may also be reactive.
One example of such a reactive nanoinclusion additive is a polyepoxide that
contains, on average, at least two oxirane rings per molecule. Without intending to
be limited by theory, il is believed that such polyepoxide molecules can induce
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reaction of the matrix polymer (e.g., polyester) under certain conditions, thereby
improving its melt strength without significantly reducing glass transition
temperature. The reaction may involve chain extension, side chain branching,
grafting, copolymer formation, etc. Chain exiension, for instance, may occur
through a variety of different reaction pathways. For instance, the modifier may
enable a nucleophilic ring-opening reaction via a carboxyl terminal group of a
polvester {(esterification) or via a hydroxy! group (etherification). Oxazoline side
reactions may likewise occur to form esteramide moieties. Through such
reactions, the molecular weaight of the matrix polymer may be increased to
counteract the degradation often observed during melt processing. While it may
be desirable o induce a reaction with the matrix polymer as described above, the
present inventors have discoverad that too much of a reaction can lead to
crosslinking betwaen polymer backbones. If such crosslinking is allowed to
procesd {o & significant extent, the resulting polymer blend can become britlle and
difficult to process info a material with the desired strength and elongation
properties.

In this regard, the present inventors have discovered that polyepoxides
having a relatively low epoxy functionality are particularly effective, which may be
guantified by its “epoxy equivalent weight,” The epoxy equivalent weight reflects
the amount of resin that containsg one molecule of an epoxy group, and it may be
calculated by dividing the number average molecular weight of the modifier by the
number of epoxy groups in the molecule. The polyepoxide of the present invention
typically has a number average molecular weight from about 7,500 to about
250,000 grams per mole, in some embuodiments from about 15,000 to about
180,000 grams per mole, and in some embodiments, from about 20,000 to
100,000 grams per mole, with a polydispersity index typically ranging from 2516 7.
The polyepoxide may contain less than 50, in some embodiments from 5 {o 45,
and in some embodiments, from 15 to 40 epoxy groups. Inturn, the epoxy
squivalent weight may be less than about 15,000 grams per mole, in some
embodiments from about 200 to about 10,000 grams per mole, and in some
embodiments, from about 500 to about 7,000 grams per mole.

The polyepoxide may be a linear or branched, homopolymer or copolymer
{e.g., random, graft, block, efc.} containing terminal epoxy groups, skeletal oxirane
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units, and/or pendent epoxy groups. The monomers empioyed to form such
polyepoxides may vary. In one particular embodiment, for example, the
polyepoxide contains at least one epoxy-functional (meth)acrylic monomeric
component. As used herein, the term “(methjacrylic” includes acrylic and
methacrylic monomers, as well as salts or esters thereof, such as acrylate and
methacrylate monomers. For example, suitable spoxy-functional (meth)acrylic
monomers may include, but are not limited to, those containing 1,2-epoxy groups,
such as ghycidyl acrylate and glycidyl methacrylate. Other suitable epoxy-
functional monomers include aliyl glycidy! ether, glycidy! ethacrylate, and glycidy!
itoconate. '

The polyepoxide typically has a relatively high molecular weight, as
indicated above, so that it may not only result in chain extension, but also help to
achieve the desired blend morphology. The resulting melt flow rate of the polymer
is thus typically within a range of from about 10 o about 200 grams per 10
minutes, in some embodiments from about 40 to about 150 grams per 10 minutes,
and in some embodiments, from about 60 to about 120 grams per 10 minutes,
determined at a load of 2160 grams and at a temperature of 180°C.

If desired, additional monomers may also be employed in the polyepoxide to
help achieve the desired molecular weight. Such monomers may vary and
include, for example, ester monomaers, (meth)acrylic monomers, olefin monomers,
amide monomers, etc. In one particular embodiment, for example, the
polyepoxide includes at least one linear or branched o-olefin monomer, such as
those having from 2 to 20 carbon atoms and preferably from 2 to 8 carbon atoms.
Specific examples include ethylene, propylene, 1-butene; 3-methyl-1-butens; 3,3~
dimethyl-1-butene; 1-pentene; 1-pentene with one or more methyl, ethyi or propyl
substituents; 1-hexene with one or more methyl, sthyl or propy! substituents; 1-
heptene with one or more methyl, ethyl or propy! substituents; 1-octene with one or
more methyl, ethyl or propyl substituents; 1-nonens with one or more methyl, ethyl
or propyl substituents; ethyl, methyl or dimethyl-substituted 1-decene; 1-dodecene;
and styrene, Particularly desired o-clefin comonomers are ethylens and
propylene.

Anocther suitable monomer may include a (meth)acrylic monomer that is not

spoxy-functional. Examples of such (meth)acrylic monomers may include methyl
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acrylate, ethyl acrylate, n-propyl acrylate, i-propyl acrylate, n-butyl acryiate, s-butyl
acrylate, i-butyl acrylate, t-butyl scrvlate, n-amyl acrylate, i-amyl acrylale, isobornyl
acrylate, n-hexyl acrylate, 2-sthylbutyl acrylate, 2-ethylhexyl acrylate, n-octyl
acrylate, n-decyi acrylate, methylcyclohexyl acrylate, cyclopentyl acrylate,
cyclohexyl acrylate, methyl methacrylate, ethyl methacrylate, 2-hydroxyethy!
methacrylate, n-propyl methacrylate, n-butyl methacrylate, i-propyl methacrylate, i-
butyl methacrylate, n-amyl methacrylate, n-hexyl mathacrylate, i-amyl
methacrylate, s-butyl-methacrylate, -butyl methacrylate, 2-ethyibutyl methacrylate,
methylcyciohexyl methacrylate, cinnamyl methacrylate, crotyl methacrylate,
cyclohexy! methacrylate, cyclopenty! methacrylate, 2-ethoxyethy! methacrylate,
isobornyl methacrylate, ete., as well as combinations thereof.

in one particularly desirable embodiment of the present invention, the
polyepoxide is a terpolymer formed from an epoxy-functional (meth)acrylic
monomeric component, g-olefin monomaeric component, and non-epoxy functionsl
{meth)acrylic monomaeric component. For example, the polyepoxide may be
poly{ethylene-co-methylacrylate-co-glycidyl methacrylate), which has the following

struciure;

Ry SN
T ANy
e :

wherein, x, v, and z are 1 or greater.

The epoxy functional monomer may be formed into a polymer using a
variety of known technigques. For example, a monomer containing polar functional
groups may be grafted onto a polymer backbone to form a graft copolymer. Such
grafting techniques are well known in the art and described, for instance, in U.S.
Patent No. 5,179,164, In other embodiments, a monomer containing epoxy
functional groups may be copolymerized with a monomer to form a block or
random copolymer using known free radical polymerization technigues, such as
high pressure reactions, Ziegler-Natta catalyst reaction systems, single site
catalyst (e.g., meialiocene) reaction systems, elfc.

The relative portion of the monomeric component(s) may be selecled to

achieve a balance between epoxy-reactivity and meit flow rate. More particularly;
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high epoxy monomer contents can resull in good reactivity with the matrix polymer,
but too high of a content may reduce the melt flow rate to such an extent that the
polyepoxide adversely impacts the melt strength of the polymer blend. Thus, in
most embodiments, the epoxy-functional (meth)acrylic monomer(s) constitute from
about 1 wt.% to about 25 wt.%, in some embodiments from about 2 wi.% to about
20 wt.%, and in some embodiments, from about 4 wi.% to about 15 wit.% of the
copolymer. The g-olefin monomer(s) may likewise constitute from about 55 wt.%
to about 85 wt.%, in some embodiments from about 80 wt.% to about 80 wt.%, and
in some embodiments, from about 85 wt.% to gabout 85 wi.% of the copolymer.
When employed, other monomeric components (e.g., non-epoxy functional
{math)acrylic monomers) may constitute from about 5 wt.% fo about 35 wt.%, in
some embodiments from about 8 wi % o about 30 wt.%, and in some
embodiments, from about 10 wt.% to about 25 wt.% of the copolymer. Qne
specific example of a suitable polyepoxide that may be used in the present
invention is commercially available from Arkema under the name LOTADER®
AXBIY50 or AXBS00. LOTADER® AX8850, for instance, has a melt flow rate of 70
to 100 g/10 min and has a glycidyl methacrylate monomer content of 7 wi.% to 11
wt. %, a methyl acrylate monomer content of 13 wi % 1o 17 wi.%, and an sthylene
monomer content of 72 wi.% to 80 wi.%. Another suitable polyepoxide is
commaercially available from DuPont under the name ELVALOY® PTW, which is a
terpolyimer of athylene, butyl acryiate, and glycidyl methacrylate and has a melt
flow rate of 12 9/10 min.

in addition to controlling the type and relative content of the monomers used
to form the polyepoxide, the overall weight percentage may also be controlled to
achieve the desired benefits. For example, if the modification lavel is too low, the
desired increase in melt strength and mechanical properties may not be achieved.
The present inventors have also discoverad, however, that if the modification level
is too high, processing may be restricted dus 1o strong molecular interactions (e.g.,
crosslinking) and physical network formation by the epoxy functional groups.
Thus, the polyepoxide is typically employed in an amount of from about 0.05 wi.%
to about 10 wt.%, in some embodiments from about 0.1 wt.% to about 8 wit.%, in
some embodiments from about 0.5 wt.% to about 5 wit.%, and in some
embodiments, from about 1 wt.% to about 3 wt.%, based on the weight of the
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matrix polymer employed in the composition. The polyepoxide may also constitute
from about 0.05 wt. % to about 10 wt.%, in some embodiments from about 0.05
wt. % to about 8 wit.%, in some embodiments from about 0.1 wt.% to about 5 wit. %,
and in some embodiments, from about 0.5 wt.% to about 3 wi. %, based on the
total weight of the composition.

Cther reactive nanoinclusion additives may also be employed in the praesent
invention, such as oxazoline-functionalized polymers, cyanide-functionalized
polymers, etc. When employed, such reactive nanoinclusion additives may be
gmployed within the concentrations noted above for the polyepoxide. In one
particular embodiment, an oxazoline-grafted polyolefin may be employed that is a
polyolefin grafted with an oxazoline ring-containing monomer. The oxazoline may
include a 2-oxazoline, such as 2-vinyl-2-oxazoline (e.g., 2-isopropenyl-2-
oxazoling), 2-fatty-alkyl-2-oxazoline (e.g., obiginable from the ethanolamide of
oleic acid, linoleic acid, palmitoleic acid, gadoleic acid, erucic acid andfor
arachidonic acid) and combinations thereof. In another embodiment, the oxazoline
may be selected from ricinoloxazoline maleinate, undecyl-2-oxazoline, soya-2-
oxazolineg, ricinus-2-oxazoling and combinations thereof, for example. In yet
another embodiment, the oxazoline is selected from 2-isopropenyl-2-oxazoline, 2-
isopropenyi-4 4-dimethyl-2-oxazoline and combinations thereof.

Nanofillers may also be employed, such as carbon black, carbon
nanotubes, carbon nanofibers, nanoclays, metal nanoparticles, nanosilica,
nanoalumina, etc. Nanoclays are particularly suitable. The term “nanoclay”
generally refers to nanoparticles of a clay material (a naturally occurring mineral,
an organically modified mineral, or a synthetic nanomaterial), which typically have
a platelet structure. Examples of nanoclays include, for instance, montmorillonite
{2:1 layered smectite clay structure), bentonite (aluminium phyliosilicate formed
primarily of montmorillonite), kaolinite {(1:1 alumingsilicate having a platy structure
and empirical formula of ALSLO(OH),), halloysite (1:1 aluminosilicate having a
tubular structure and empirical formula of ALSELO(OH),), elc. An example of a
suitable nanociay is Cloisite®, which is a montmorillonite nanoclay and
commercially available from Southern Clay Products, Inc. Other examples of
synthethic nanoclays include but are not limited to a mixed-metal hydroxide
nanoclay, layered double hydroxide nanoclay (e.g., sepiacite), laponite, heclorite,
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saponite, indonite, etc.

if desired, the nanoclay may contain a surface treatment to help improve
compatibiiity with the matrix polymer (e.g., polyester). The surface treatment may
be organic or inorganic. In one embodiment, an organic surface treatment is
employed that is obtained by reacting an organic cation with the clay. Suitable
arganic cations may include, for instance, organoquaternary ammonium
compounds that are capable of exchanging cations with the clay, such as dimethyl
bis[hydrogensated tallow] ammoenium chloride 2M2HT), methyl benzy!
bis[hydrogenated tallow] ammonium chloride (MB2ZHT), methy! tris]hydrogenated
taliow atkyl] chioride (M3HT), stc. Examples of commercially available organic
nanoclays may include, for instance, Dellite® 43B (Laviosa Chimica of Livomo,
italy), which is a montmorilionite clay modified with dimethyl benzylhydrogenated
tallow ammonium salt. Other examples include Cloisite® 25A and Cloisite® 30B
{Southern Clay Products) and Nanofil 919 (Sid Chemie). If desired, the nanofiller
can be blended with a carrier resin to form a masterbaich that enhances the
compatibility of the additive with the other polymers in the compaosition.
Particularly suitable carrier resins include, forinstance, ?Qiyesters {e.g., polylactic
acid, polyethviene terephthalate, etc.); polyolefins (e.g., sthylene polymers,
propylene polymers, etc.); and so forth, as described in more detail above.

In certain embodiments of the present invention, multiple nanocinclusion
additives may be employed in combination. For instance, a first nanoinclusion
additive (e.g., polyepoxide} may be dispersed in the form of domains having an
average cross-sectional dimension of from about 50 to about 500 nanometers, in
some embodiments from about 80 to about 400 nanometers, and in some
embodiments from about 80 to about 300 nanometers. A second nanoinclusion
additive (2.g., nanofiller) may also be dispersed in the form of domains that are
smaller than the first nanoinclusive additive, such as those having an average
cross-sectional dimension of from about 1 to about 50 nanometers, in some
ambodiments from about 2 to about 45 nanometers, and in some embodiments
from about 5 {o about 40 nanometers. When employed, the first and/or second
nanginclusion additives typically constitute from about 0.05 wt.% to about 20 wi.%,
in some embodiments from about 0.1 wit. % to about 10 wt.%, and in some
embodiments, from about 0.5 wt.% to about 5 wt.% of the thermoplastic
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composition, based on the weight of the continuous phase (matrix polymer{s)).
The concentration of the first and/or second nanonclusion additives in the entire
thermoplastic composition may likewise be from about 0.01 wt.% to about 15 wi.%,
in some embodiments from about (.05 wt.% to about 10 wt.%, and in some
embodiments, from about 0,1 wi.% to about 8 wi.% of the thermoplastic
composition.

0. Other Components

A wide variety of ingredients may be employed in the composition for a
varigty of different reasons. For instance, in one particular embodiment, an
interphase modifier may be employed in the thermoplastic composition to help
reduce the degree of friction and conneclivity between the microinciusion additive
and matrix polymer, and thus enhance the degree and uniformity of debonding. In
this manner, the pores can become distributed in a more homogeneous fashion
throughout the composition. The modifier may be in a liguid or semi-solid form at
room temperature {e.g., 25°C) so that it possesses a relatively low viscosity,
allowing it to be more readily incorporated into the thermoplastic composition and
to easily migrate {o the polymer surfaces. in this regard, the kinematic viscosity of
the interphase muodifier is typically from about 0.7 to about 200 centistokes (“cg™),
in some embodiments from about 1 to about 100 ¢s, and in some embodiments,
from about 1.5 to about 80 cs, determined at 40°C. In addition, the interphase
madifier is also typically hydrophobic so that it has an affinity for the microinclusion
additive, for example, resulting in a change in the interfacial tension between the
matrix polymer and the additive. By reducing physical forces at the interfaces
between the matrix polymer and the microinclusion additive, it is believed that the
low viscosity, hydrophobic nature of the modifier can help facilitate debonding. As
used herein, the term "hydrophobic” typically refers to a material having a contact
angle of water in air of abouwt 40° or more, and in some cases, about 80° or more.
in contrast, the term "hydrophilic” typically refers to a material having a contact
angle of water in air of less than about 40°. One suitable test for measuring the
contact angle is ASTM D5725-89 (2008).

Suitable hydrophobic, low viscosity interphase modifiers may include, for
instance, siliconegs, silicone-polyether copolymers, aliphatic polyesters, aromatic
polyesters, alkylene giveols {g.9., ethylene glycol, disthylene glycol, tristhylene
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glycol, tetraethylene glycol, propylene glycol, polyethylene glycol, polypropylene
glycol, polybutylene glycol, ete.), alkane diols {e.g., 1,3-propanediol, 2,2-dimethyl-
1,3-propanediol, 1,3-butanediol, 1 4-butanediol, 1,5-pentanadiol, 1,6-hexanediol,
2,2 4-trimethyl-1,8 hexanediol, 1,3-cyclohexanedimethanol, 1,4~
cyclohexansdimethanol, 2,24 4-tetramethyl-1,3-cyclobutanediol, et .}, amine
oxides (e.g., oclyldimethylaming oxide), faity acid esters, fatty acid amides {e.g.,
oleamide, erucamide, stearamide, ethylene bis(stearamide)}, , etc.), mineral, and
vegetable oils, and so forth. One particularly suitable liquid or semi-solid is
polyether polyol, such as commercially available under the trade name Pluriol® Wi
from BASF Corp. Another suilable modifier is a partially renewable ester, such as
commercially available under the trade name HALLGREEN® IM from Halistar.

When employed, the interphase modifier may constitute from about 0.1
wt. % to about 20 wt.%, in some embodiments from about 0.5 wi.% to about 15
wt. %, and in some embodiments, from about 1 wt.% 1o about 10 wit. % of the
thermoplastic composition, based on the weight of the continuous phase (matrix
polymer(s)). The concentration of the interphase modifier in the entire
thermoplastic compaosition may likewise constitute from about 0.05 wit.% to sbout
20 wt.%, in some embodiments from about 0.1 wt.% to about 15 wit.%, and in
some embodiments, from about 0.5 wi.% to about 10 wt.%.

When employad in the amounts noted above, the interphase modifier has a
character that enables it to readily migrate to the interfacial surface of the polymers
and facilitate debonding without disrupting the overall melt properties of the
thermoplastic composition. For example, the interphase modifier does not typically
have a plasticizing effect on the polymer by reducing its glass transition
temperature. Quite o the contrary, the present inventors have discovered that the
glass transition temperature of the thermoplastic composition may be substantially
the same as the initial matrix polymer. In this regard, the ratio of the glass
temperaturs of the composition fo that of the malrix polymer is typically from about
0.7 to gbout 1.3, in some embodiments from about 0.8 to about 1.2, and in some
embodiments, from about 0.9 to about 1.1. The thermoplastic composition may,
for example, have a glass transition temperature of from about 35°C {o about
80°C, in some embodiments from about 40°C to about 80°C, and in some

embodiments, from about 50°C fo about 85°C. The melt flow rate of the
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thermoplastic composition may also be similar to that of the matrix polymer. For
example, the meit flow rate of the composition (on a dry basis} may be from about
0.1 fo about 70 grams per 10 minutes, in some embodiments from about 0.5 o
about 50 grams per 10 minutes, and in some embodiments, from about 5 to about
2% grams per 10 minutes, determined at a load of 2160 grams and at a
temperature of 180°C.

Compatibilizers may also be employed that improve interfacial adhesion
and reduce the interfacial tension between the domain and the matrix, thus
allowing the formation of smaller domains during mixing. Examples of suitable
compatibilizers may include, for instance, copolymers functionalized with epoxy or
maleic anhydride chemical moieties. An example of a maleic anhydride
compatibilizer is polypropyleng-grafted-maleic anhydride, which is commercially
available from Arkema under the trade names Orevac™ 18750 and Orevac™ CA
100. When employed, compatibilizers may constitute from about 0.05 wi.% 1o
about 10 wt.%, in some embodiments from about 0.1 wt.% {o about 8 wt.%, and in
some embodiments, from about 0.5 wt.% to about & wt.% of the thermoplastic
composition, based on the weight of the continucus phase matrix,

Other suitable materials that may also be used in the thermoplastic
composition, such as catalysts, antioxidants, stabilizers, surfactants, waxes, solid
solvents, fillers, nucleating agents (g.g., calcium carbonate, etc.), particulates, and
other materials added to enhance the processability and mechanical properties of
the thermoplastic composition. Nevertheless, one beneficial aspect of the present
invention is that good properties may be provided without the need for various
conventional additives, such as blowing agenis {e.g., chiorofluorocarbons,
hydrochlorofiuorocarbons, hydrocarbons, carbon dioxide, supercritical carbon
dioxide, nitrogen, etc.) and plasticizers (e.g., solid or semi-solid polyethylene
glyeoly. In fact, the thermoplastic composition may be generally free of blowing
agents and/or plasticizers. For example, blowing agents and/or plasticizers may
be present in an amount of no more than about 1 wt.%, in some embodiments no
miore than about 0.5 wt.%, and in some embodiments, from about 0001 wi% o
about 0.2 wt.% of the thermoplastic compaosition. Further, due fo its siress
whitening propetties, as described in more detail below, the resulting composition
may achieve an opague color (&.g., white} without the need for conventional
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pigments, such as titanium dioxide. In certain embodiments, for example,
pigments may be present in an amount of no more than about 1 wi. %, in some
embodiments no more than about 0.5 wt.%, and in some embodiments, from about
0.001 wit.% to about 0.2 wit.% of the thermoplastic compuosition.

f. Polymeric Material

To form the initial thermoplastic composition of the polymeric material, the
components are typically blended together using any of a variety of known
techniques. In one embodiment, for example, the components may be supplied
separately or in combination. For instance, the components may first be dry mixed
together o form an essentially homogensous dry mixture, and they may likewise
be supplied either simultaneously or in sequence to a melt processing device that
dispersively blends the materials. Balch and/or continuous melt processing
techniques may be employed. For example, a mixer/kneader, Banbury mixer,
Farrel continuous mixer, single-screw extruder, twin-screw extruder, roli mill, etc.,
may be utilized {o blend and melt process the materials. Particularly suitable melt
processing devices may be a co-rotating, twin-screw extruder (e.g., ZSK-30
extruder available from Werner & Pfleiderer Corporation of Ramsey, New Jersey
or a Thermo Prism™ USALAB 18 extruder available from Thermo Electron Corp.,
Stone, England). Such extruders may include feeding and venting ports and
provide high intensity distributive and dispersive mixing. For example, the
components may be fed o the same or different feeding poris of the twin-screw
axtruder and melt blended to form a substantially homogeneous melted mixture. i
desired, other additives may also be injected into the polymer melt and/or
separately fed into the extruder at a different point along its length.

The resulting melt blended compuosition may contain micro-scale domains of
the microinclusion additive and nano-scale domains of the nanoinclusion additive
as described above. The degree of shear/pressure and heat may be controlled to
ensure sufficient dispersion, but not so high as to adversely reduce the size of the
domains so that they are incapable of achieving the desired properties. For
example, blending typically occurs at a temperature of from about 180°C to about
300°C, in some embodiments from about 185°C to about 250°C, and in some
embadiments, from about 180°C to about 240°C. Likewise, the apparent shear
rate during melt processing may range from about 10 s to about 3000 7', in some
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embodiments from about 50 s to about 2000 87, and in some embodiments, from
about 100 s to about 1200 ™. The apparent shear rate may be equal to 4Q/7R°)
whers Q is the volumetric flow rate ("m°/s”) of the polymer melt and R is the radius
*m”y of the capillary (e.g., extruder die) through which the melted polymer flows.
Of course, other variables, such as the residence time during melt processing,
which is inversely proportional to throughput rate, may also be controlled o
achieve the desired degree of homogensity.

To achisve the desired shear conditions {e.g., rate, residence time, shear
rate, melt processing temperature, etc.), the speed of the extruder screw(s) may
he selacted with a certain range. Generally, an increase in product temperatura is
observed with increasing screw speed due to the additional mechanical energy
input into the system. For example, the screw speed may range from about 50 o
about 600 revolutions per minute (rpm”), in some embodiments fmﬁi about 70 to
about 500 rpm, and in some embodiments, from about 100 to about 300 rpm. This
may result in a temperature that is sufficiently high to disperse the microinclusion
additive without adversely impacting the size of the resulling domains. The melt
shear rate, and in turh the degree fo which the additives are dispersed, may also
be increased through the use of one or more distributive and/or dispersive mixing
elements within the mixing section of the extruder. Suitable distributive mixers for
single screw extruders may include, for instance, Saxon, Dulmage, Cavily Transfer
mixers, etc. Likewise, suitable dispersive mixers may inciude Blister ring,
Leroy/Maddock, CRD mixers, elc. As is well known in the art, the mixing may be
further improved by using pins in the barrel that create a folding and reorientation
of the polymer mell, such as those used in Buss Kneader extruders, Cavity
Transfer mixers, and Vortex Intermashing Pin (VIP) mixers.

The resulting polymeric material may have a variety of different forms, such
as filaments, films, fibrous materiais, elc., as well as composites and laminales
thereof. Regardiess, a porous network may be introduced in the polymeric
material before, during and/or after three-dimensional printing by subjected the
material o a deformational strain, such as in the length direction {e.g., machine
direction or “X” diraction), width direction (e.g., cross-machine direction or 'y’
direction), height direction {e.g., "z" direction}, as well as combinations thereof. In

one embodiment, for instance, the polymeric material may be formed into the
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desired shape (2.g., filamant}, subjected fo the desired strain, and thereafter
supplied to a three-dimensional printer system. In yet ancther embodiment, the
material may be printed and thereafter subjected to the desired strain, such as by
the user. Of course, the material may also be strained in situ as it is being shaped
into the desired form. Any of a variety of techniques may generally be employed {o
strain the polymeric material. For example, in certain cases, the polymaearic
material may simply be bent or folded by a user. In yet other embodiments,
drawing techniques may be employed, such as aspiration {e.g., fiber draw units),
tensile frame drawing, biaxial drawing, muiti-axial drawing, profile drawing, vacuum
drawing, etc.

Regardiess of the technigue chosen, the degree of straining depends in part
of the nature of the material being drawn, but is generally selected to ensure that
the desired porous network is achieved. In this regard, the composition is typically
strained {8.g., in the machine direction) to a draw ratio of from about 1.1 to about
3.5, in some embodiments from about 1.2 to about 3.0, and in some embodiments,
from about 1.3 to about 2.5. The draw ratio may be determined by dividing the
length of the drawn material by its length before drawing. The draw rate may also
vary to help achieve the desired properties, such as within the range of from about
5% to about 1500% per minute of deformation, in some embodiments from about
20% to about 1000% per minute of deformation, and in some embodiments, from
about 25% fo about 850% per minute of deformation. The material is generally
kept at a temperature below the glass temperature of the matrix polymer and
microinclusion additive during straining. Among other things, this helps to ensure
that the polymer chains are not allered 1o such an extent that the porous network
becomes unstable. For example, the matlerial may be strained at a temperature
that is at least about 10°C, in some embaodiments at least about 20°C, and in some
embodiments, at least about 30°C below the glass transition temperature of the
matrix polymer. Forexample, the material may be strained at a temperafure of
from about -50°C to about 50°C, in some embodiments from about -25°C {o about
40°C, and in some embodiments, from about -20°C to about 35°C. Although the
material is typically strained without the application of external heat (e.g., heated
roils), such heat might be optionally employed 1o improve processability, reduce
draw force, increase draw rates, and improve material uniformity.
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in addition to forming a porous network, straining can also significantly
increase the axial dimension of the micro-scale domains so that they have a
generally linear, elongated shape. For example, the elongated micro-scale
domains may have an average axial dimension that is about 10% or more, in some
embodiments from about 20% to about 500%, and in some embodiments, from
about 50% to about 250% greater than the axial dimension of the domains prior to
drawing. The axial dimension after straining may, for instance, range from about
0.5 o about 250 micrometers, in some embodiments from about 1 to about 100
micrometers, in some embodiments from about 2 to about 50 micrometers, and in
some embodiments, from about 5 to about 25 micrometers. The micro-scale
domains may also be relatively thin and thus have a small cross-seclional
dimension, such as from about 0.05 to about 50 micrometers, in some
embodiments from about 0.2 o about 10 micrometers, and in some embodiments,
from 0.5 to about 5 micrometers. This may result in an aspect ratio for the first
domains (the ratio of the axial dimension to the cross-sectional dimension) of from
about 2 to about 150, in some embodiments from about 3 to about 100, and in
some embodiments, from about 4 to about 50,

After straining, the resulting polymeric material is generally porous and
defines a porous network which, for instance, may constitute from about 15% fo
about 80% per o, in some embodimants from about 20% to about 70%, and in
some embodiments, from about 30% to about 80% per cubic centimeter of the
material. As noted above, the presence of such a high pore volume can enhance
the flexibility of the polymeric material. In one embodiment, for instance, the
polymeric material may exhibit a modulus of elasticity of about 2500 Megapascals
{“MP3a"} or less, in some embodiments about 2200 MPa or less, in some
smbodiments from about 50 MPa to about 2000 MPa, and in some embodiments,
from about 100 MPa to about 1000 MPa, such as determined in accordance with
ASTM D638-10 at 23°C. The presence of a high pore volume can also provide
other benefits. For example, the relatively high pore volume of the material can
significantly lower the density of the material, which can allow the use of lighter,
more flexible materials that still achieve good properties. For example, the
material may have a relatively low density, such as about 1.2 grams per cubic
centimeter (“afom™) or less, in some embodiments about 1.0 g/om® or less, in
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some embodiments from about 0.2 g/em” to about 0.8 glom®, and in some
smbodiments, from about 0.1 gfem® to about 0.5 glom®.

i Three-Dimensional Printing

As indicated above, the unigue structure of the polymeric material of the
present invention allows it to more readily undergo physical deformation and
create a complex three-dimensional structure during printing. The polymeric
material may be employed as the build material that forms the three-dimensional
structure and/or the support material that is removed from the three-dimensional
structure after it is formed. Regardiess of the manner in which it is employed, the
polymeric material may be supplied to the three-dimensional printer in a varisty of
different forms, such as in the form of a sheet, film, fiber, filament, etc. Inone
particular embodiment, the polymeric material is supplied in the form of filaments,
such as described in U.S. Patent Nos. 6,923,634 to Swanson, et al. and 7,122,246
to Comb, et al. Such filaments may, for example, have an average diameter of

from about 0.1 to about 20 millimeters, in some embodiments from about 0.5 1o
about 10 miliimeters, and in some embodiments, from about 1 to about §
millimeters.

The polymeric material of the present invention is generally included within
a printer cartridge that is readily adapted for incorporation into the printer system.
The printer cartridge may, for example, contains a spool or other similar device
that carries the polymeric material. When supplied in the form of filaments, for
example, the spool may have a generally cylindrical rim about which the filaments
are wound. The spool may likewise define a bore or spindle that sllows it to be
readily mounted to the printer during use. Referring to Fig. 4, for example, one
embodimeant of a spool 186 is shown that contains an outer rim about which
fitaments 188 are wound. A generally cylindrical bore 190 is also defined within a
central region of the spoo! 186 about which multiple spokes 225 are axially
positioned.

Although not required, the printer cartridge may also contain a housing
structure that encloses the spool and thus protects the filaments from the exterior
environment prior to use. In Fig. 4, for instance, one embodiment of such a
cartridge 184 is shown that contains a canister body 216 and a lid 218 that are
mated together {o define an interior chamber for enclosing the spool 186. In this
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embodiment, the lid 218 containg a first spindle 227 and the canister body 216
contains a second spindle (not shown). The spool 188 may be positioned so that
the spindles of the canister body and/or lid are positioned within the bore 180,
Among other things, this can allow the spool 1886 to rotate during use. A spring
plate 222 may also be attached o the inside of the lid 218 that has spiked fingers,
which are bent to further enhance rotation of the spool 186 in only the direction
that will advance filament out of the carlridge 184. Although not shown, a guide
block may be attached to the canister body 218 at an outllet 224 to provide an exit
path for the filament 188 to the printer system. The guide block may be fastened
to the canister body 216 by a sel of screws {not shown) that can extend through
holes 232,

When the polymeric material contains a moisture-sensitive material, such as
poivlactic acid, it is generally desired to seal the cartridge 184 prior to use. For
example, a moisture-impermeable material 223 (g.g., tape) may be employed to
help seal the lid 218 {o the canister body 216. Moisture can be withdrawn from the
interior chamber of the canister hody 216 through a hole 226, which can thereafter
be sealed with a plug 228. A moisture-impermeable material 230 may also be
positioned aver the plug 228 to further seal the hole 228, Before sealing the
cartridge 184, it may be dried to achieve the desired moisture content. For
example, the cartridge 184 may be dried in an oven under vacuum conditions.
Likewise, a desiccant material may also be placed within the cartridge 184, such
as within compartmentis defined by the spokes 225 of the spool 188. Once fully
assembled, the cartridge 184 may optionally be sealed within a moisture-
impermeable package.

Generally speaking, any of a variely of three-dimensional printer systems
can be employed in the present invention. Particularly suitable printer systems are
extrusion-based systems, which are often referred to as "fused deposition
modeling” systems. Referring to Fig. 1, for example, one embodiment of an
extrusion-based, three-dimensional printer system 10 is shown that may be
employed to print a precursor object containing a three-dimensional build structure
24 and a corresponding support structure 268. In the particular embodiment
iHustrated, the system includes a build chamber 12 and supply sources 20 and 22.
As noted above, the polymeric material of the present invention may be used to
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form the build structure 24 andfor support structire 26. Thus, for example, printer
cartridges containing the polymeric material may be provided as supply scurces 20
and/or 22. In those embodiments in which the polymeric material of the present
invention is only employad in the build structure or the support structure, it should
be understood any other conventional material can be employed for the other
structure. For example, in certain embodiments, the polymeric malerial of the
present invention may be used to form the build structure 24, In such
embodiments, suitable materials for the support structure 28 may include
conventional materials that are soluble or at least partially soluble in water and/or
an aqueous alkaline solution, which is suitable for removing support struciure 26 in
a convenient manner without damaging build structure 24.  Examples of such
materials may include those commergially available under the trademarks "SR107,
“BR207, and "SR30” Soluble Bupports from Stratasys, Inc., as well as those

The material for the build structure 24 is supplied to a print head 18 from the
supply source 20 via a feed line 28 and the support material for the support
structure 26 is supplied to the print head 18 from supply source 30 via a feed line
30. The build chamber 12 likewise contains a platen 14 and gantry 168, The platen
14 is a platform on which the build structure 24 and support structure 28 are built,
The platen 14 desirably moves along a vertical z-axis based on signals provided
from a computer-operated controller 28. The gantry 16 Is a guide rail system that
is desirably configured to move the print head 18 in a horizontal x-y plane within
the build chamber 12 based on signals provided from controller 28. The horizontal
x-y plane is a plane defined by an x-axis and a y-axis {not shown), where the x-
axis, the y-axis, and the z-axis are orthogonal o each other. In an alternative
embodiment, the platen 14 may be configured to move in the horizontal x-y plane
within the build chamber 12, while the print head 18 may be configured to move
along the z-axis. Other similar arrangements may also be employed such that one
or both of the platen 14 and the print head 18 are moveable relative o each other.

The print head 18 is supported by the gantry 18 and is configured for
printing the build structure 24 and the support structure 26 onthe platen 14 in a
layer-by-layer manner, based on signals provided from the controller 28. in the
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ambodiment shown in Fig. 1, for example, the print head 18 is a dual-tip extrusion
head configured to deposit build and support materials from the supply source 20
and the supply source 22, respectively. Examples of such extrusion heads are
described in more detall in U.&. Patent Nos. 5,503,785 to Crump,. et al.; 8,004,124
to Swanson, et al; 7,604,470 to LaBossiere, et al., and 7,625,200 to Leavitt. The
system 10 may aiso include other print heads for depositing build andfor support

materials from one or more tips. As shown, the print head 18 includes drive
meachanisms 32 and 34, and liquefier assemblies 36 and 38, During a print
operation, the gantry 16 moves the print head 18 in the horizontal x-y plane within
the build chamber 12, and the drive mechanisms 32 and 34 are directed to
intermittently feed the build and support materials from supply sources 20 and 32
through the liquefier assembliss 36 and 38. In alternative embodiments, the print
head 18 may function as a multiple-stage screw pump, such as described in U.S.
Patent Nos. 5,764 521 to Batchelder et al. and 7,801,864 to Skubic, et al.

As shown in Fig. 2, the build structure 24 is printed onto the platen 14 as a

series of successive layers of the build material, and the support structure 26 is
likewise printed as g series of successive layers in coordination with the printing of
the build structure 24. In the illustrated embodiment, the build structure 24 is
shown as a simple block-shaped object having a top surface 40, four lateral ,
surfaces 44 (Fig. 3A), and a bottom surface 48 (Fig. 3A). Although by no means
required, the support structure 26 in this embodiment is deposited to at least
partially encapsulate the layers of build structure 24. For example, the support
structure 28 may be printed to encapsulate the lateral surfaces and the bottom
surface of build structure 24. Of course, in alternative embodiments, the system
10 may print three-dimensional objects having a variety of different geometries. In
such embodiments, the system 10 may also print corresponding support
structures, which optionally, at least partially encapsulate the three-dimensional
objects.

Figs. 3A-3C illustrate the process of for printing the three-dimensional build
structure 24 and support structure 26 in the manner described above. As shown in
Fig. 3A, each layer of the build structure 24 is printed in a series of layers 42 o
define the geometry of the build structure 24. In this embodiment, each layer of
the support structure 28 is printed in a series of layers 48 in coordination with the
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printing of layers 42 of the three-dimansional build structure 24, where the printed
layers 48 of the support structure 26 encapsulate the lateral surfaces 44 and the
bottom surface 48 of the build structure 24. In the illustrated embodiment, the top
surface 40 is not encapsulated by the layers 48 of the support structure 26. After
the print operation is complete, the support structure 26 may be removed from the
huild structure 24 to create a three-dimensional object 27. For example, in
embodiments in which the support material is at least partially soluble in waler or
an agueous alkaline solution, the resulting object may be immersed in water and/or
an aqueous alkaline solution bath to dissolve the support structure 28,

The present invention may be betler understood with reference to the
following examples.

Test Msathods

Tensile Properiies:

Materials may be tested for tensile properties {peak stress, modulus, strain
at break, and energy per volume at break) on a MTS Synergie 200 tensile frame.
The test may be performed in accordance with ASTM DB38-10 (at about 23°C).
Samples may be cut into dog bone shapes with a center width of 3.0 mm before
testing. The dog-bone samples may be held in place using grips on the MTS
Synergie 200 device with a gauge length of 18.0 mm. The samples may be
stretched at a crosshead speed of 5.0 infmin until breakage occurred. Five
samples may be tested in both the machine direction (MD)} and the cross direction
(CD). A computer program (e.g., TestWorks 4) may be used {o collect data during
testing and to generate a stress versus strain curve from which a number of
properties may be determinad, including modulus, peak stress, elongation, and
energy to break.

Melt Flow Rate:

The melt low rate ("MFR") is the weight of a polymer (in grams) forced
through an extrusion rheometer orifice (0.0825-inch diameter) when subjected to a
foad of 2160 grams in 10 minutes, typically at 180°C, 210°C, or 230°C. Unless
otherwise indicated, melt flow rate is measured in accordance with ASTM Test
Method D1230 with a Tinius Olsen Extrusion Plastometer.

Thermal Properties:
The glass fransition temperature (T;) may be determined by dynamic
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mechanical analysis (DMA) in accordance with ASTM E16840-08. A Q800
instrument from TA Instruments may be used. The experimental runs may be
executed in tension/tension geomeilry, in 3 temperature sweep mode in the rangs
from -120°C to 160°C with a heating rate of 3°C/min. The strain amplitude
frequency may be kept constant (2 Hz) during the test. Three (3) independent
samples may be fested to get an average glass {fransition temperature, which is
defined by the peak value of the tan & curve, wherein tan & is defined as the ratio
of the loss modulus to the storage modulus (tan 8§ = E/E").

The melting temperature may be determined by differential scanning
calorimetry (DSC). The differential scanning calorimeter may be a DSC Q100
Differential Scanning Calorimeter, which may be outfitted with a liquid nitrogen
cooling accessory and with g UNIVERSAL ANALYSIS 2000 (version 4.6.8)
analysis software program, both of which are available from T.A. Instruments Inc.
of New Castle, Delaware. To avoid directly handling the samples, tweezers or
other tools may be used. The samples may be placed info an aluminum pan and
weighed {o an accuracy of 0.01 milligram on an analytical balance. A lid may be
crimped over the material sample onto the pan, Typically, the resin pellsts may be
placed directly in the weighing pan.

The differential scanning calorimeter may be calibrated using an indium
metal standard and a baseline correction may be performed, as described in the
operating manual for the differential scanning calorimeter. A material sample may
be placed into the test chamber of the differential scanning calorimeter for testing,
and an empty pan may be used as a reference. All testing may be run with a 55-
cubic centimeter per minute nitrogen {(industrial grade) purge on the test chamber,
For resin pellet samples, the heating and cooling program is a 2-cycle test that
began with an equilibration of the chamber to -30°C, followed by a first heating
period at @ heating rate of 10°C per minute to a temperature of 200°C, followed by
equilibration of the sample at 200°C for 3 minutes, followed by a first cooling
period at g coocling rate of 10°C per minute to a temperature of -30°C, followed by
equilibration of the sample at -30°C for 3 minutes, and then a second heating
period at a heating rate of 10°C per minute to a temperature of 200°C. For fiber

samples, the heating and cooling program may be a 1-cycle test that begins with
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an equilibration of the chamber to -25°C, followed by a heating period at a heating
rate of 10°C per minute to 8 temperature of 200°C, followed by equilibration of the
sample at 200°C for 3 minutes, and then a cooling period at a cooling rate of 10°C
per minute to a temperature of -30°C. All testing may be run with a 55-cubic
centimeter per minute nitrogen (industrial grade) purge on the test chamber.

The results may be evaluated using the UNIVERSAL ANALYSIS 2000
analysis software program, which identifies and quantifies the glass transition
temperature (T,) of inflection, the endothermic and exothenmic peaks, and the
areas under the peaks on the DSC plots. The glass transition temperature may be
identified as the region on the plot-line where a distinct change in slope occurred,
and the melting temperature may be determined using an automatic inflection
calculation.

Density and Percent Pore Volume:

To determine density and percent pore volume, the width (W)} and thickness
(T3} of the specimen may be initially measured prior to drawing. The length (L)
before drawing may also be determined by measuring the distance between two
markings on a surface of the specimen. Thereafler, the specimen may be drawn
to initiate voiding. The width (W), thickness (Tg), and length (L¢) of the specimen
may then be measured to the nearest 0.01 mm utilizing Digimatic Caliper (Mitutoyo
Corporation). The volume (V) before drawing may be calculated by Wix Tix L=
V. The volume (V) after drawing may also be caleulated by Wix Tex Le= V. The
density (Py} may be calculated by: Py = P/®, where P is density of precursor
material, and the percent pore volume (% V) may be calculated by: %V, = (1 - 1/
®) x 100.

Muoisture Content:

Moisture content may be determined using an Arizona Instruments
Computrac Vapor Pro moisture analyzer (Model No. 3100) in substantial
accordance with ASTM D 7191-05, which is incorporated herein in its entirsty by
reference thereto for all purposes. The fest temperature (§X2.1.2) may be 130°C,
the sample size (8X2.1.1) may be 2 to 4 grams, and the vial purge time (§X2.1.4)
may be 30 seconds. Further, the ending criteria (§X2.1.3) may be defined as a
"prediction” mode, which means that the test is ended when the built-in

programmed criteria (which mathematically calculates the end point moisture
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content) is satisfied.
EXAMPLE 1

The ability to create a unigue porous network within a polymeric material
was demonstrated. Initially, a thermoplastic composition was formed from 85.3
wt.% polylactic acid (PLA 8201D, Natureworks®), 8.5 wt.% of a microinclusion
additive, 1.4 wt.% of a nanoinclusion additive, and 3.8 wit.% of an internal
interfacial modifier. The microinclusion additive was Vistamayor™ 2120
{ExxonMaobil), which is a polypropylene-polyethylene copolymer elastomer with a
melt flow rate of 29 ¢/10 min (190°C, 2160 g) and a density of 0.866 glom®. The
nanoinclusion additive was poly(sthylene-co-methy! acrylate-co-glycidy
methacrylate) (Lotader® AX8200, Arkema) having a melt flow rate of 5-6 g/10 min
{180°C/21860 g), a glycidyl methacrylate content of 7 to 11 wt.%, methyl acrylate
content of 13 to 17 wt.%, and ethylene content of 72 tc 80 wi.%. The internal
interfacial modifier was PLURIOL® W 285 Lubricant from BASF, which is a
polyalkylene glycol functional fluid.

The polymers were fed into a co-rotating, twin-screw extruder (ZSK-30,
diameter of 30 mm, length of 1328 millimeters) for compounding that was
manufactured by Werner and Pfleiderer Corporation of Ramsey, New Jersey. The
extruder possessed 14 zones, numberad consecutively 1-14 from the feed hopper
to the die. The first barrel zone #1 received the resing via gravimetric feeder at a
total throughput of 15 pounds per hour. The PLURICL® WIZ285 was added via
injector pump into barrel zone #2. The die used o extrude the resin had 3 die
openings (6 millimeters in diameter) that were separated by 4 millimeters. Upon
formation, the extruded resin was cooled on a fan-cooled conveyor belt and
formed into pellets by a Conair pelletizer. The extruder screw speed was 200
revolutions per minute ("rpm”). The pellets were then flood fed into a signal screw
extruder heated to a temperature of 212°C where the molien blend exited through
4.5 inch width slit die and drawn 1o a thickness ranging from 36 um to 54 ym. The
materials were stretchad in the maching direction to about 100% fo initiate
cavitation and void formation.

The morphology of the morphology was analyzed by scanning electron
micrascopy (SEM) before and after stretching. The results are shown in Figs. 5-8.
As shown in Figs. 5-8, the microinclusion additive was initially dispersed in
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domains having an axial size {in machine direction) of from about 2 to about 30
micrometers and a transverse dimension (in cross-machine direction) of from
about 1 to about 3 micrometers, while the nanoinclusion additive was initially
dispersed as spherical or spheroidal domains having an axial size of from about
100 to about 300 nanometers. Figs. 7-8 show the material after strefching. As
indicated, pores formed around the inclusion additives. The micropores formed
around the microinclusion additive generally had an elongated or slit-like shape
with a broad size distribution ranging from about 2 to about 20 micrometers in the
axial direction. The nanopores associated with the nanoinclusion additive
generally had a size of from about 50 to about 500 nanometers.

The compounded pellets of Example 1 were dry blended with a third
inclusion additive, which was a halloisite clay masterbaich (MacroComp MNH-731-
36, MacroM) containing 22 wi.% of a styrenic copolymer modified nanoclay and 78
wi.% polypropylens (Exxon Mobil 3155). The mixing ratio was 90 wt.% of the
pellets and 10 wi.% of the clay masterbaich, which provided a total clay content of
2.2%. The dry blend was then flood fed into a signal screw extruder heated 1o a
temperature of 212°C, where the molten blend exited through 4.5 inch width slit die
and drawn 1o a thickness ranging from 51 to 58 um. The materials were stretched
in the machine direction to about 100% fo initiate cavitation and void formation.

The morphology of the materials was analyzed by scanning electron
microscopy (SEM) before and after stretching. The results are shown in Figs. 8-
12. As shown in Figs. 8-10, some of the nanoclay particles (visable as brighter
regions) became dispersed in the form of very small domains ~ l.e., axial
dimension ranging from about 50 to about 300 nanomsters. The masterbatch itself
also formed domains of a micro-scale size (axial dimension of from about 1 to
about 5 micrometers). Also, the microinclusion additive (Vistamax™) formed
elongated domains, while the nancinclusion additive (Lotader®, visible as ultrafine
dark dots) and the nanoclay masterbatch formed spheroidal domains. The
stretched material is shown in Figs. 11-12. As shown, the voided structure is more
open and demonstrates a broad variety of pore sizes. in addition to highly
elongated micropores formed by the first inclusions (Vistamaxx™), the nanociay
masterbateh inclusions formed more open spheroidal micropores with an axial size
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of about 10 microns or less and a fransverse size of about 2 microns. Spherical
nanopores are also formed by the second inclusion additive {(Lotader®) and third
inclusion additive (nanoclay particles).

EXAMPLE 3

The ability to create a polymeric material having unigue properties was
demonstrated. Initially, a blend of 85.3 wi.% PLA 8201D, 8.5 wi.% of Vistamaxx™
2120, 1.4 wt. % of Lotader® AXB900, and 3.8 wt.% of PLURIOL® W 285 was
formed. The polymers were fed into a co-rotating, twin-screw extruder (ZSK-30,
diameter of 30 mm, length of 1328 millimeters) for compounding that was
manufactured by Werner and Pfleiderer Corporation of Ramsey, New Jersey. The
extruder possessed 14 zones, numbered consecutively 1-14 from the feed hopper
to the die. The first barrel zone #1 received the resins via gravimetric feeder at a
total throughput of 15 pounds per hour. The PLURIOL® WI285 was added via
injector pump into barrel zone #2. The die used to extrude the resin had 3 die
openings (6 millimeters in diameter) that were separated by 4 millimsters. Upon
formation, the extruded resin was cooled on a fan-cooled conveyor belt and
formed into pellets by a Conair pelietizer. The extruder screw speed was 200
revolutions per minute (rpm™). The pellets were then flood fed into a signal screw
gxtruder heated {o a temperature of 212°C where the molten blend exited through
4.5 inch width slit die and drawn to a thickness ranging from 0.54 10 0.58 mm,

Pronahdien

Pellets were formed as described in Example 3 and then flood fed into a
Rheomix 252 single screw extruder with a L/D ratio of 251 and heated to &
temperature of 212°C where the molten blend exited through a Haske 6 inch width
s cast film die and drawn to a thickness ranging from 39.4 pm to 50.8 ym via
Haake take-up roll. The material was drawn in the machine direction to a
longitudinal deformation of 1680% at a pull rate of 50 mm/min (deformation rate of
87%/min) via MTS Synergie 200 tensile frame with grips at a gage length of 75
mm.

EXANMPLE S

Materials were formed as described in Example 4, except that the matarial
was also stretched in the cross-machine direction to a deformation of 100% at a
puli rate of 50 mm/min (deformation rate of 100%/min) with grips at a gage length
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of 50 mm. Various properties of the materials of Examples 7-8 were tested as
described above. The results are set forth below in the tables below,

Material Properties

Ex. Average Thickness (um) | Expansion Ratio () Percant Void Volume (%V) Dansity {glom®)

4 414 | 1,62 45 0.65

240 213 53 ‘ 0.56

Example Thiﬁzgéss M?ggiﬁs : A\g}gi'd Sf?‘;%sﬁ(;igi) A\é%ézgaféz\)at @;gmf:gfgrgj;
() - (MPay (MPa} e o}y
, |MD | aas e 414 36.9 546 16.8
oo | 404 501 15.9 15.9 62.6 0.4
o, |MD| 373 265 | 267 | 263 855 158
7 oo 34.3 385 254 252 458 9.3
EXAMPLE 6

The compounded pellets of Example 1 were fed into a twin screw exiruder
{(PRISM USALAB-18 from Thermo-Scientific) at 2 pounds per hour at a
temperature of 200°C. The compound was extruded through a 3 mm diameter
round die orifice and then necked down via meit drawing to form a filament having
a nominal diameter of 1.75 mm. The filament was collected into a spool, which
was then mounted into a Fused Deposition Method 3-D printer (CubeX Trio from 3-
D systems). Prior to printing, a support (also known as a “raft”) was created using
a conventional polylactic acid material obtained from 3-D Systems. Various three-
dimensional shapes were then printed using the spooled filaments, which included
a circle having a height of 2 mm and diameter of 20 mm, a square having a height
of 2 mm and length of 20 mm, and a tube having a height of 2 mm, an inner
diamster of 18 mm, and an outer diameter of 20 mm. The printing temperature
was controlled via the printer and ranged from 180°C to 250°C depending on the
portion of the shape being printed. After printing, the shapes were stressed and
bent by hand to initiate pore formation in the objsct,

EXAMPLE Y
Shapes were printed as described in Example 6, except that the filaments

were stretched between two driven nip rolls to initiate pore formation prior to being

39



WO 2015/019212 PCT/IB2014/062976

loaded into the printer. During stretching, the diameter of the filament was
maintained at 1.75 mm, but the length increased by 25%.
EXANMPLE 8

A rattle snake fang (cut in half along the traverse direction) was printed in
the same manner as described in Example 8. In this example, an additional
support structure was also printed using the filaments of Example 8.

While the invention has been described in detail with respect fo the specific
embodiments thereof, it will be appreciated that those skilled in the art, upon
attaining an understanding of the foregoing, may readily conceive of alterations to,
variations of, and equivalents {o these embodiments. Accordingly, the scope of
the present invention should be assessed as that of the appended claims and any

equivalents thersto.
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1. A printer cartridge for use in a three-dimensional printer systerm, wherein
the printer cartridge contains a spool that carries a polymeric material, whersin the
polymeric material is formed from a thermoplastic composition containing a
continuous phase that includes a matrix polymer, and further wherein a
microinclusion additive and nanocinclusion additive are dispersed within the
continuous phase in the form of discrete domains.

2. The printer cartridge of claim 1, wherein the polymeric material is in the
form of a filament.

3. The printer cartridge of claim 2, where the filament is wound around a
ritny of the spool.

4. The printer cartridge of any of the foregoing claims, wherein the density
of the polymeric material is about 1.2 glem® or less, preferably about 1.0 g/em® or
less, more preferably from about 0.2 g/em” to about 0.8 glem®, and even more
preferably, from about 0.1 glem® to about 0.5 glom®

5. The printer cartridge of any of the foregoing claims, wherein the modulus
of elasticity of the polymeric material is about 2500 MPa or less, preferably sbout
2200 MPa or less, more preferably from about 50 MPa to about 2000 MPsa, and
even more preferably, from about 100 MPa to about 1000 MPa. |

6. The printer cartridge of any of the foregoing claims, wherein a porous
network is defined in the polymeric material, such as a material having an average
pore volume of the material is from about 15% to about 80% per cm®, preferably
from about 20% to about 70%, and more preferably, from about 30% to about 60%
per cubic centimeter.

7. The printer cartridge of claim 8, wherain the porous network includes a
plurality of nanopores having an average cross-sectional dimension of about 800
nanometers or less, and preferably from about 10 to about 100 nanometers.

8. The printer cartridge of claim 7, wherein the nanopores constitute about
20 vol.% or more of the total pore volume of the material.

9. The printer cartridge of claim 7 or 8, wherein the porous network further
includes micropores, such as micropores having an aspect ratio of from about 1 to
about 30.

10. The printer cartridge of any of the foregoing claims, wherein the
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continuous phase constitutes from about 60 wt.% to about 88 wt. % of the
thermoplastic composition.

11. The printer cartridge of any of the foregoing claims, wherein the matrix
polymer includes a polyester, such as polylactic acid.

12. The printer cartridge of any of the foregoing claims, wherein the
microinclusion additive is polymeric, such as a polyolefin.

13. The printer cartridge of any of the foregoing claims, wherein the ratio of
the solubility parameter for the matrix polymer to the solubility parameter of the
microinclusion additive is from about 0.5 1o about 1.5, the ratio of the melt flow rate
for the matrix polymer to the meit flow rate of the microinclusion additive is from
about 0.2 to about 8, and/or the ratio of the Young's modulus elasticity of the
matrix polymer to the Young's modulus of elasticity of the microinclusion additive is
from about 1 to about 250.

14. The printer cartridge of any of the foregoing claims, wherein the
nanoinclusion additive is polymeric, such as a polyepoxide.

15, The printer cartridge of any of the foregoing claims, wherein the
microinciusion additive constifutes from about 1 wt.% to about 30 wt. % of the
composition, based on the weight of the continuous phase and/or the
nanoinclusion additive constitutes from about 0.05 wt. % to about 20 wt. % of the
composition, based on the weight of the continuous phase.

16. The printer cartridge of any of the foregoing claims, wherein the
thermoplastic composition further comprises an interphase modifier.

17. The printer carlridge of any of the foregoing claims, wherein a generally
cylindrical bore is defined within a central region of the spool.

18. The printer cartridge of any of the foregoing claims, further comprising a
housing structure that encloses the spool.

19, A system comprising a three-dimensional printer and the printer
cantridge of any of the foregoing claims.

20. A method for forming a three-dimensional object, the method
comprising printing a three-dimensional structure as a series of successive layers
of a build material and optionally printing a support structure from a support
material, wherein the build material, support material, or both contain a polymeric
material formed from a thermoplastic composition containing a continuous phase
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that includes a matrix polymer, and further wherein a microinclusion additive and
nanoinclusion additive are dispersed within the continuous phase in the form of

discrete domains.
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