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(57) Abstract: A method for improving the throughput of solid-state shear pulverization and solid-state melt-extrusion devices may
include the addition of a heat absorbing material with a mixture of polymeric materials in an extruder. The extruder may include one
or more extrusion screws. One or more portions of the one or more extrusion screws, one or more barrel sections, and/or one or more

extruder work zones may be temperature controlled to maintain a temperature of the polymeric mixture in contact therewith at or be -
low the liquefication temperature of the polymeric materials. The liquefication temperature may be a melting point of a semi-crystal -
line polymer or a glass transition temperature of an amorphous polymer.
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METHODS FOR INCREASING THROUGHPUT RATES OF SOLID-STATE
EXTRUSION BEVICES

CLAIM OF PRIORITY

10001 This application claims benefit of and priority to U.S. Provisional
Application No, 61/873,790 entitled “Methods for Increasing Throughput Rate for Solid-
State Shear Pulverization {SSSP) or Solid-State Melt Extrasion (SSMEY” filed September 4,

2013, the disclosure of which is incorporated by reference herein in its entirety.

BACKGRUOUND

{88821 Solid state shear pulverization and solid state melt extrusion are techniques
that may create polymeric materials used in the manufacture of polymer-based goods. Solid
state pulverization roay produce fine polvmeric particulates, while solid state melt extrusion
may produce extruded polymeric materials, It may be understood that the solid state melt
extrusion process may begin with a solid state pulverization process of the starting roaterials
before the particulates are heated and extruded.

{0003] Polymer particulates derived from  solid state shear pulverization
{(hereatter, “S8SP”) may be homo-polymeric {composed of a single polymer or single co-
polymer) or hetero-polymeric {composed of nmitiple types of polymers or co-polymers).
Homo-polymeric particulates formed by SSSP techniques may be used to fabricate products
Or coatings requiring a single type of polymer. In one cxample, such homo-polymeric
particulates may be fabricated from virgin material from a known supplier. Such single-
polymeric materials may be required based on the known properties of the polymer and the
intended use of the products.

{6084} Polyiactic acid (hereafter “PLA”), a biologically based and biodegradable

polymer that is cost-competitive with petroleum-based polymers, is one non-limiting example
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of a material that may be processed using SSSP technology. Technological applications of
PLA have been limited because of 1ts low thermal stability and toughness, Further, processed
PLA moay exhibit low crystallinity which may be due at least in part to its slow crystallization
rate. As a result, the industrial use of PLA to form semi-crystalline products may be
irapractical in such processes such as injection molding, in which the cyele times are
extremely fast. SSSP processing of PLA has shown to greatly enbance the crystaliization
kinetics, therchy permotiting the production of semi-crystalline products in cycle tunes
comnon for injection ruolding.

RELIRY In soroe instances, hetero-polymeric particulates may be uscful to form
products or coatings for which the intended use does not require a single specified
composition. ftems such as plastic pallets, buckets, and trash bins, for cxample, may possess
certain mechanical requirements but the composition of the items may not be important to
their function. It may be understood that such products can be readily and inexpensively
produced from unsorted or partially sorted recycled materials.

{06006} Additionally, specific combinations of polymer materials with fillers may
be desired for improved product properties, such as increased tensile strength and reduced
weight. One non-limiting example of a filler material may include rice-husk ash (hereafter,
“RHA™), which is mostly composed of silica. A combination of a polymer with RHA may be
difficult to process with conventional techniques because RHA is heavily agglomerated. The
agglomeration characteristics of RHA may reduce or prevent effective break-up of the RHA
particulates and their uniform dispersal within a polymer-RHA composite. The resulting
polymer composites may have degraded physical properties such as decreased tensile
strength. SSSP has been shown to successtully process polymer-RHA composites at high

RHA loadings, resulting in an end product having enhanced hardness and scratch resistance.
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SUMMARY

{0087} As used herein, the terra “lquefication” mway be defined as a phase
transition of a polymer material from a solid state to a softened, hiquid, or near-hquid state. A
“Hquefication toemperature” may be defined as a temperatare at which the polymer material
transitions from a solid state to a softened, liquid, or near-liquid state. For a semi-crystalline
polymer, g “liquefication temperature” may correspond to a melting point temperature. For an
amorphous polymer, a “liquefication temperature” may correspond to a glass transition
ternperature. Some polymers may exist as combinations or admixtures of semi-crystalline and
amorphous phases, and therefore the “liquefication tomperature” may rofer to either 3 melting
point temperature or a glass transition temperature depending on the material composition.

{6008} In an ecmbodiment, a method of dispersing materials in a polymer
composition may inchide introducing a first mixture into an extruder, in which the first
mixture is composed of a polymeric mixture and a heat absorbing material, solid-state
shearing the first mixture in an initial zone of the extruder to yield a dispersal material, in
which the initial zone has a temperature less than or equal to 8 lquefication temperature of
the polymeric mixture, and dispensing the dispersal material from the extruder.

16609] In an embodiment, a method of dispersing materials in a fluid polymer
composition may inchude introducing a first mixtare into an extruder, in which the first
mixture is composed of a polymeric mixture and a heat absorbing material, sohid-state
shearing the first mixtare in an initial zove of the extruder to yield a sheared mixture,
transporting the sheared muxture from the initial zone to a transition zone of the extruder,
warrning the sheared mixture in the fransition zone to a first teroperature, transporting the
warmed sheared mixture from the transition zone to a heating zone of the extruder, mixing
the warmed sheared mixture in the heating zone and heating the warmed sheared mixturc to a

second temperature that is greater than or equal to a hiquefication temperature of the
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polymeric mixture, thereby forming a fluid dispersal mixture, and extruding the fhud

dispersal mixture from the extruder.

BRIEF DESCRIPTION OF THE DRAWINGS

[6016] FIG. 1 illustrates a solid state shear pulverizer (SSSP) screw assembly in
accordance with some embodiments.

{6011} FIG. 2 illusirates a solid state melt extruder (SSME) screw assembly in
accordance with some embodiments.

16012} FIG. 3 is a flow chart of an embodiment of g8 method of improving the
throughput of a solid state shear pulverizer.

16013} FIG. 4 is a flow chart of an embodiment of g8 method of improving the

throughput of a sohid state melt extrader.

DETAILED BESCRIPTION

16814} Tovin-screw  extrusion (hereafter, “TSE”) has been cstablished as a
prominent technique for processing homo-peolymers, copolyrers, and polymer blends from
virgin and/or recveled sources. TSE has also been applied in the production of polymer
composites and nano-composites. However, the shear mixing in TSE is often jnsufficiently
rigorous to create a homogenous material in polymer blends. Additionally, TSE may not be
effective for extoliating (separating) or dispersing (spreading) fillers within a polymer matrix
to form composites or nano-composites. Further, long TSE processing tirnes roay expose the
extrusion materials to high temperature conditions that may result in thermal degradation of
the initial materials.  Such limitations may render TSE ineffective for producing high-

performance polymer blends, composites, and nanocomposites.
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{0615} Solid-state shear pulverization (hereafter, “S3SP”) and solid-state melt-
extrusion (hereafter, “SSME”) techuiques have been proven to achieve better dispersion of
heterogencous mucleating agents in homo-polymers compared to TSE processes. In addition,
such techmiques may improve the mixing of immiscible polymer blends, as well as
exfoliating or dispersing fillers in polymer composites or nano-fillers W nanocomposites.

18016} The ability to combine different polymer types into a hetero-polymeric
composition may be limited by the physical-chersical properties of the individual polymers.
As nou-limiting exaroples, polymers that differ in one or more of their hquefication
temperature, viscosity, and density may not readily combine in a homogeneous manuer when
in a liquid or softened state. It is understood that micro phase separation between polymers
may occur for suspensions of liguid polymers that differ in their viscosity. Similarly, the
combination of recycled polymers having added colorants may result in inhomogeneously
colored products due to micro phase separation of the colorant materials. It is therefore
apparcnt that combining polymers into hetero-polymeric compositions by liquetying the
mitial components may not result in favorable component mixing,

{8171 SSSP and SSME techniques may suffer from low production rates of
hetero-polymeric materials because the inmitial materials must be processed below the
hiquefication temperature. During the pulverization process, the mechanical action of the
pulverizing and mixing elements may lead to frictional heating of the mitial polymeric
material to temperatures above the liquefication temperatures of the polymers. Even if the
temperature of the pulverization equipment is set below the Hguefication temperature of the
polymers, the low thermal conductivity typical of such polymenic materials may reduce the
effectiveness of heat transfer to the cooled processing equipment. Therefore, the prodaction
rate of S5S8P and SSME techmiques may be reduced to maintain the frictional heating of the

polymers to temperatures below their biquefication temperature. Thus, 4 need exists for
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modifications to SSSP and SSME techmigues to achieve good hetero-polymeric mixing while
improving the throughput rates of these processes.

{0818} FIG. T depicts a non-limiting configuration of an 38SP device. In FIG. 1,
an extrusion screw 128 is housed within an enclosure 108 that maintains physical contact
hetween the polymeric roaterials being processed and the active elements of the extrusion
screw. The extrusion screw 128 may be composed of a shatt and modular clements, or may
be a monolithic structure. The extrusion screw 128 may be composed of any material having
physical characteristics capable of reanipulating the polvmeric materials, including, without
fimitation, stainless stecl, aluminum, ron, high carbon steel, tempered steel, and surface-
hardened metals.

16019} Non-limiting examples of the active clements of the cxtrusion scrow 120
may include one or more transport clements 122, mixing elements 124, and pulverizing
clements 126, 128. The order, number, or type of the active cloments along the extrusion
screw 128 may not be limited to the configuration as depicted in FIG. 1, but may inchude any
order of cloments as may be required to transport, mix, combine, pulverize, or otherwise
manipulate the polymeric material introduced into the SSSP. For example, additional active
elements may be included to knead the polymeric material. It may be further understood that
continuous operation (such as rotation) of the extrusion screw 128 may result in the
polymeric material introduced atf a feed chute 118 of the enclosure 166 o travel continvously
along the length of the enclosure to a die end configured to dispense the final particulate
mixture. In this manner, the polymer mixture may be contimuously processed from
imtrodoction of the starting materials into the screw extruder to the receipt of the particulate
material composed of the dispersed polymers. Along the length of the extrosion screw 128,
the intial mixtare of polymeric material may be subjected to mixing, grinding, and

pulverizing forces generated by the mixing elements 124, pulverizing elements 126, 128, or
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other elements as required to achieve the required blending of materials and sizing of the
final particalate material.

[0628] Although FIG. 1 iltustrates a single extrusion screw 128, an SSSP device
may be composed of one or more extrusion screws. In some embodiments, an SSSP device
may have a plurality of extrusion scrows 128 configured so that their active clements may
mteract to improve grinding or mixing the polvmeric material. An example of such a device
may be a twin extrusion screw extruder having a pair of extrusion scrows proximate to each
other and having their respective screw axes effectively paralie] 1o each other.

{0021} The enclosure 100 may be divided into effective work zones, as depicied
in FiG. 1 (sec Zone 1 - Zone 6). Such work zones may be defined in terms of the processing
steps of the polymeric material and/or the temperature of the polymeric mixture within them.
Thus, Lene 1 may correspond to a section in which the polymeric mixture is introduced into
the extruder via the feed chute 114, One or more initial zones (for example Zone 2 and Zone
3) may correspond to sections in which the initial polymeric mixture is subiected to the action
of the nuxing elerents 124, A buffer zone Zone 4 may be set between the mixing process
and the pulverizing process occurring in one or more pulverizing zones (for example Zone §
and Zene &) in which the pulverizing eloments 126, 128 may operate, respectively. In one
embodiment, it may be understood that the one or more initial zones may incorporate all
those work zones Zeme 2 -~ Zone 6 in which the polymeric mixture may be mixed,
pulverized, kngaded, or otherwise physically manipulated.

16022} Work zones Zene § — Zone 6 may be defined functionally in terms of their
operating temperatures or the mechanical processes occurring therein. Non-limiting examples
ot such work zones may have physical embodiments as barrel sections (for example, 118).
Barrel sections 115 may be composed of segments of metal or other materials that physically

surround one or more sections of the extruder screw 128 and one or more active elements
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such as mixing elements 124, In one non-limiting exawmple, the enclosure 108 wmay be
composed of one or more barrel sections 118 linked together. ITn another non-limiting
example, the one or more barrel sections 118 may be separate structural elements contained
within the enclosure 188. The one or more barrel sections 113 may be composed of any
suttable material including, without lirottation, stainless steel, aluminum, wron, high carboun
steel, tempered steel, and surface-hardened metals,

{0623} It may be understood that the configuration of the extruder screw 128 and
the active clements as disclosed in FIG. 1 is illustrative only, and is not intended to limit the
possible configurations of the exiruder screw or of its components. Stmilarly, the descriptions
of the work zones or barrel sections 118 in FIG. 1 are illustrative only and are not intended to
suggest a single sot of temperatures, activitics, number, or relative locations of such work
ZOnes.

16024} As disclosed above, frictional heating of the polymeric mixture during
processing may lead to the mixture being heated to or above a liquefication temperature of at
feast some component of the mixture. Such frictional heating and liquefication may result in
imhomogeneous mixing of the polymeric material. Thus, in one embodiment, the temperature
of the at least one extrusion screw 128 of the extruder may be controlied to remove at least
some of the friction-induced heat from the polymeric mixture. In one non-limiting
embodiment, the temperature of the at least one extrusion screw 12¢ may be maintained at a
temperature less than or equal to the hiquefication temperature of the polymeric mixture.

Table | presents exemplary polymeric matertals and their liquefication temperatures.
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Pelymeric Material

Type of Material

Liguefication
Temperature
{Melting Point)

Liguefication
Temperature
{(Glass Transition}

Polystyrene

Amorphous/Semi-

464°F (240°C)

212°F (100°C)

crystalline

Polyethylene (high Awmorphous/Sermi- 248°F - 356°F -130°F (-90°C)

density) crystallineg (120°C - 180°C)
Polypropvlene Amorphous/Semi- 266°F - 340°F 6.8°F (-14°C)
crystalline (130°C-171°C)
Polycarbonate Amorphous/Semi- 297°F (147°C) 302°F (150°C)
crystalline
Nylon 6,6 Amorphous/Semi- 135°F (57°C) SO9°F (265°C)
crystalline
Polymethylmethacrylate Amorphous 221°F (105°C)

Polyvinyl Chioride Amorophous/Semi- 414°F (212°C) IR7°F (R7°C)

Crystalline
Polyethylene Amorphous/Semi- SO9°F (265°C) 163°F (73°C)
Terephthalate Crystalline
[6025] In some non-limiting examples, the temperature of at least one portion of

the at least one extrusion screw 128 may be maintained at a temperature of about 35°F to
about 45°F (about 1.7°C to about 7.2°C). Some non-limiting examples of temperatures at
which the at least one portion of the at least one extrusion screw 128 may be maintained may
include a temperature of about 33°F {about 1.7°C), about 37°F {(about 2.8°C), about 39°F
{about 3.9°C), about 40°F (about 4.4°C), about 42°F (about 5.6°C), about 44°F (about 6.7°C),
about 45°F (about 7.2°C), or ranges between any two of these values including endpoints. As
one exaraple, the one or more exirusion screw 128 may be maintained at a temperature of
about 40°F (about 4.4°C). Because the polymeric materials roay not have high thermal
conductivity, the extrusion screw 128 may be maintained at teroperatures siguificantly lower
than the liquefication teraperature of the polymer in order to maintain the polymeric material

in a solid state. For example, i may be necessary to maintain the extrusion screw 128
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temperature at about 12°F {about -11°C) in order to maintain the polymeric materials at about
38°F {about 3.3°C) during the manipulation steps of the extruder.

8426} A polymeric mixture may comprise one or more polymeric materials. In
sorpe embodiments, the polymeric mixture may be composed of one or more of a homo-
polymer, a polymer blend, a combination of a polymer and a filler, and a combination of a
polymer and a navofilier. In some non-limiting examples, the polymeric mixture may be
composed of one or more homo-polymers such as a polyolefin, a polyester, a polyamide, an
epoxy, aud an elastomer or a co-polymer of a polyolefin, a polyester, or a polyarside.

1889271 In other non-hinuting exaroples, the polymeric mixtare may be composed
of a polymer and a filler, in which the filler may be composed of one or more of a cellulose
material, a rice husk agh, a talc material, a silica material, a clay material, a modified clay
material, a graphite material, 2 modified graphite material, a graphene, a single-walled carbon
nanotube material, and a multi-walled carbon nanotube material. In other non-limiting
examples, the polymeric mixture may be composed of a polymer and a nano-filler, in which
the nano-filler may be composed of one or more of a cellulose material, a rice husk ash, a talc
material, a silica material, a clay material, a modified clay material, a graphite material, a
modified graphite material, a graphene, a single-walled carbon panotube material, and a
multi-walled carbon nanotube material. Nano-fillers may be distinguished from fillers in that
the nano-fillers may have particie sizes of about 1 nm to about 100 nm while fillers may have

particle sizes of about 100 um to about 1 cm. The amount of filler included in a polymeric

e

mixture may range from about 8.001% by weight to about 99% by weight.

{8428} Anp alternative, or additional, method to maintain the polymeric materials
at a temperature below the hgoefication temperature during SSSP processing may include
adding one or more heat absorbing materials to the polymeric mixtore upon introduction into

the extruder. Tn vet another method, the polymeric materials may be pre-cooled by exposing

-10-
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them to one or more heat absorbing materials prior to the introduction of the polymeric
mixture into the extrader. Non-himiting examples of such heat absorbing materials way
mchide one or more of dry ice, Hgud nitrogen, and water. Additional heat absorbing
materials may inclade a cold gas. In one non-himiting example, the polymeric mixture may be
exposed to a cold gas before entering the extruder, Alternatively, the cold gas may be injected
mto the extruder at the feed chute 118 or at one or more gas-specific eniry ports along the
length of the extruder. Tn some embodiments, the heat absorbing gas may have a temperature
less than or equal to the liguefication temperature of the polymeric mixture. Examples of
such cold gas temperatures may include temperatures of about -124°F to about 104°F (sbout
-120°C 1o about 40°C). Non-limiting examaples of such heat absorbing gases may include one
or more of cold argon, cold neon, cold carbon dioxide, and cold nitrogen.

184291 1t may be understond that the polymeric mixture in any of the one or more
work zones or barrel sections 15 in an SSSP device as illustrated in FIG. | may be
maintained at g temperature equal to or less than a liquefication temperature of any of the
components of the polymeric mixture. Such work zones or barrel sections 118 may inchude,
without limitation, a work zone in which the polymeric mixture is introduced into the
extruder (for example, Zone 1), one or more initial zones {for exampic, Lone 2 and Zene 3),
a buffer zone (for example Zone 4), one or more pulverizing zones (for example, Lone 5 and
Zane 6), and a delivery zone (for example, Bie).

186381 The cold gas introduced into the extruder, or generated from other heat
absorbing materials (such as gaseous carbon dioxide from dry ice) may be vented through
one or more gas vents 185 at a downstream side of the extruder.

16031} FIG. 2 depicts a non-limiting configuration of an SSME device. In FIG. 2,
an extrasion screw 228 1s housed within an enclosure 200 that maintains physical contact

between the mixture of polymeric material being processed and the active elements of the
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extrusion screw. The extrusion screw 228 may be composed of a shaft and mwodalar elervents,
or may be a monolithic structure. The extrusion screw 228 may be composed of any material
having physical characteristics capable of mawmpulating the polymeric materials, including,
without Himitation, stainless steel, aluminam, iron, high carbon sieel, tempered steel, and
surface-hardened motals.

18032} Non-limiting examples of the active elernents of the extrusion screw 220
may include one or more transport elerments 222, pulverizing clersents 224, kneading
clements 226, and mixing eloments 228. The order, mumber, or type of the active elerents
along the extrusion screw 228 wmay vot be limited to the configuration as depicted 1o FIG. 2,
but may include any order of clements as may be required to transport, mix, combine,
pulverize, or otherwise manipulate the polymeric material introduced into the SSME. It may
be further understood that continuous operation (such as rotation) of the extrusion screw 228
may result in the polymeric material introduced at 3 feed chute 218 of the enclosure 206 to
travel continuously along the length of the enclosure to a dic end configured to extrude the
final fluid mixture. In this manner, the polymer mixture may be continuously processed from
mtroduction of the starting materials into the screw extruder to the receipt of the extruded
fluid material composed of the dispersed polymers. Along the length of the extrusion screw
228, the initial mixture of polymeric material may be subjecied o mixing, grinding, and
pulverizing forces generated by the pulverizing elements 224, kneading elements 226, mixing
clements 228, or other clements as required to achieve the required blending of materials,

16033} Although FIG. 2 illustrates a single extrusion screw 228, an SSME device
may be composed of oue or more extrusion screws, In some embodiments, an SSME device
may have a plurality of extrusion screws 228 configured so that their active clements may

iteract to improve grinding or mixing the polymeric material. An example of such a8 device

-12-
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may be a twin extrusion scrow extruder having a pair of extrusion screws proximate to each
other and having their respective screw axes effectively paralie] to each other.

{8834} The enclosure 288 in which the one or more extrusion screws 228 are
housed may be divided nto effective work zones, as depicted n FIG. 2 (see Zone 1 - Zone
&). Such work zones may be defined i terms of their respective temperatures and/or the
processing steps of the polymeric material within them. Thus, Zone 1 may correspond to a
section in which the polymeric mixture is introduced nto the extruder via the feed chute 210
at an ambient temperature. One or more initial zones (for example, Leone 2 and Zene 3) may
correspond to sections in which the inttial polyroeric mixture may be subjected to the action
of the pulverizing clements 224 thereby producing a sheared mixture of the polymer material,
Pruring the pulverization process, the polymeric material may be kept at a temperature at or
below the liquefication temperature of the polymeric mixture. Thus, the one or more initial
zones (Lone 2 and Zone 3) may include tomperature control clements (for example, as part
of the one or more extrusion screws 228} to maintain the temperature of the polymeric
material in those work zones at or below the liquefication temperature of the polymeric
mixture. Transition zone Zone 4 may be a buffer zone between the pulverizing process in the
one or more initial zones (Zene 2 and Zeone 3), and the kneading process occurring in one or
more heating zones (for example Zone §).

{6635} While the SSSP process produces particulate material, the SSME process
imcorporates an additional melt extrusion step. Consequently, the SSME extruder depicted in
FIG. 2 mmcludes additional processing steps to melt the particulate polymeric mixture (o
produce an extruded composition such as a wire, a sheet, a tube, a multi-lumen tube, or any
other profile extruded from a die commonly known to those having ordinary skill in the art.
The melting process may occur for example in one or more heating zones (for example, in

Zone 5 and Zone 6) in which the kneading elements 226, and mixing clements 228 way
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operate, respectively, The temperature in the zones manipulating the melted sheared mixture
may be greater than or equal to a liquetication temperature of the polymeric mixture. Because
the sheared material produced in the one or more mitial zones {Zone 2 and Fone 3) may be at
a teroperatare at or below the hquefication temperature of the polymeric mixture, and the
melted material in the one or more heating zounes (Fene 5 and Zone 6) may be at a
teraperature at or above the hiquefication temperature of the polymeric mixture, the sheared
mixture transported from Zone 3 to Zone 5 may be at an intermediate teraperature as it s
transported through the transition zove Zone 4. As a non-limiting exarople, the polymeric
mixture in the one or more iuitial zones (Zone 2 and Zone 3) roay be maintained at a
ternperature of about 38°F (about 3.3°C), the melted sheared mixture in the one or more
heating zones (Zome 5 and fone §) may be maintained at 3 temperature of about 400°F
{about 204°C), and the transported sheared material may have an average temperature of
about 70°F (about 21°C) ag it transits through transition zone Zone 4. It may be appreciated
that the sheared mixture may be warmed from a temperature at or below a hiquefication
temperature o a ternperature at or above the Hqucfication temperature of the polymer as it 15
transferred through the transition zone.

16036} Work zones Zene § — Zone 6 may be defined functionally in terms of their
operating temperatures or the mechanical processes occurring therein. Non-limiting examples
of such work zones may have physical embodiments as barrel sections {for example, 215).
Barrel sections 215 may be composed of segments of metal or other materials that may
physically surround one or more sections of the extruder screw 228 and one or more active
clements sach as pulvenizing elements 224, Tn one non-limiting example, the enclosure 208
may be composed of one or more barrel sections 218 linked together. Tn another non-limiting
example, the one or more barrel sections 218 may be separate structural elements contained

within the enclosure 280. The one or more barrel sections 218 may be composed of any

-14-



WO 2015/034889 PCT/US2014/053845

suitable material inclading, without limitation, stainless steel, alumingm, ron, high carbon
steel, tempered steel, and surface-hardened metals,

{88371 It may be understood that the configuration of the extruder screw 228 and
the active elements as disclosed in FIG. 2 is fllustrative only, and is not intended to Tt the
possible configurations of the extruder screw or of its components, Similarly, the descriptions
of the work zones and barrel sections 215 in FIG. 2 are illustrative only, and are not intended
1o suggest a single set of temperatures, activities, or nurnber of such work zones.

[08038] As disclosed above, frictional heating of the polymeric mixture during
processing roay lead to the mixture being heated to or above a liquefication toraperature of at
least some component of the mixture. Such frictional heating and liquefication may result in
mhomogencous mixing of the polymeric material during pulverization. In one non-limiting
cembodiment, the temperature of one or more portions of the at least one extrusion screw 228
having active clements that may pulverize the polymer mixture {(for example, in one or more
initial zones such as Zone 2 and fone 3) may be maintained at a teraperature less than or
equal to the liguefication temperature of the polymeric mixture. In some non-limiting
examples, the temperature of the one or more portions of the at least one extrusion screw 22§
having active clements to pulverize the polymer mixture may be maintained at a temperature
of about 35°F to about 45°F {about 1.7°C to about 7.2°C). Seme non-limiting examples of
temperatures at which at least one portion of the at least one extrusion screw 228 may be
maintained may inclode a temperature of about 35°F (about 1.7°C), about 37°F (about
2.8°C), about 39°F (abowt 3.9°C), about 40°F {about 4.4°C), about 42°F {(about 5.6°C), about
44°F (about 6.7°C), sbout 45°F {about 7.2°C), or ranges between any two of these values
mcluding endpoints.

{84391 Similarly, the temperature of one or more portions of the at least one

extrusion screw 228 having active elements to mix or kncad the meled sheared polymer

15
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mixture (for example, in one or more heating zones such as Zone 8 and Zeone &) may be
maintained at a teroperature greater than or equoal to the hquefication temperature of the
polymeric mixture. In some pon-limiting examples, the temperature of one or more portions
of the at least one extrosion screw 228 having active elements to mix or knead the melted
polymer mixture may be maintained at a teroperature of about 90°F to ahout S00°F (about
32°C to about 260°C). Soroe noun-limiting cxaraples of temperatures at which the at least one
extrusion screw 228 may be maintained to oux or knead the melted polymer mixture may
mclude a teroperatare of about 90°F (about 32°C), about 199°F (about 93°C), about 250°F
{about 121°C}, about 300°F (about 149°C), about 351°F (about 177°C), about 399°F (about
204°C), about 450°F (about 232°C), about 500°F (gbout 260°C), or ranges between any two
of these valies inchiding endpoints,

180481 An alternative, or additional, method 10 maintain the polymeric materials
at a ternperature below the liquefication temperature in an SSME device during the initial
pulverization step may include adding one or more heat absorbing materials to the polymeric
mixture upon introduction into the extruder. in vet another method, the polymeric materials
may be pre-cooled by exposing them to one or more heat absorbing materials prior to the
mntroduction of the polymeric mixture into the extrader. Non-limiting examples of such heat
absorbing materials to which the polymeric materials may be exposed prior to introduction
into the extrader may inchude one or more of dry ice, liguid nitrogen, and water.

16841} (Gases generated from heat absorbing materials (such as steam generated
from added water) or from other processing steps may be vented through one or more gas
vents 205 at a downstream side of the SSME extruder.

16042} It may be understood that the heating and cooling of the polvmeric
material throughout its manipulation by the serew extrusion device, either using the SSSP or

SSME technelogies, may be accomplished by any appropriate means.
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{08431 Cooling, for example, may be accomplished through the introduction of
heat absorbing materials (solid, hiquid, gas, or any combination thereof) with the polymeric
mixture ypon introduction into the extrusion device. For processes using SSSP technology,
such heat absorbing materials may also be introdaced, according to the temperature
requirernents, at any appropriate step n the processing of the polymeric material. Thus, for
exarople, a heat absorbing gas may be introduced in an SSSP device at any work zone
according to temperature requirements, Cooling may also be accomplished by cooling one or
maore portions of the extrusion screw according to the type of manipulation of the polymeric
material contacting the extrusion screw (for example, in one or more intfial zones such as
Zone 2 and Zone 3 in FIG. 2). A portion of the enclosure 180 (FIG. 1) or 200 (FIG. 2)
encompassing the extrusion screw or barre] sections 1i8 (FIG. 1) or 2158 (FIG. 2) may also be
cooled according to the type of manipulation of the polymeric material therein (for example,
in Zone 2, Zone 3, Zone 4, and Fone 5 in FIG. 1) Such cooling may be accomplished
through the use of one or more of a heat exchange coil, a compressor, a refrigerator, and g
solid state cooling device.

180441 With respect to SSME processing, heating of the polymeric material may
be accomplished by heating one or more portions of the extrusion screw according to the type
of manipulation of the polymeric material contacting the extrusion screw (for example, in one
or more heating zones such as Zone 5 and Zone 6 in FIG. 2). A portion of the physical
enclosure 288 of the extrusion screw or barrel section 218 may also be heated according to
the type of manipulation of the polymeric material therein (for example, one or more heating
zones such as Zone § and Zone 6 i FIG. 2). Such heating may be accomplished through the
use of ome or more of a resistive heating clement, a heat transfer coil, a radiant heating

evice, and the introduction of a heated gas. Because some portions of an SSME processing

device may be kept at a teroperature at or above a liguefication temperature of the polymer
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mixer, while other portions may be kept at a temperature at or below a lquefication
ternperatare, thermal insulating components or devices may be required to provide thermal
barviers between the high temperature and low temperature portions of enclosure 208 or
between barrel sections 218,

{6045} FIG. 3 1s a flow chart of an exemplary method for producing a particulate
mixture of sheared and pulverized polymers using an 3SSP device, as disclosed above. A
combination of a polymeric mixture and 4 heat absorbing material may be introduced 318
into an extruder, such as a twin-screw extruder. A sheared mixture of the polymeric mixture
may be produced in at least an joitial zone of the extruder by means of solid-state shearing
328. Such a sheared nuxture may be fabricated by any combination of mixing, pulverizing, or
kneading the polymeric mixture by one or more active clements of the extruder. The sheared
mixture may be dispensed 336 from the extruder at a dispensing end.

16046} FIG. 4 is a flow chart of an exeroplary method for producing an extruded
material formed by heating a mixture of sheared and pulverized polymers using an SSME
device, as disclosed above. A combination of a polymeric mixture and a heat absorbing
material may be introduced 418 into an extruder, such as a twin-screw extruder. A sheared
mixture of the polymeric mixture may be produced in at least an initial zone of the extruder
by means of solid-state shearing 428. Such a sheared mixture may be fabricated by any
combination of mixing, pulverizing, or kneading the polymeric mixture by one or more active
clements of the extruder. The sheared mixture may be transported 430 through a transition
zone of the extrader in which it may be warmed 448 from an initial temperature in the initial
Zone to a tomperature in a heating zone. The warmed sheared mixture may be transported 458
from the transition zone into a heating zone of the extruder. The warmed sheared mixture
may be heated and mixed 468 in a heating zone of the extruder, wherein the sheared mixture

may be heated to or above a liquefication temperature to produce a ligard or semi-hiquid
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polymer mixtare. The muxed and heated polymer mixture may be extruded 478 from the

extruder.

EXAMPLES

Example 1: Exemplary Combinations of Polvmeric Materials and Heat Absorbing Materials

180471 Table I presents non-limiting examples of combinations of homo-
polymeric materials, blends of virgin homo-polymers, and recyeled homo-polyrers along
with heat absorbing materials that may be used according to the methods disclosed herein

{vahies presented as weight percent of a total combination).

Table [
Material | Virgin | Recycled | Virgin | Recycled | Virgin | Recyeled | Liguid Waier | Dry fce
Lope' | LpopE! | PP’ PP pg’ pg’ Nitrogen | (wt¥e) | (CO)
{(wt%e} | {wie) (wi%} | (wit%) {wi%) {wi%) {(wt%) {wi%)
Samaple 1 | 95 ¢ 0 0 0 0 5 0 0
Samaple 2 | 90 8 8 0 0 0 0 0 5
Sample 3 1 5 85 5 U 0 0 0 5 {
Sample ¢ | 0 0 G0 v 5 0 0 0 5
Sample 5 | 0 0 5 85 5 0 5 0 0
Sample 6 | 0 0 G 0 90 5 0 0 5
Sample 7 | 0 0 85 U 0 0 5 5 5
Sample 8 | 0 35 ¢ 3 0 80 Y 5 5
Sample ¢ | O 0 ¢ U 95 0 0 0 5
Sample 5 5 5 5 5 60 5 5 5
10
Sample 85 O O 0 v v 5 5 5
11
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Saniple 10 75 ¢ { 5 U 5 5 U
Sanple 0 0 5 30 U iy 0 0 5
13
Saraple O 0 19 U 75 5 5 0 5
14
Sample 0 0 0 0 0 93 0 5 0
15

" LDPE: low density polyethylene
“PP: polypropylene

e

" PS: polystyrene

80481 Many of the polymer combinations fisted in Table I may be found in
unsorted recycling work streams. In typical recycling work streams, the received recyclable
materials may inclade a mixture of pelymer-containing objects. Significant recycling costs
may be accrued from sorting the recyclables by polymer type prior to further processing.
Even then, sorse polymeric materials may differ in their liquefication temperatures, density,
and other physical chemical properties despite having similar polymer types. Therefore, a
materials recycling process, such as SSSP technology, that does not require extensive sorting
of polymer-containing raterials may have reduced costs compared 1o processes requiring
extensive sorting. Adduionally, blends of polypropylene and polyethylene may have useful

properties for industrial applications.

Example 2: Exemplary Combingtions of Polvmeric Materials, Fillers, and Heat Absorbing
Materials

16049} Table Wl presents non-limiting examples of combipations of homo-
polymeric materials, blends of virgin homo-polymers, and recycled homo-polymers along
with heat absorbing materials that may be used according to the methods disclosed herein

{valucs presented as weight percent of a total combination).

30-
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Table HI
Material | Virgin | Recycled | Virgin | Recyeled | Cellulose’ | Graphite | Liguid Water | Dry
ippe' | LppE' | PP’ PP° {(wit%) (wi%} | Nitrogen | (wi%) | ice
{(wt%e) | {wilo) (wt%) | (wt%) {wit%o} {COy)
{(wi¥)

Sample 1 | 90 0 O 0 5 O 5 0 0
Sample 2 | 80 5 0 0 10 ¢ {0 0 5
Saraple 3 1 5 65 5 0 20 ¢ {0 5 0
Sample 4 | 0 0 80 0 5 19 0 0 5
Samaple 3 | O O 8 60 30 ¢ 5 0 0
Samaple 6 | 70 5 s 5 5 S 0 0 5
Saraple 7 { O 5 75 5 O 0 5 5 5
Sample 8 | 0 5 0 75 Q 1 U 5 5
Sarople 9 | O 0 45 0 50 0 0 0 5
Sample 5 60 5 3 5 5 5 5 5
10

Sample 8S 0 5 O 0 O 5 0 5

11

Sample 10 75 O 0 5 O 5 5 0
1z

Saraple 0 O 8 90 O 0 0 0 5

13

Sample 0 O 8O 0 5 5 5 0 5
14

Sample 75 0 O O 0 20 0 5 0

15

"LDPE: low density polyethylene

2 PP: polypropylene

* Celtulose may inctude cardboard, shredded paper, or other post-consumer or post-industrial
celtulosic wastes.

LRI Many of the polymer combinations listed in Table Ui may be found in

unsorted recycling work streams. As disclosed above with respect to Table H, a materials
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recycling process, such as SSSP technology, that does not reguire extensive sorting of
polymer-containing materials may have reduced costs compared o processes requiring
extensive sorting. Further, SSSP technology may be well suited to produce well-dispersed
fillers within a polymeric matrix, thereby leading to more consistent physical properties of

the combined filler/polymer material and objects fabricated therefrom.

{0051} The present disclosure is not to be hmited in termos of the particular
embodiments described in this application, which are jutended as illustrations of various
aspects. Many modifications and variations can be made without departing from its spirit and
scope, as will be apparent to those skilled in the art. Functionally equivalent methods and
apparatuses within the scope of the disclosure, in addition to those enumerated in this
disclosure, will be apparent to those skilled in the art from the foregoing descriptions. Such
modifications and variations are intended to fall within the scope of the appended claims. The
present disclosure is to be limited only by the terms of the appended claims, along with the
full scope of equivalents to which such claims are entitied. 1t is to be understood that this
disclosure s not limited to particular methods, reagents, compounds, or compositions, which
can, of course, vary. 1t is also to be understood that the terminology used in this disclosure is
for the purpose of describing particular embodiments only, and is not intended to be limiting.

16052} With respect to the use of substantially any plural and/or singular terms in
this disclosure, those having skill in the art can translate from the plural to the singular and/or
from the singuiar to the phural as is appropriate to the context and/or application. The various
singular/plaral permutations may be expressly set forth in this disclosure tor sake of clarity.

{8053} It will be anderstood by those within the art that, in general, terms used in
this disclosure, and especially in the appended claims {for example, bodies of the appended

clatms) are generally intended as “open” terms (for example, the term “including” should be
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mterpreted as “including but not limited t0,” the term “having” should be interpreted as
“having at least,” the term “includes” should be interpreted as “includes but 1s not himited to,”
etc.). While various compositions, methods, and devices are described in terms of
"comprising” various components or steps (interpreted as meaning "including, but not limited
10"}, the coropositions, methods, and devices can also "consist essentially of” or "consist of”
the various components and steps, and such terminclogy should be mterpreted as defining
essentially closed-member groups.

[0054] it will be further understood by those within the art that it a specific
number of an introduced claim recttation is intended, such an intent will be explicitly recited
in the claim, and in the absence of such recitation no such intent is present. For example, ag
an aid to understanding, the following appended claims may contain usage of the introductory
phrases "at least one” and "one or more” to introduce claim recitations. However, the use of
such phrases should not be construed to imply that the introduction of a claim recitation by
the indefinite articles "a" or "an” limits any particular claim containing such introduced claim
recitation to cmbodiments containing only one such recitation, cven when the same claim

~ N

mchndes the introductory phrases "one or more” or "at least one™ and indefinite articles such
as "a" or "an” (for example, “a” and/or “an” should be interpreted to mean “at least one” or
“ong or more”); the same holds true for the use of definite articles used to introduce claim
recitations.  In addition, even if a specific number of an introduced claim recitation is
explicitly recited, those skilled in the art will recognize that such recitation should be
interpreted to mean at least the recited number (for example, the bare recitation of "two
recitations,” without other modifiers, means at least two recitations, or two OF more
recitations ). Furthermore, in those instances where a convention analogous to “at least one of
A, B, and C, etc.” is used, in general such a construction s intended in the sense one having

(14

skill in the art would understand the convention (for example, “ a systemn having at least one
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of A, B, and C” would mnclude but not be limited to systems that have A alone, B alone, C
along, A and B together, A and C together, B and C together, and/or A, B, and C together,
ete.). Tt will be further understood by those within the art that virtually any disjunctive word
and/or phrase presenting two or more alternative terms, whether in the description, claims, or
drawings, should be understood to contemplate the possibilities of including one of the terms,
cither of the terms, or both terrmas. For example, the phrase “A or B” will be understood to
inchude the possibilitics of “A” or “B” or “A and B.”

18055] As will be understood by one skilled in the art, for any and all purposes,
such as 1o terms of providing & written description, all ranges disclosed wn this disclosure also
encompass any and all possible subranges and combinations of subranges thereot. Any listed
range can be casily recognized as sufficiently describing and enabling the same range being
broken down into at least equal halves, thirds, quarters, fifths, tenths, etc. As a non-limiting
example, cach range discussed in this disclosure can be readily broken down into a lower
third, middle third and upper third, etc. As will also be understood by one skilled in the art all
fanguage such as “up to,” “at least,” and the like include the number recited and refer to
ranges which can be subsequently broken down inio subranges as discussed above. Finally,
as will be understood by one skilled in the art, a range inchudes each individual member.
From the foregoing, it will be appreciated that various embodiments of the present disclosure
have been described for purposes of illustration, and that various modifications may be made
without departing from the scope and spirit of the present disclosure. Accordingly, the
various embodiments disclosed are not intended to be limiting, with the true scope and spirit

being indicated by the following claims.
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CLAIMS
What is Claimed is:

1. A method of dispersing materials in a polymer composition, the method comprising:
introducing a first mixture into an extruder, wherein the first mixture comprises a
polymeric mixture and a heat absorbing material;
solid-state shearing the first roixture in an initial zone of the extruder to yield a
dispersal material, wherein the initial zone has a teraperature less than or equal to a
hiquefication temperature of the polymeric mixture; and

dispensing the dispersal material from the extruder.

2. The method of claim 1, wherein introducing g first nuxture into an extruder comprises

introducing the first mixture into a screw extruder having at least one extrusion screw.

3. The method of claim 2, wherein the screw extruder 18 a twin exirusion screw extruder,
4. The method of claim 2, further comprising controlling a temperature of one or more

of at least one section of the at least one extrusion screw, at least one section of an enclosure

of the extruder, and at least one barrel section of the extruder.

5. The method of claim 4, wherein controlling a ternperatare of one or more of the at

least one section of the at least one extrusion screw, the at least one section of the enclosure
of the extruder, and the at least one barrel section of the extruder comprises maintaining the
temperature of one or more of the at least one section of the at least one extrusion screw, the
at least one section of the enclosure of the extruder, and the at least one barrel section of the

extruder less than or equal to the liquefication temperature of the polymeric mixture,

6. The method of claim 4, wherein controlling a ternperatare of one or more of the at

least one section of the at least one extrusion screw, the at least one section of the enclosure
of the extruder, and the at least one barrel section of the extruder comprises maintaining the
temperature of one or more of the at least one section of the at least one extrusion screw, the
at least one section of the enclosure of the extruder, and the at least one barrel section of the

extruder less than or equal to abowt 40 °C.
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7. The method of claim 4, wherein controlling a temperature of one or more of the at
feast one section of the at least one extrusion screw, the at least one section of the enclosure
of the extruder, and the at feast one barrel section of the extrader comprises maintaining the
ternperatore of one or more of the at least one section of the at least one extrosion screw, the
at least one section of the enclosure of the extruder, and the at least one barrel section of the

extruder at about 35°C to about 45°C.

3. The method of claim 2, wherein the serew extruder 18 a contimuously operating screw
extruder.
9. The method of claim 1, wherein the polymeric muxture comprises one or more of a

homo-polymer, a polymer blend, a combination of a polymer and a filler, and a combination

of a polymer and a nanofiller.

10, The method of claim |, wherein the polyrueric mixture coraprises one or more of a

polyolefin, a polyester, a polyamide, an epoxy, and an elastomer.

i The method of claim 1, wherein the polymeric mixture comprises a combination of a
polymer and a filler, wherein the fitler comprises one or more of a cellulose material, a rice
husk ash, a talc material, a silica material, a clay material, a modified clay material, a graphite
material, a modified graphite raterial, a graphene, a single-walled carbon nanotube material,

and a multi-walled carbon nanotube material,

12. The method of claim 1, wherein the polymeric mixture comprises a combination of a
polymer and a nano-filler, wherein the nano-filler comprises one or more of a celhulose
material, a rice husk ash, a talc material, a silica material, 4 clay matenial, a modified clay
material, a graphite material, a modified graphite material, a graphene, a single-walled carbon

nanotebe maternial, and a multi-walled carbon nanotube material,

13. The method of claim 1, wherein the heat absorbing material comprises one or more of

an amount of dry ice, an amount of liquid nitrogen, and an amount of water.

36-
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14 The method of claim 1, wherein the heat absorbing material comprises a gas.
15. The method of claim 14, wherein the gas bas a temperature less than or equal to the

fiquefication temperature of the polymeric mixture.

16. The method of claim 14, wherein the gas has 3 temperature of about -130 °C to about
40°C.
17. The method of claim 14, wherein the gas comprises one or more of argon, neon,

carbon dioxide, and nitrogen.

i8. The method of claim 1, wherein the hquefication temperature 1s a melting point of a

semi-crystalline polymer.

19, The method of claim 1, wherein the liquefication teroperature is 8 glass transition

temperature of an amorphous polymer.

24, The method of claim 1, wherein solid-state shearing the first mixture further

comprises kneading the first mixtore.

21, A method of dispersing materials in 3 fluid polymer composition, the method
comprising:

mtroducing a first mixture into an oxtruder, wherein the tirst mixture comprises a
polymeric mixture and 8 heat absorbing material;

solid-state shearing the first mixture in an initial zone of the extruder to yield a
sheared mixture;

transporting the sheared mixture from the initial zone 1o a transition zove of the
extruder;

warming the sheared mixture in the transition zone to a first temperature;

transporting the warmed sheared mixture from the travsition zoune to a heating zone of
the extruder;

mixing the warmed sheared mixture in the heating zone and heating the warmed

sheared mixture to a second temperature thereby forming a fluid dispersal mixture, wherein
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the second ternperature is greater than or equal to a8 Hiquetication temperature of the polymeric
mixture; and

extruding the fluid dispersal mixture from the extruder.

22. The method of claim 21, wherein solid-state shearing of the first mixture comprises
solid-state shearing of the first mixture at a temperature less than or equal to the liquefication

temperature of the polymeric mixture.
23. The method of claim 21, wherein waroung the sheared mixture 1o the transition zone
to a first temperature comprises warming the sheared mixture in the fransition zone to 3

temperature equal to or greater than the hiquefication temperature of the polymeric mixture.

24, The method of claim 21, wherein mixing the warmed sheared mixture in the heating

zone further comprises kneading the warmed sheared mixture in the heating zone.

25.  The method of claim 21, wherein the exiruder 1s a continuously operating extruder.
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