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LINEAR SUBSTRATE INFUSION COMPARTMENT

CROSS REFERENCE TO RELATED APPLICATIORNS

{0801} This application depends from and claims priority to U.S. Application No. 15/179,089 filed
June 10, 2016 and U.S. Provisional Application No: 62/332,777 filed May 6, 2016, the entire

contents of each of which are incorporated herein by reference.
TECHNICAL FIELD

[8002] The present specification generally relates to systems for adding one or more actives 1o a
preformed polvmer in the form of a linear substrate. Tn more specific aspects, linear substrates may

be hose or electrical or other wire and cable jackets or insulation.
BACKGROUND

{0603} Linear polymeric substrates commonly have coloration to distingmsh and differentiate
between neighboring substrates when placed into service or simply for aesthetic purposes. For
example, rootoreycle or bicyele brake lines may be provided in a variety to colors to provide a sharp
appearance. Colorhas previously been added to linear polymeric substrates by compounding a color
irto the plastic mixture o distribute the color throughout the polvimeric material. However,
compounding color mto the polvmer requires color determunation (o be made atl the time of
manufacture and has an associated cost with maintaining a large selection of colored material in

stock to maich the gauge and color requests from customers.

{80664] Moreover, achieving consisient color control between runs of substrate coloration has proven
difficult. Two red lines from the same manufacturer, for example, may exhihit visually distinct
colors because of difficulty in achieving a consistent coloring between runs or at multiple
manufacturing/shipping facilities. Additionally, switching from one color to ancther color has
required extensive timne, manual labor, and equipment cleaning. Prior systems have separate lines
for each color that each need to be monitors or the infusion svstems have had to be cleaned between

each color.

{8065] As such, aneed exists for the ability to quickly add customer requested colonng and/or other
physical or chemical characteristics to generte, white, or neutral-colored hinear substrates at the time
of customer request and 1o do so in a rapid and cost effective manner. This need exiends to the
ability to readily establish consisient coloring between runs and coloring locations and to delay

product customization 10 1IMProve customer service.
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SUMMARY

{0006} The following suramary is provided to facilitate an understanding of some of the inmovative
features umque 1o the present disclosure and 15 not miended to be a full description. A full
appreciation of the various aspects of the disclosure can be gained by taking the entire specification,

claims, drawings, and abstract as a whole.

18087] B s a first object to provide an apparatus for the 1mport of physical or chemical
charactenstics such as color, weathering, lubricity, or other characteristic to provide on demand and
rapidly tailorable production of linear substrates. This object is achieved by the provided linear
substrate infusion compartment for infusing one or more components of an infusion fluid nto a
linear substrate, the linear substrate infusion compartment including: a processing barrel having an
infusion chamber defined therein, the processing barrel also having a linear substrate inlet into the
infusion chamber and a linear substrate outlet out of the infusion chamber, the processing barrel
further including an mfusion fluid inlet and an infuston Huid outlet, the mnfusion Huid inlet and the
infusion fluid outlet being in fluid conwuunication with the infusion chamber, the infusion chamber
being dimensionally reconfigurable between different configurations. In some aspects, the different
configurations of the linear substrate infusion compartment are different configurations of length of
an exposure gap defined within the infusion chamber. The exposure gap optionally 1 reconfigurable
from alength of zero to greater than zero. Optionally, the processing barrel is configured o expose
the linear substraie to the infusion fluid in the exposure gap when the exposure gap has a length of
greater than zero and to not expose the linear substrate (o the infusion luid when the exposure gap
has a length of zero. The exposure gap may be defined between the linear substrate inlet and the
hinear substrate outlet. In some aspects, the different configurations are different configurations in
volume of the infusion chamber. Optionally, the infusion chamber is configured to be dimensionally
reconfigurable between the different configurations while the mfusion fluidis contacting the linear
substrate. In other words, the linear substrate inlet and the linear substrate outlet may be
configurable to be moveable between a plurality of relative posttions while the infusion fluid is

contacting the linear subsirate,

{0008} The linear substrate infusion compartment optionally includes portions of the processing
barrel that are moveable relative to one another to define the different configurations, the infusion
chamber being in a first configuration of the different configurations when the portions of the
processing barrel are in a first relative position and the mfusion chamber being in a second
configuration of the different configurations when the portions of the processing barrel are in a
second relative position. Optionally, the processing barrel includes an inner processing vessel and an

outer processing vessel, the inner processing vessel and the outer processing vessel forming a nested
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arrangement along a longitudinal length of the processing barrel, the inner processing vessel being

axially moveable relative the outer processing vessel.

{0009 In some aspects, as part of a compartment, relative to one another, the infusion flud inletis
positioned toward one end of the processing barrel and the infusion fluid outlet is positioned toward
an opposing end of the processing barrel. Optionally, relative to one another, the infusion fhud mlet
is positioned toward the linear substrate outlet of the processing barrel and the infusion fluid cutlet is
positioned toward the linear substrate inlet of the processing barrel. In various aspects, both the

nfusion fluid inlet and the infusion fluid outlet traverse a wall of the outer processing vessel.

[0018] In some aspects, a linear substrate infusion compartment includes infeed seal at the linear
subsirate inlet, the infeed seal configured to allow a linear substrate to pass into the processing barrel
while substantially retaining the mnfusion fluid within the processing barrel. Optionally, a
compartment includes a discharge seal configured to aliow portions of the inner processing vessel to
pass into and out of the outer processing vessel. Optionally, a hinear substrate infusion compartment
includes an inner seal, the mmner seal positioned in the inner processing vessel and configured to
allow a linear subsirate 1o pass through the inner processing vessel and substantially retain an
infusion fluid within the processing barrel. In some aspects, a linear substrate infusion compartment
includes an infeed seal positioned at the linear subsirate inlet and configured to allow the linear
substrate to pass into the processing barrel while substantially retaining the an infusion fluid in the
processing barrel, a discharge seal configured {0 allow portions of the inner processing vessel 10 pass
into and out of the processing barrel while substantially retaiming the infusion fhad within the
processing barrel, and an inner seal positioned in the inner processing vessel and configured to allow
the linear substrate to pass through the inner seal while substantially retaining the infusion flwd

within the processing barrel.

[8011] In some aspects, a subsirate infusion compartment 13 incorporated into a system further
comprising a first fluid loop fludically connected to the infusion corpartment at the infusion fluid
inlet and the infusion fluid outlet. The first fluid ioop optionally includes a first pump configured for
directionatly moving the infusion fluid through the first luid loop. Optionally, afirst additive source
is coupled io the first fhnd loop and configured to provide a first additive to the first fluid loop,
wherein the first additive 1s the component or forms a part of the component of the mfusion fluid. In
some aspects, a plurality of additive sources are coupled to the first fluid loop, each of the plurality
of additive sources being configured o respectively provide one or more additives to the first fluid
foop. Optionally, a heater 15 provided, the heater configured to control the temperature of the
infusion fluid within the first fluid loop o an infusion temperature. The different additives are

optionally each a component or form a part of the component of the infusion fhud. In some aspects,
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an additive is a dye. In some aspects, an additive is a weatherability enhancer that provides enhanced

weatherability to the linear substrate.

[8012] I some aspects, a himear substrate nfusion compartment is incorporated 1nto a system further
including a substrate marking system positioned downstream from the linear substirate outlet. The

substrate marking system optionally includes a laser.

18013] I any aspect, a linear substrale infusion compartment, or system incorporaling a hinear

substrate infusion corapartment optionally excludes an airwipe.

[0014] His aturther object to provide processes for infusing one or more components of an infusion
fluid into the surface, optionally, the outer surface, of a linear subsirate o impart differing or
enhanced physical or chemical characleristics to the linear substrate. A process includes passing a
linear substrate through an infusion compartment in a first direction, the mfusion compartment
compiising a processing barrel with a linear substrate inlet and a linear substrate outlet, an infusion
chamber defined within the processing barrel and being dimensionally reconfigurable between
different configurations; and contacting the linear substrate with the mfusion fluid within the
infusion chamber of the processing barrel while the infusion chamber is in afirst configuration of the
different configurations, the step of contacting being conducted for an infusion time with the
infusion {hud at an infusion temperature, the infusion time and the infusion temperature being
sufficient to infuse the one or more components of the infusion fluid into atleast an outer surface of
the polymeric linear subsirate. Optionally, the step of confacting further includes contacting the
linear substrate with the infusion fhud within the infusion chamber while the infusion chamber is in
asecond configuration that 1s different from the first configuration. Optionally, the step of contacting
further includes dimensionally reconfiguring the mfusion chamber between the first and second
configurations while the linear substrate is passing through the infusion chamber. In some aspects of
a process, the infusion time 13 less than one minute. Optionally, the linear subsirate 15 at ambient
temperature {optionally not heated or cooled) prior or inunediately prior to the step of passing. In
some aspects, the step of contacting is by flowing the infusion fluid along a length of the linear

substrate in a second direction, the second direction substantially opposite the first direction.

[8015] I some aspects a process further includes flushing the processing barrel with a flushing
flmd, and contacting the inear substrate with a second infusion flind having a second component,
the second component differing structurally from the first component. Optionally, the flushing fluid

1s the second mnfusion fld.

[8016] In any aspect, a process optionally excludes a solvent removal step, optionally excludes a

solvent removal step using air, optionally forced air.
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[9017] A process is optionally performed using an linear substraie infusion compartment wherein
the different configurations are different configurations of length of an exposure gap defined within
the infusion chamber. Optionally, the contacting step includes changing the length of the exposure
eap from zero 1o greater than zero. In some aspects, the contacting step inchudes passing the linear
substrate through the exposure gap and exposing the linear substrate to the infusion fluid in the
exposure gap. The contacting step optionally includes increasing or decreasing the speed of the
hinear substrate during passing through the infusion chamber. Optionally during the contacting step
the speed of the linear substrate is increased or decreased and optionally the length of an exposure
gap defined within the infusion chamber and traversed by the linear substrate is respectively

increased or decreased.

[8018] In a process for infusion of one or more additives into the surface, optionally, the outer
surface, of a linear substrate, the linear substrate is or includes one of a wire, cable or hose.
Optionally, the linear substrate 1s while, gray or neutral in color prior {o the passing step and is a

color other than white gray or neuiral after the contacting step.

[8019] A process optionally includes a step of marking the substrate after the contacting step, the
marking optionally imparting an identifving indicia. The marking is optionally laser marking of the
subsirate. Optionally, the marking step includes sequentially marking the substrate with the
identifving indicia beginning at zero or substantially zero.
[9028] Optionally, the contacting step and the reconfiguring step result in a change in one or more
physical or chemical characteristics of the linear substrate. The characteristic is optionally a change
in color. The characteristic is optionally a change in weatherability.

BRIEF DESCRIPTION OF THE DRAWINGS
[8021] The aspects set forth in the drawings are illustrative and exemplary in nature and not intended
io limit the subject matter defined by the description and claims. The following detailed description
of the illustrative aspects can be understood when read in conjunction with the following drawings,
where like structure is indicated with like reference numerals and in which:
[9022] FIG. 1A illustrates a schematic of compounded polymer;
[0023] FIG. 1B illustraies a schematic of an infused polymer, according to one or more aspecis
described herein;
{0024} FIG. 2 dlustrates a schematic of a linear substrate infusion compartment as part of a system,

according to one or more aspects described herein;
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[00258] FIG. 3A schematically depicts a hinear substrate infusion compartment as pait of a system

configured for infusion of a first colored dve, according (o one or more aspects described herein;

{0026} FIG. 3B schematically depicts a linear substrate infusion corapartment as a part of a system
configured for change over from a first colored dve 1o a second colored dve, according to one or

more aspecis described herein;

18027] FIG. 3C schematically depicis a linear subsirate infusion compartment as part of a system

configured for infusion of a second colored dye, according to one or more aspects described herein;

[0028] FIG. 4A illustrates a linear substrate infusion compartment as part of a system, according to

one or more aspects described herein;
[8029] FIG. 4B illusirates a side view of components of FIG. 4A;

[8038] FIG. 5 ilustrates alinear substrate infusion compartment as part of a system, according to

one or more aspects described heren;

[8031] FIG. 6A illustrates a schematic of a cut view of a processing barrel, according to one or more

aspects described herein;

18032] FIG. 6B illustrates a processing barrel, according to one or more aspects described herein;
18633] FIG. 6C illustrates a processing barrel, according to one or more aspects described herein;
[0034] FI1G. 6D illustrates a processing barrel, according to one or more aspects described herein;

[0035] FIG. 6F illustrates an alternative processing barrel, according to one or more aspects

described herein;

[0036] FIG. 7 illustrates an infeed seal and an inner wire seal assembled in a processing vessel,

according to one or more aspects described herein;

[8037] FIG. 8A illustrates an infeed seal, according to one or more aspects described herein;
[9038] FiG. 8B illustrates a cutaway view of FIG 8A;

[8063%] FIG. 9A illustraies an inner wire seal, according to one or more aspects desciibed herein;
{0040} FIG. 9B ilustrates a cutaway view of FIG. 9A;

18041] FIG. 10 illustrates a discharge seal as part of processing vessel, according to one or more

aspects described herein;

[0042] FIG. 11A illustrates a length adjustment assembly, according to one or more aspects

described herein;

6
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[0043] FIG. 11B illustrates a length adjustment assembly, according to one or more aspects
described herein;

[8044] FIG. 11C illustrates a length adjustment assembly, according to one or more aspecis
described herein; and

{8045] FIG. 12 illustrates a schematic of a fhuid loop, according to one or more aspects described

herein.

BETAILED DESCRIPTION

[8046] As described herein, various aspects of linear substrate infusion compariments are disclosed
with features or structures that promote color infusion into the substrate or a coating on the substrate.
The systems provided are useful for infusion of one or more active agents the function to 1ropart a

physical or chemical characteristic to the polymeric Hinear substrate, optionally used in forming the

1acket or insulation of elecirical wire/cable, in the production of hose, or for other linear substrates.

[8047] In the following description of the vartous examples and components of this disclosure,
reference 1s made to the accompanying drawings, which form a part hereof, and in which are shown
by way of illustration various example structures and environments in which aspects of the
disclosure may be practiced. I 15 to be understood that other structures and environments may be
utilized and that structural and fumctional modifications may be made from the specifically described

structures and methods without departing from the scope of the present disclosure.

[0048] The description is primarily directed to the infusion of colored dye(s) into a polymer material
of a general linear substrate, and for example, electrical cable. Such is presented for iifustrative and
descriptive purposes alone. The disclosure is equally applicable to other linear substrates such as but
not limited to electrical wire or cable jackets, insulation, coverings, hose or other hollow tubing,
optical cable, solid linear substraies, sheating or films of an elongated nature, among other items
recognized in the art. In addition, the disclosure is equally applicable to infusion of additive
molecules other than dyes imparting other properties to the polvmer matenial Hustratively, other
additive molecules suitable for infusion include but are not himited to anti-weathering agents
(illustratively, a light stabilizer), anti-static, flame retardant, lubncant, antioxidant, or other additive.
As such, unless otherwise indicated, mfusion of a dye is equally appreciated to describe infusion of

one or more other type of additive molecule,

[8049] Provided are apparatuses and proceasses for infusing an additive into a linear substrate that
include immersing or otherwise contacting a linear substrate with an infusion fluid that mchudes as a
component an additive (o be infused into the surface of the linear substrate. An wnfusion fuid may be

~
7
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predominantly aqueous, predominantly non-aqueous, or other. An infusion fhuid may also include
one or more solubilizers fo promote solubilization of one or more additive molecudes. In one specific
aspect, the additive may be a colorant, dlustratively a dye. In one example, the linear subsirate is
optionally an electrical cable and can be a cable with insulation and jacket of a neutral color {e.g.
white, off-white, or gray). The cable may also have one or more polymer coatings formed from one

or more polymers.

{0050} The processes provided in this disclosure can be utilized in the addition of additives such as
colorant to previously manufactured cable or to cable during the manufactiring process in an m-line
process, but after extrusion such that color is imparted to the subsirate downsiream from the

extrusion hne.

{0051} The processes and systems provided herein are optionally emoploved on any type of
polvmeric material that is used to form a linear subsirate. Hiustrative examples of polvmers include
thermoplastics and thermoset plastics. Exemplary polymer or polymer type materials that may be
infused as provided herein include one or more of polypropylene (PP), polysthylene terephthalate
{(PET), polvbutyvlene terephthalate (PBT), polvcarbonates (PC), polvethviene (PE), low density
polyethyiene {LDPE}, high density polyethviene (HDPE), ultrahigh molecular weight polvethviene
(UHMWPE), cross-linked polvethylene (XLPE), cross-linked polvolefin (XLPO), ethyvlene vinyl
acetate (EV A), ethyl methacrylate (EMA), ethyvlene ethyl acrylate (EEA), ethylene butyl acrylate
{EBA}, polystyrene (PS), impact modified polystyrene (HIPS), styrene/acryvionitrile (SAN),
styrene/acrylic (8/A), styrene/maletc anhvdride (SMA), poly vinvl chloride (PVC), chlorinated poly
vinyt chloride (CPVC), styrene ethylene butvlene styrene (SEBS), stvrene butadiene styrene (SBS),
thermoplastic olefin (TPO), polvolefin elastomer (POE), olefin block copolymer (OBCH,
polymethylmethacrviate (PMMA), PVC/acryiic blend (PVC/MA), polvester (PETG), polvacrylate
{(PAR), ligund crystal polyester {LCP), nyvlon type 6 (N6}, nyvlon type 6,6 (NG,6), nylon type 11
{(N11), nvion type 12 (N12}), polvphthalamide (PP A), polyamideimide (P AL}, polvetherimide (PEI),
polvimide {PI), polvacetvl, polyphenviene oxide blend (PP(O), polyaryletherketone (FPAEK),
polvetheretherketone (PEEK), polvphenyiene sulfide (PPS), polysulfone (PSF), polvethersulfone
(PES), polvaryisulfone (PAS), polvurethane (TPU), acrylonitrile copolymer (ANC), polylactic acid
{(PLA}, natural rubber (NR), ethvlene propylene rubber (EPR}. aethviene propylene diene monomer
(EPDM), silicon rubber, polychloroprene (neoprene), acrylomitrife butadiene rubber (NBR).
hvdrogenated wnitrile butadiene rubber (HNBR), chlorinated polyethviene (CPE), ethvlene vinyl
acetate rubber (EV M}, acrvlic rubber (EAM), epichlorchydrin rubber (ECO}, fluorinated ethyviene
propylene (FEP), polytetrafluoroethylene (PTFE}, polylactic acid (PLA), nylon, PET copolvmers,

acrvlics, ethylene (meth)acryvlic acid (commercially available under the trade name Surlyn™ from
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DuPont), polvethyviene naphthalate {(PEN), polybutviene terephthalate {PBT), polvoxymethylene
{(POM), polyvinvlidene Buornde (PVAF), polvamides illustratively high performance polvamides
(PPA). polycarbonate co-polymers, polvimides, elastomeric polyruers illustratively thermoplastic
elastomers (TPE), urethanes, polyurethanes, acrylic such as polv{methyi methacrviate) (PMMA),
polvarvisulfone, acrvionitrile butadiene siyrene (ABS), polyphenviene sulfides {PPS), polyether
ether ketones (PEEK), liquid crystal polymer (LCP), or other polvmers. In particular aspects, the

polymer to be infused is or includes PET, PC, and nylon, among others.

[0052] Processes of infusing a polymer, optionally a polvmer used on electrical wire or cable include
forming an infused polymer matenial optionally by: providing a polvmer matenal in solid form;
mixing, immersing, or coating the polymer material with an infusion flud at aninfusion teraperature
optionally below the melting temperature of the polymer for an infusion time, the infusion fluid
comprising one or more additive materials and one or more infusion agents, the one or more additive
matenals imparting one or more improved phyvsical or chemical charactenistics to the polymer
illustratively color change, weatherability, anti-static, lubricity, or other characteristic to the polymer
relative to a polymer material that is not infused with the one or more additive materials, the one or
more infuston agents operable fo promote penetration of the additive material into the surface of the
polvmer matenal; and infusing the additive matenial into the polymer material by said mixing,

imimersing, or coating step thereby forming an infused polymer material.

{80653] With reference to FIGs. 1A and 1B, infused polymer material provides a more intense or
dense additive concentration while utilizing less additive material overall. Specifically, FIG. 1A
tllustrates a polymer where the additive, such as dve, 1s compounded as part of the polymer
formulation according to prior methods. When compounding the additive as part of the polymer
formulation the concentration of the additive is consistent throughout the material. Conversely,
infusion, as llustrated m FIG. 2B, focuses the additive near the surface of the polyvmer matertal.
Limiting the additive near the surface of the polymer material allows a higher concentration of
additive while using a fraction of the total additive. This allows for more intense coloration of
polvroers while using less total dve. In some aspects, an infusion technique may provide 10 times
the concentration of the additive while utilizing only 1/3 of the total additive when coloring a 1/8"

inch thick piece compared to traditional compounding techniques.

[00584] A process includes infusing an additive into a linear substrate or portion thereof at an
infusion temperature. An mfusion temperature s optionally below the glass transition temperature
(Tg) of the polymer of the polvmeric linear substrate, optionally below the melting teraperature of
the polymer. In some aspects, the infusion temperature is above the Tg. Optionally, the infusion

temperature is at or above the Tg and below the melting temperature. In some aspects, an infusion

9
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temperature is from 60 degrees Celsius to 98 degrees Celsius, optionally 81 degrees Celsius io 91

degrees Celsius.

{0085} A polymeric linear substrate 1s infused for an infusion time. Aninfusion time 1s optionally 1
mimite or less, optionally at or between 0.01 second to | munute. During the infusion time, the
additive material following infusion optionally penetrates the polymeric linear substrate to a depth of
fess than 2 milliroeters, optionally fo less than | mullimeter. In some aspects, an additive matenal is

infused to a final depth of less than 200 microns.

[8056] In some aspects, the polymeric linear substrate is preheated to the infusion temperatiwe prior
to contact with an infusion fhiud and/or dve matenal. Optionally, the infusion fluid and/or additive
material is heated to the nfusion temperature. Optionally, an unheated {cooled or substantially room
temperature} polymeric linear substrate 1s immersed, nuxed, or otherwise contacted with a heated
infusion fluid. Optionally, a polvmeric linear substrate is not heated above ambient (g.g. room)
iemperature, optionally not heated above 25 °C. Optionally, a polymeric linear substrate is cooled to

a temperature of 25 °C or less prior contacting an tusion fluid.

[8057] In some aspects, a polymer material forming a polvmeric linear substrate is contacted with an
infusion fluid including one or more infusion agents and one or more additive materials. An mfusion
agent is a chemical composition operable to promote penetration of an additive material into the
surface of a polymer. An infusion fluid is ophionally an agueous solution, or a solufion of one or
more organic solvents or sohites. An infusion fluid is optionally entirely formed of an infusion agent
and an additive. In some aspects, an infusion flud includes water, an infusion agent, and optionally
one or more solubilization promoters. A solubilization promoter is thustratively one more
surfactants or emulsifiers. Aninfusion fluid includes one or more additives for imparting physical or
chemical characteristics to the polymer. Accordingly, in some aspects, the infusion fluid may be a
hiquid.

[8058] In some aspects, an additive material to be infused into a polymer 1s a dve. A dye used to
form a colored polyvmer according to particular aspects is a stable dve or an unstable dve. In some
aspects, a dve is an unstable dye, optionally an unstable acid dve. An “unstable dve” as defined
herein is a dyve that is chemically or structurally alterable by exposure to heat, light energy, or both.
Several such dyes are known 1o the art.  An unstable dve optionally mcludes azo type dyes or
unstabilized quinone dyes. Hiustrative examples of acid unstable dves include Acid Blue #60, Acid
Red #151, Aad Black #2, Acid Yellow #23, and Acid Violet #17. Optionally, a dye is a static dye.
As used herem, the term “static dye” means a dye that does not substantially change color upon

exposure 1o {or being shielded from) uliraviolet (UV} light,
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{0059 Static dyes are optionally fabric dyes and disperse dves as well as dyes that are known in the
art as being suiiable for tinting plastic articles, such as PVC or polyamide articles. Examples of
switable disperse dves include, but are not limited to, Disperse Blue #3, Disperse Blue #14, Disperse
Yellow #3, Disperse Red #13 and Disperse Red #17. The classification and designation of the static
dyes are recited herein in accordance with “The Colour Index”, 3" edition published jointly by the
Society of Dves and Colors and the American Association of Textile Chemists and Colonists (1971),

The term static dve as used herein optionally includes mixtures of static dves.

[0068] Hlustrative examples of static dyes include the water-insoluble azo, diphenviamine and
anthraquinone compounds. Hustrative examples include acetate dyes, dispersed acetate dyes,
dispersion dyes and dispersol dyes. such as are disclosed in Colour Index. 3™ edition. vol. 2, The
Society of Dyers and Colourists, 1971, pp. 2479 and pp. 21872743, respectively. Specific examples
of dispersal dyes include Solvent Blue 59 (9,10-Anthracenedione, 1,4-bis{ethylamino}-}, Solvent
Red 111 (9,10-Anthracenedione, 1-(methyvlamimo)-), Solvent Yellow 160:1 (3-(5-Chloro-2-
benzoxazolyl}-7-(diethylanuno)-2H-1-benzopyran-2-one), Disperse Orange 47 (1H-Indole-5-
carboxvlicacid, 2-} 2-(1,5-dihvdro-3-methyl-5-ox0- 1 ~-phenyl-dH-pvrazol-4-viidene)ethvhidene}-2,3-
dihydro-1,3,3-trimethyl-methyl ester), Disperse Yellow 3 {Acetamide, N-[4-[2-(2-hyvdroxy-5-
methylphenvlidiazenviiphenvii-}, Solvent Violet 26 (1, 4-Diamino-2,3~diphenoxyanthraguinone),
and Disperse Red 1 (4-[(Z-Hydroxyethylhethylamino]-4'-nitroazobenzene). Other dves are

-y
7

ilustratively those additional dves found 1n U 8. Patent No. 7,175,675 and references cited therein.

18061] I other aspects, an additive material is a weatherability enhancer, sometimes referred to
herein as an anti-weathering agent. As used herein, the term “weatherability enhancer” 15 a material
that promotes improved weatherability to the polymer. For example, light stabilizers promote
improved UV or other Hght weatherability to the polymer. As used herein, the term “light stabilizer”
ts meant to include molecules that have functionality of absorbing UV light, or scavenging free
radicals. A UV absorber absorbs UV light by changing the energy to heat that is dissipated through
the material. A radical scavenger light stabilizer {e.g., a sierically hindered amine light scavenger
(HALS)) chemically reacts with a free radical. A light stabilizer as used herein is optionally a UV

absorber, a radical scavenger, or both. Optionally, a light stabilizer 15 not a radical scavenger.

{0062 A UV absorber absorbs UV light and changes the energy to heat that 15 dissipated through the
material. lustrative examples of UV absorbers include a benzophenone, a benzotriazole, a
hvdrozyphenylirtazine, an oxalic amlide, or a combination thereof. Additional exarnples of UV
absorbers are found in U.S. Patent No. 5,559,163, and U.S. Patent Application Publication No.
2009/0258978. Some aspects of the invention include the UV absorber TINUVIN 384-2 thatis a

mixture of Cy. esier of | 3-2h-benzotnazol-2-v1)-5-(1, 1 -dimethviethyl)-4-hy droxyphenvif-propionic
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acid (herein tinuvin 384-2), TINUVIN 1130 (methyl 3-|3-{benzotriazol-2-y1)-3-tert-butyi-4-
bvdroxyphenvlipropanoate)  (herein  tinuvin  1130), or UV416  (2-(4-Benzovl-3-

hvdroxyphenoxvyethyl acrylate).

[9063] Aradical scavenger light stabilizer (e g.. a sterically hindered amine light scavenger (HALSY)
chemically reacts with a free radical. Examples of a HALS include the ester derivatives of a
decanedioic acid, such as a HALS T [bi1s(1,2,2.6,6,-pentamethyl-4-poperidinylJester| and/or a HALS

11 [bis(2.2,6,6 ~tetramethyl- L-isooctyloxy-4-piperidinylester}.

[0064] Alight stabilizer, when present is optionally provided at a concentration of 0.01 weight % to

1.2 weight % or anv value or range therebetween, optionaly 0.15 weight % to 0.3 weight %.
& - 5 > o & &

[8063] In some aspects, an additive is an anli-static agent. An anti-static agent serves to attract
moisture from the air creating a polymer with more surface conductivity thereby dissipating static
charges. An anti-static agent is optionally one or more of amines, quaternary ammonium
compounds, organic phosphaies, and poivethviene glvcol esters. In some aspects, an anti-static agent
is stearamudopropyldimethyi-2- hvdroxyethylammoniom nitrate (CYASTAT SN from Cytec Indus.

Inc., Woodland Park, NI},

[8066] Insome aspects, an additive is an antioxidant. It is common for polymer materials to degrade
bv chemical reactions with oxygen that break the polymer bonds, often to a point where the material
becores physically weak. An antioxidant may work to stop or terminate the oxidative reactions, or
may function to neutralize reactive materials that lead to additional cycles of oxidation. Known
antioxidants may be mfused imto a polvmer as an additive. Optionally, an antioxidant is phenolic,

amsine, phosphite, thicester, or any combination thereof.

[8067] An additive 15 optionally added to an infusion fluid m the form of drv particles with a
maximum linear dimension, optionally diameter. A particle maxinmm linear dimension is optionally
300 micrometers {um). In some aspects, a reduced maximum particle linear dimension is used.
Optionally, a maximum linear particle dimension 15 100 um, optionally 10 o, optionally 1 pm,
optionally 500 nanometers (nm}, optionally 100 nm. A maximum linear particle dimension is
optionally 1 pm orless. A maximum hinear particle dimension 1s optionally from 100 n to 1 pm,
optionally 100 nm to 500 nm. When particles of additive are supplied in larger form, the particle
size 18 reduced by methods known in the art, Hlustratively by subjecting the particles to grinding,

milling, or other process. Optionally, particles are subjected to ball milling,

[0068] An infused polymer is optionally formed by emploving infusion technigues from any of
several processes. In some aspects, an infused polymer is formed by employing infusing technigues

as described in US. Pat. Nos. 6,733,543; 6,749,646; 6,929,666, 6,949,127; 6,994,735, 7,094,263,
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7,175,675; 7,504,054, 7.921,680; or 8,206,463, In some aspecis, an infused polymer is formed by
employing infusing techniques as described . US. Patent Application Publication Nos.:

2008/0067124; 2009/0297829; 2009/0297830; or 2009/0089942,

[9069] An infusion agent is optionally an oxidizing agent, a free radical precursor, or a compound

having the formula of Formula I:
R~ (O(CH: )}y —|OR? ®

wherein R”and R’ are each independently H or a C i alkyl, benzyl, benzoyl, or phenvl nis 1, 2 or
3; and m 1s any value from 1 to 35 In some aspects, m s 1 to 12, In some aspects, m is 1.
Optionally, R denotes H. Optionally, R’ denotes butyl and R* denotes H. An aromatic R' or R?
eroup of Formula I is optionally substituied with 1 to 5 groups selected from halo groups (e.g.,
chioro, bromo and fluoro), linear or branched C,—Cq alkyl groups (e.g., methyl, ethvl, propvi, butyl,

pentvi, hexvl, heptyl, octyl and nonyl), and aromatic groups {(e.g., phenyl),

10878} Specific examples of an infusion agent according to Formula [ include 2-methoxyethanol, 2-
ethoxyethanol, 2-propoxyethanol, 2Z-isopropoxyethanol, 2-butoxvethanol, 2-phenoxyethanol, 2-
benzyloxyethanol, 2-(2~-methoxyethoxy jethanol, 2-{2-ethoxyethoxy)ethanol, 22~
butoxyethoxy jethanol, dimethoxyethane, disthoxyethane, and dibuioxyethane, ethyiene glvcol butyl
ether, diethylene glycol ethylether, diethylene glycol butylether, propylene glycol propviether,

dipropviene glycol propyl ether and tripropylene glycol propylether, or combinations thereof.

{0071} Theinfusion agent is typically present in the infusion tluid in an amount of less than or equal
1o 30 percent by weight, optionally less than or equal {0 25 percent by weight, optionally less than or
equal to 20 percent by weight. The infusion agent is optionally present in the solution in an amount
of at least 10 percent by weight, optionally at least 15 percent by weight, optionally at least 17
percent by weight. The infusion agent may be present in the solution in an amount ranging from 10
to 30 percent by weight or anv value or range therebetwesn. For example, the infusion agent is
optionally present in the solution in an armount from 10 to 30 percent by weight, optionally from 15
i0 25 percent by weight, optionally in an aroount of from 17 to 20 percent by weight. The percent

weights being based on the total weight of the infusion fluid.

[90672] An infusion fluid optionally includes one or more infusion agents. Optionally, an infusion
fluidinchudes 1, 2, 3,4, 5, 6, or more infusion agenis. Insome aspects, when more than one infuston
agent is present i an infusion fluid, there may be mmfusion agents of more than one type. In some
aspects, a first infusion agent is an agent of Formula I, and a second infusion agent is a diol of

Formula I

H—{{O{CH ) —]OH {ID)
13
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wherein nis 1, 2 or 3; and m is any value from 1 to 35. In some aspects, mis § to 12. In some
aspects, m is any value from 2 to 4. Optionally, mis any value from 2 o 4 andnis 1, 2, or 3.

THustrative agents of Formula I include diethylene glycol, triethylene glycol and §,4 butanediol.

{0673} An infusion agent is optionally present in an infusion fluid at a concentration of 2.5 to 20,
optionally 5 to 12.5, optionally 7.5 to 10 pbw, or anv range of values therebetween. A second
infusion agent is optionally present in an amount identical 1o a first infusion agent. Optionally, a
second infusion agent is present in an amount of 5 to 30, preferably 10 to 25, most preferably 15 to

20 pbw, or any range of values therebetween.

[0874] An mfusion fluid optionally includes one or more emulsifiers. Hlustrative examples of an
emulsifier include ionic or non-1onic ernulsifiers, or muxtures thereof. Hlustrative examples of an
anionic emulsifier include: amine salts or alkali salts of carboxylic, sulfamic or phosphoric acids, for
example, sodium fauryl sulfate, ammonmum lawryl sulfate, hgnosulfonic acid salis, ethylene diamine
ietra acetic acid (EDTA) sodium salts, and acid salts of amines, such as, lavrylamine hydrochloride
or poly(oxv-i,2-ethanedivl), a-sulfo-omega-hydroxy ether with phenol 1-{methviphenyiethyl
derivative ammonium salts. An emulsifier is optionally an amphoteric emulsifier tlustratively:
faurvl sulfobetaine; dihvdroxy ethvlalkyl betaine; amido betaine based on coconut acids; disodium
N-lauryl amino propionate; or the sodium salts of dicarboxvlic acid coconut denivatives. Typical
non-ionic emuldsifiers include ethoxylated or propoxyviated alkyvi or arvl phenolic compounds, such as

octyiphenoxypolvethyvleneoxyethanol. A specific emulsifier used 15 diethylene glycol.

{0075] Ao emulsifier is optionally present in an infusion fluid in an amount from 0 to 15 weight
percent, opticnally 7 to 15 weight percent, optionally 10 to 15 weight percent, optionally 0.510 5

weight percent, optionally 3 to 4 weight percent, or any range of values therebetween.
{0676} An wnfusion fluid optionally includes one or more surfactants.

{0677} An mfusion fluid 1s optionallv at ambient temperature (approximately 25 °C) or heated above
arobient ternperature. In some aspects, an infusion process includes heating a polymer alone or in
the presence of an infusion fluid where heating is to atemperature below the melting temperature of
the polvmer material. Optionally, an infusion fluid is preheated or heated prior to or in the presence

of a polvmer, optionally to any infusion temperature less than 100 °C.

[8078] The systems described herein may be used to infuse an additive into a linear polymer
substrate by a process that may inchude infusing a polymer at an infusion temperature. The infusion
temperature 15 optionally below the melting temperature of the polymer material.  An infusion
temperature 15 the temperature of the polvmer material during the infusion process. In some aspects,

an infusion temperature is at or above the glass transition temperature {Tg). Optionally, an infusion
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temperature is at or above the Tg and below the melting temperature. For amorphous polymer
materials without true melting points, an infusion temperature is above the Tg but 1s not so high that
the article shape is affected. Optionally, an infusion temperature is between R1°C and 91°C.
fHustratively, for a polvamide polymer material an infusion temperature may be 90 °C to 99 °C.
Hiustratively, for a PVC polvmer material an infusion temperature may be 75 °C t0 90 °C. His
appreciated that polymers that may have a lower heat distortion temperature may be infused at a
lower temperature. As one example, an infusion temperature of a polyurethane may be about 60 °C.
An infusion time is optionally less than 1 minute, optionally from 0.01 second to 1 munute, or any

value or range therebetween.

{0079} The infused polymer is optionally formed by iromersing a polvmer matenial in an mfusion
fluid for an infusion time where the immersing, mixing or otherwise contacting the polymer material
with an infusion fluid in an element of an infusion system as provide herein. In some aspects,
spraying an infusion fluid on a polvmer is excluded. An infusion time 1s optionally any time from
<1 second to 120 munutes, or more. In sorue aspects, an infusion time is optionally from <1 second
to 30 minutes, optionally from <1 second io 20 minutes, optionally from 1 second to 10 minutes,
optionally from 1 second to 1 minute, optionally from 3 seconds to | minute, optionally from 5
seconds to 30 seconds, optionally from 10 seconds to 20 seconds, optionally 2 seconds to 10
seconds, optionally 3 seconds to 6 seconds, or any range of values therebetween. Aninfusiontimeis
optionally 1,2, 3. 4,5, 6, 7.8, 9, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55 or 60 milliseconds. An
infusion ime ts optionally 1, 2,3, 4,5, 6,7, 8,9, 10, 15, 20, 25, or 30 seconds. An infusion ime is
optionally any range formed by the bounds of the explicitly disclosed values, for example, 15

milliseconds to 20 seconds.

{0088 A polvmer 1s optionally colored in a system substantially as depicted in the figures or
otherwise described herein. FIGS. 2, 34, 3B, and 3C depicts an example linear substrate infusion
compartment as part of a system. It 1s noted that FIGS. 2 and 3 do not illustrate all componenis of
the linear substrate infusion compartment as part of a system with fluid piping, controllers, and
valves, for example, omitted. Instead, FIGS. 2, 3A, 3B, and 3C provide a generalized overview of

an example linear substrate infusion compartment as part of a system.

[0081] FIGS. 2, 3A, 3B, and 3C illustrate a schematic layout of the interconnectivity of an
exemplary linear substrate infusion svstem 10. A generalized linear substrate infusion system 19
configured for two miusion options includes a first dye supply 26 for providing a first colored dye
(or other additive} and optionally a second dve supply 36 for providing a second colored dye (or
other additive}. The first dye supply 28 and the second dve supply 30 are attached to a first process

tank 22 and a second process tank 32 respectively. The process tanks 22, 32 provide a reservoir of
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colored dye for circulation through the linear substrate infusion system 18. The first process tank 22
and the second process tank 32 each are fluidly connecied o an infusion compartment 46. The
infusion corpartment 40 contacts the desired color dve with the linear substrate. Upon exiting the
infusion compartment 40 the colored dve is retumned to the first process tank 22 or the second
process tank 32 for the respective color from which the colored dve originated. Propulsion of the
first colored dve and the second colored dye is provided by a first dve pump 24 and a second dve

pump 34 respectively.

[0082] Throughowt this disclosure the linear substrate infusion system 18 is referenced as having a
first coloved dve and asecond colored dye. Limitation of discussion (o two colored dves s for ease
of discussion and simplicity. It will be appreciated that aspects of the linear subsirate infusion
system 16 may include 3 or more colored dves by replicating the associated systems of the first or
second colored dye for each additional colored dye added to the linear substrate infusion system 10.
Further, while the descriptionis primariy directed to the infusion of colored dye(s) such 1s presented
for iustrative and descriptive purposes alone. The disclosure is equally applicable to mfusion of
other additive molecules with coloring or imparting other properties to the polymer material.
Hustratively, other additive materials suitable for infusion, as discussed supra, include, but are not
himited to, anti~weathering agents (Ulustratively, a light stabilizer), anti-static, flame retardant,
lubricant, antioxidant, or other additive molecules. As such, unless otherwise indicated, infusionof a

dye is equally appreciated to describe infusion of one or more other types of additive materiais.

{0083} The linear substrate infusion systern 1815 unique in providing the ability to change the color
and/or additive infused 1n the linear substrate during processing of the linear substrate. Specifically,
the linear substrate infusion system 10 may be converted from creating a first color linear substrate
to creating a second color linear substrate while the svstem is operating (for example, a red linear
subsirate and then a blue linear substraie). There 15 no requirement to terminate the linear substrate
coloring operation, clean the equipment, and re-feed the linear substrate into the equipment when a
color change is desired. A single run of linear substrate, from a pre-mamufactured spool or as the
output of a limear substrate forming line, may have the color changed from red to blue, for example,
without stopping the processing line. For example, linear substrate may be provided from an
extruder at a constant speed of 150 feet per minute (fpm) based on the operating speed of the
extruder. With a conversion of the linear subsirate infusion system 10 from the first color to the
second color being completed 1n 30 seconds to 2 minutes, amere 753 feet to 300 feet of scrap linear
substrate may be generated during the color conversion. If the speed of the extruder or feed from a
spool of linear subsirale is reduced during the color conversion the total length of scrap may be

reduced.
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[0084] In one or more aspects, the first process tank 22 and the second process tank 32 are
conmected 1o respective heating loops. The heating loops raise the temperature of the first colored
dve and the second colored dye to the desired set point for introduction to the infusion compartment
40 and coloring of the Hinear substrate. Each heating loop may comprise an in-line heater {o raise the
temperature of the first colored dye or the second colored dye respectively during passage of the first
colored dye or the second colored dye through the heating loop. In further aspects, the heating loops
are approximately 3 feet in length and it will be appreciated that the length of the heating loop in
practice may be adjusted to account for flow rates of colored dves, the efficiency of the heaier(s).
and other process restrainis. In further aspects, flow through the healing loops 1s maintained at
approximately 35 gallons per rainute (gpmy with an 8 kilowatt (kW) heater. 1t will be appreciated
that flow rates of 10 gpm, 20 gpm, 40 gpm, 80 gpm, and bevond, and anv range of values
therebetween, for example, may be utitized as the power of the heater and desived temperature rise of

the colored dyes changes.

[808%] In one or more aspects, the first process tank 22 and the second process tank 32 are heated
tanks. In further aspects, the first process tank 22 and the second process tank 32 each comprise an
agitator or muxer to maintan a uniform temperature and mixture throughout the colored dye within

the first process tank 22 or the second process tank 32,

{0086} In further aspects. a filter may be included in the heating loop and/or between the heating
loop and infusion compartment 48 and/or between the infusion compartment 46 and the process tank
22, 32. The filter serves to filter and remove deposits or foreign particles that enter the colored dye
during the coloring operation. For exarople, flaking or particles from a nylon wire jacket may be

removed by the filter. In further aspects, the filters are 316 stainless steel bag filters of trade size 3.

{0087] The heating loop allows circulation of the colored dve when not being provided io the
infusion compartment 48. The heating loop {or the first colored dve includes a first colored dve
diverter valve 26 and the heating loop for the second colored dye includes a second colored dye
diverter valve 36. The first colored dve diverter valve 26 and the second colored dve diverter valve
36 direct the colored dve on arecirculation pathway in the heating loop when in a {irst position and
direct the colored dye away from the heating loop to the infusion compartment 46 when in a second

position.

[0088] Referring to FIG. 2, a linear substrate infusion svstem may include a subsirate delivery
mechanism 23 {o remove a linear substrate from a reel or other source. A subsirate delivery
mechanism may be a capstan or other systern suitable for such needs. The substrate delivery
mechanism may serve to regulate the rate of inear substrate entry into the infusion compartment 40.
Also upstream of an infusion compartment 48, an infusion svstem may include a gauge 27 for
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determining the diameter of the linear substrate. Upon exit from the infusion compartment 48, a
hinear substrate may pass through one or more arinsing stations 19 that may include a compartment
through which the linear substrate passes or may simaply be alocation in which the linear substrate is
subjected to a rinsing fluid. The rinsing fluid is optionally cycled and optionally filtered such that
clean rinsing fluid may be contacted to the linear substrate. In some aspects, a substrate pull out
mechanism 29 is present to guide hinear substrate toward a storage location following infusion.
Optional aspects for post infusion processing and quality control may include a device for measuring
linear substraie speed and/or measuring and recording the amount of linear substrate that has been
infused, a quality control device for monitoring the quality of the infusion process, optionally
optically, elecirically, or by other method depending on the type of additive(s) infused into the
substrate, and optionally a marking device such as a laser, printer, or other device for imparting
markings on the surface of the linear substrate following infusion. A cutier may be provided to
ternunate alength of hinear substrate such as when a storage location 1s full, an ordered or otherwise

desired amount of linear substrate has been infused, or other.

[0089] Referring to FIGS. 3A, 3B, and 3C which illustrate a schemaiic layout of various aspects of a
generalized linear substrate infusion system 19, the hnear substrate infusion sysiem 18 comprises a
solvent loop 80. The solvent loop 56 15 flurdly connected to the infusion compartment 46. The
solvent foop 80 provides clean solvent to flush the infusion compartiment 40 when changing from
one colored dye to a different colored dve. Flushing the infusion compartment 40 prevents improper
coloration of the wire and contamination of the colored dyes n the fivst process tank 22 and the
second process tank 32. The solvent loop 50 includes asolvent recovery tank 52, a filter svstem 54,

a clean solvent tank 86, and at least one supply pump 58,

[0098] The solvent recovery tank 52 is fluidly connected to an owtlet of the infusion compartment
44, Solvent, having passed through the nfusion compartment 48, 15 recovered in the solvent
recovery tank 52 for further processing and cleaning. Optionally, the solvent recovery tank 52 is 60
calions. It will be appreciated that the solvent recovery tank 52 may be any of various sizes scaled
according to the overall process size and solvent volume within the process. In aspects, the solvent

recovery tank 52 is stainless steel, for example, 316 stainless steel.

{8091 The filter system 84, as a subcomponent of the solvent loop 88, removes colored dye and
other contaminants from the spent solvent in the solvent recovery tank 52. In one or more aspects,
the filter system 54 comprises a bag {ilter 154 and a carbon filter 234 fluidly connected to the solvent
recovery tank 82, The bag filter 154 functions to remove solid or particulate maternals from the
spent solvent. Similarly, the carbon filter 254 functions to remove residual dissolved colored dye

from the spent solvent. In aspects, the bag filter 154 is a 5 micrometer {um} filter bag. In further
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aspects, the carbon filter 254 i1s a wastewater reclaim carbon filter. The filter sysiem 84 may also
comprise a filter pump 354 to provide a head pressure for transit of the spent solvent through the bag

filter 154 and/or carbon filter 254,

{0092} Passage of the spent solvent through the filter system 54 returns the solvent to a clean state.
The cleaned solvent is conveyed to the clean solvent tank 56 which is fluidly connected to the filter
system 84, The clean solvent tank 86 serves as a reservoir of solvent {o be provided to the infusion
cornpartment 40 during transitions from one colored dye to a different colored dve.  In at least one
aspect, the clean solvent tank 36 is 60 gallons. It will be appreciated that the clean solvent tank 56
may be any of various sizes scaled according to the overall process size and solvent vohume within
the process. In aspects, the clean solvent tank 86 15 stainless steel, for example, 316 stainless sieel.

The clean solvent tank 36 may optionally mirror the volume of the solvent recovery tank 52.

{8093] The clean solvent tank 56 is fluidly connected to an inlet of the infusion compartment 46. To
convey the clean solvent from the clean solvent tank 56 to the infusion compartment 48, the at least
one supply pump 88 is provided. The supply pump 38 provides motive force 1o convey the solvent
to the mfusion compartment 40, through the infusion compariment 40, and to the solvent recovery

tank 52

[8094] Further, the solvent loop 58 may mclude a solvent heater to raise the lemperature of the
solvent to the desired set point for imtroduction to the infusion compartment 46, In one or more
aspects, an inline heater is provided between the clean solvent tank 56 and the infusion compartment
49 to heat the solvent m an on-demand fashion. The inline heater may have a power of
approximately 8 kW to approximately 15kW. The inline heater may optionally also have a power of
Skwto25kw, Skwto 15 kW, 8 kW to 20 kw, or 1 kW to 50 kW, for example In further aspects,
an imumersion heater is provided within the clean solvent tank 56 to heat and hold the bulk clean
solvent within the clean solvent tank 86. In further aspects, a band heater is provided within the clean

solvent tank 56 to heat and hold the bulk clean solvent withun the clean solvent tank 56,

[9095] With reference to FIGS. 4A and 4B, an aspect of the infusion compartment 40 1s tHusirated
for a single color system. The infusion compartment 48 includes a catch basin 42 and a processing
barrel 44 where the infusion compartment may rest above or within the processing barrel. The catch
basin 42 mcludes a dramn in flutd coromunication with a colored dye reservoir (first process tank 22,
second process tank 32). The processing barrel 44 includes an outer wall having opposing ends and
an infusion chamber 102 defined therein. The processing barrel 44 further includes an infusion thad
inlet 132 and an infusion fluid outlet 134 as well as a linear substrate inlet 138 defining an inlet
opening into the infusion chamber 102 coincident with the infusion fhud outlet 134 and a linear
substrate outlet 136 defining an outlet opening out of the infusion chamber 182 and positioned at the
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opposite end of the processing barrel 44 as the linear substrate inlet. As shown in FIG. 4A, the hinear
subsirate inlet 135 and the linear substrale outlel 136 are coupled (o the outer wall and may be
moveably connected with respect to each other, and at least one of the hinear subsirate inlet 138 and

the linear subsirate outlet 136 are located between opposing ends of the outer wall.

{8096] As shown in FIGS. 4A and 4B, relative to one anocther, the infusion fluid inlet 132 is
positioned closer to the lingar substrate outlet 136 of the processing barrel and the infusion fluid
outlet 134 1s positioned closer to the linear substrate indet 135 of the processing barrel. The
processing barrel 44 has a hollow shaft configured to allow passage in a first direction of a linear
substrate and flow of an infusion fluid in a second counterflow direction substantially opposite the
first direction. The counterflow is essential in some aspects. In other aspects coincident flow s used
{flow in the same direction as linear substrate travel). In some aspects, the processing barrel 44 is
split along its length to form two hinged pieces in a clamshell arrangement The clamshell

arrangement eases feeding and insertion of the hinear substrate into the processing barrel 44,

[8097] As used throughout the description of the various aspects, the term “processing barrel” or

barrel” 1s not intended to be interpreted as requiring any particular cross-sectional or outward
shape. Accordingly, the radial cross-sectional shape of the various aspects of the processing barrel
may be, without limitation, circular, round, rounded, elliptical, oval, or polygonal. Similarly, the
tongitudinal cross-sectional and/or cutward shape of the aspects of the processing barrel may be,
without limitation, outwardly bowed, inwardly bowed, curved, straight, cylindrical or non-

cylindrical.

[8098] The colored dve reservoir is in flnd conmmunication with the infusion fluid inlet 132 on the
processing barrel 44 and feeds colored dye to the processing barrel 44 and more specifically to the
hollow center of the processing barrel 44. In an aspect, the processing barrel 44 is 7 feet in length
and the mfusion fluid inlet 132 1s positioned S feet from the mnfusion fluid outlet 134, Further, the
holiow center in at least one aspect is optionally approximately 1.57 in diameter to allow passage of
a linear substrate therethrough.  This arrangement positions the infusion fluid inlet 132
approximately 2 feet fiom the hinear subsiraie outlet. The processing barrel 44 is optionally
positioned with a ilt to allow the mfusion fluid to drain by gravity. In an aspect, the processing
barrel 44 is posttionad at an approximately 3° angle with the intusion fluid outlet 134 lower than the
nfusion fluid inlet 132. In operabion, colored dyve and/or other additives (infusion fluid) are
provided to the infusion fluid inlet 132 in the infusion {luid while linear substraie is passed through
the processing barrel 44 from the linear substrate mlet to the hinear substrate outlet. Optionally,
eravity results in the colored dye flowing toward the infusion fluid outlet 134 and draining into the

caich basin 42 for recyching back to the colored dyve reservoir. In some aspects, colored dye is
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drageed upstream toward the linear substrate outlet by the counterflow travel of the hinear substrate

such that colored dve 15 also draimed from the lingar substrate outlet of the processing barrel 44

{00991 With reference to FIG. 5, in many aspects, the infusion compartment 40 comprises an
adjustable length infusion cell {ALIC} 100, The adjustable length infusion cell 100 comprises the
processing barrel 44 and a length adjustment assembly 116, The length adjustment assembiy 118

functions to effect an adjustment in the length of the processing barrel 44,

[80100] In some aspects, the processing barrel 44 has an adjustable length. Adjusting the
fength of the processing barrel 44 allows the linear substrate to be exposed to the infusion fluid for
varying lengths of time. As previously indicated, the longer the linear substrate is exposed to the
infusion fluid and the dissolved colored dve 1n the infusion fluid. the more the dye (or other additive)
in the infusion fluid transfers to the linear substrate. Increasing the length of the processing barrel 44
increases the exposure time of the linear subsirate to the infusion fluid and results in more dye
uptake and a more intense color during processing. Additionally, for a given linear substrate speed,
adjusting the length of the processing barrel 44 provides functionality to adjust the residence tirne of
the linear substrate in contact with the infusion fluid based on the uptake rate of the specific material

of the linear substraie.

603011 With reference to FIGS. 6A, 6B, 6C, and 6D the processing barrel 44 with an
adjustable length includes an inner processing vessel 120 and an outer processing vessel 134 which
may include the owter wall of the processing barrel. The inner processing vessel 128 is avally
moveable and nested within the outer processing vessel 138 with at least a portion of the infusion
chamber defined therebetween. The moveably nested arrangement allows an exposure gap to extend
and contract in length as the inner processing vessel 126 and the outer processing vessel 136 slide
relative to each other in a longitudinal direction. The processing barrel 44 further includes an
infusion fluid inlet 132 and an infusion fluid outlet 134 as well as an infeed seal 148, an inner seal
150, and a discharge seal 178 In some aspects, the linear substrate inlet and the linear substrate
outlet include seals. For example, as depicted in FIG. 6A, the linear substrate inlet 135 may include
the infeed seal 140 and the linear substrate outlet 136 may include the mner seal 188, The exposure
gap 18 defined by the length within the infusion chamber between the linear substrate inlet 135 and

the linear substrate outlet 136.

[00102] As shown in FIGS. 6A-6E_ the linear substrate infet 135 and the linear substrate outlet
136 are moveable between a plurality of relative positions, each defining a different length of the
exposure gap. In other words, the exposure gap 1s adjustable from a length of zero to greater than

zero. A exposure gap is optionally adjustable from zero to the length of an outer processing vessel
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130 between the discharge seal 170 and the infeed seal 140 or any length therebetween, being

optionally mcrementally adjustable or infintiely adjustable.

{00103] For example, in a first relative position, one of the hinear substrate inlet 135 and the
linear substrate outlet 136 are located betwean opposing ends of the outer wall, and the exposure gap
has alength that is greater than zero, as depicted in FIG. 6A. The linear substrate inlet 138 and the
Hinear subsirate outlet 136 are coupled to the wall of the outer processing vessel 138 and are
moveably connected with respect to each other. Specifically, the linear substrate outlet 136 1s
coupled to the wall of the outer processing vessel 138 through the inner processing vessel 120 and
the discharge seal 178, As depicted in FIG. 6A, the exposure gap is in fluid communication with the
infusion chamber. However, 1o a second relative position, one of the linear substrate inlet 135 and
the linear substrate outlet 136 is in a different position than in the first relative position, and the
exposure gap has alength that is different from the first length. For example, in the aspect depicted
in FIG. 6A, the inner processing vessel 128 may be moved within the outer processing vessel 1360
such that the mfeed seal 140 and the inner seal 150 are in contact with one another. In such a
configuration, the exposure gap has a length of zero and the exposwe gap 15 not in fluid

communicaiion with the infusion chamber.

[0104] In some aspects, the length of the exposure gap 1n the second relative position is less
than about 50% of the length of the length of the exposure gap in the first relative position. For
example, the length of the exposure gap in the second relative position may be less than about 49%,
48%, 47%, 46%, 45%, 44%, 43%, 42%, 41%, 40%, 39%, 38%, 37%, 36%, 35%, 34%, 33%, 32%,
31%, 30%, 29%, 28%, 27%, 26%, 25%, 24%, 23%., 22%, 21%, 20%, 19%, 18%. 17%, 16%, 15%
14%, 13%, 12%. 11%, 10%, 9%, 8%, 7%, 6%, 5%, 4%, 3%, 2%, 1%, or even 0% of the length of
the length of the exposure gap in the first relative position. In particular, the length of the exposure
gap n the second relative position mayv be from about 0% to about 50%, from about 5% to about
45%. from about 10% to about 40%. from about 15% to about 35%, or from about 20% to about

30% of the length of the exposure gap in the first relative position.

[00165] The outer processing vessel 138 may be fixed and the inner processing vessel 128
may be able (o travel in and out of the outer processing vessel 13€ in a longitudinal fashion. The
hinear substrate travels inside both the inner processing vessel 120 and the outer processing vassel
136. Aninfusion chamber 162 is formed by the cavity created between the inner processing vessel
120 and the outer processing vessel 138 As the position of the inner processing vessel 128 is
changed within the outer processing vessel 130, the length of the linear substrate exposed within the
infusion chamber 102 is varied. The length of exposed linear substrate may vary from none {entirely

unexposed) when the inner seal 150 substantially contacts the infeed seal 148, 10 a maximum length

3
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when the inner seal 180 substantially contacts the discharge seal 178, The maximum length of
exposed linear substrate desired is determined by the rate of hinear substrate feed and the infusion
time required to achieve the desired infusion of the additives. The length of the outer processing
vessel 138 can be selected to achieve the maximum desired length of exposed linear substrate as the
fength of the outer processing vessel 130 determines the {ength of exposed linear substrate when the
inner processing vessel 120 1s fully extended from the outer processing vessel 136 and an exposure
gap is defined from where the linear subsirate enters into the infusion chamber {the linear substrate

mnlet 138) to where the linear subsirate exits the infusion chamber (the linear substrate outlet 136).

[B0106] As depicted in FIG. 6E, in some aspects, the outer wall may be a fexible wall that
may be adjustable in length. The outer wall may be extended to increase the length of the exposure
gap and folded or compressed to shorten the length of the exposure gap. As shown in FIG. 6F, the
processing chamber 44 includes an outer processing vessel 130 that includes a flexible and
compressible wall. The linear substrate inlet 13815 positioned at a first end of the outer processing
vessel 136, and the linear substrate outlet 136 is positioned at the second end of the outer processing
vessel 130, opposing the first end. The infusion fluid inlet 32 traverses the ouier wall near the
second end of the outer processing vessel 130 near the linear substrate outlet 136, The infusion fhad
outlet 134 traverses the outer wall near the first end of the outer processing vessel 130, near the
linear substrate inlet 138, In the aspect depicted in FIG. 6E, an infeed seal 146 is positioned at the
linear substrate infet 135, while a discharge seal 178 is positioned at the linear substrate outlet 136.
The exposure gap is defined between the linear substrate inlet 135 and the linear substrate outlet 136,
and the length of the exposure gap may be selected by extending or compressing the outer wall to

achieve the desited exposure gap length.

{00107} While the outer wall is depicted in FIG. 6F as being nearly entirely flexible and
compressible, it is contemplated that in some aspects, only a portion of the cuter wall is flexible
and/or compressible. For example a center portion {or other portion} along the length of the ocuter
wall may be flexible while outer portions along the length of the outer wall are rigid. Moreover, itis
conternplated that the outer wall may be formed from a flexible material, such as a plastic or rubber,

such that it can be expanded and countracted with or without being folded.

[00108] The infeed seal 140, the inner seal 150, and the discharge seal 170 retain the infusion
fluid within the infusion chamber 182 and prevent flow from the ends of the ouler processing vessel
130 or flow inio the inner processing vessel 120, Specifically, the infeed seal 148 between the outer
processing vessel 130 and the linear subsirate and the discharge seal 170 between the inner
processing vessel 128 and the outer processing vessel 130 prevent leaks of the infusion fluid from

the ends of the ouler processing vessel 138 Similarly, the inner seal 158 between the hinear
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subsirate and the inner processing vessel 128 prevents intrusion of the infusion fhud from the

infusion chamber 102 into the iner processing vessel 126,

{00109] In some aspects, the outer processing vessel 130 includes the mfusion fluid inlet 132
and the mfusion fluid outlet 134. The infusion fluid inlet 132 and the infusion fluid outlet 134 are
positioned proximal opposiie ends of the ouler processing vessel 134 and traverse the outer wall of
the outer processing vessel. Insome aspects, the infusion fluid miet 132 and the infusion fluid outlet
134 are sized and shaped for connection with flexible or rigid piping to feed and drain the infusion
flud. In operation, the infusion flhuid is fed into the infusion fluid mlet 132 and 15 exhausted from

the processing barrel 44 through the infusion fluid outlet 134,

{0071 10] The inmer processing vessel 128 1s moveable substantially longitudinally into and out
of the outer processing vessel 130, The inner processing vessel 128 extends from the outer

processing vessel 138 at the end proximal the infusion fluid mnlet 132

{00111} In some aspects, the inner processing vessel 128 includes a length adjustment
assembly nterlock block 122 1o interface with the length adjustoent assembly 116, The length
adjustment assembly mterlock block 122 is positioned proximal a first end of the inner processing
vessel 120, The length adjusiment assembly interfock block ¥22 inciudes a recess configured to

mate with a complementary pin 112 on the length adjustment assembly 116,

[06112] In some aspects, the adjustable length infusion cell 106 includes a track 124 to guide
the length adjustment assembly interlock block 122 and the mner processing vessel 128, Thelength
adjustment assembly interlock block 122 includes guide pins 126 which slide along the track 124
during adjustment of the length of the processing barrel 44, As the inner processing vessel 128 is
extend from or retracted within the outer processing vessel 130, the inner processing vessel 120 1s
held in alignment with the outer processing vessel 136 by the guide pins 126 pressing against the

track 124.

{60313 In some aspecis, the inner processing vessel 128 includes a centering sleeve 162
positioned at the end of the inner processing vessel 120 disposed within the outer processing vessel
130. The centering sleeve 162 is affixed to the end of the inner processing vessel 120 and serves to
maintain the inner processing vessel 120 centered within the inner cavity of the outer processing
vessel 130, In cormjunction with the guide pins 126 and the track 124, the centering sleeve 162
maintains alignment of the movable inner processing vessel 120 with the statically mounted outer
processing vessel 138, If alignment were not maintained the inner processing vessel 120 could bind
against the ouder processing vessel 138 during extension and/or retraction of the adjustable length

infusion cell 1068
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{001 14] With reference to FIG. 7, the centering sieeve 162 has centering portions 164 with an
outer diameler substaniially matching an imner diameter of the outer processing vessel 130 and flow
passage portions 166 with an outer diameter less than the inner diameter of the outer processing
vessel 138. The centering portions 164 of the centering sleeve 162 with a diameter substantially
matching the inner diameter of the outer processing vessel 136 maintain the centering sleeve 162 in
the center of the outer processing vessel 130, The flow passage portions 166 of the centering sleeve
162 with a diameter less than the inner diameter of the owter processing vessel 130 provide flow
channels for passage of the infusion fluid between the inner processing vessel 128 {centering sleeve

162) and the outer processing vessel 138

[00115] In some aspects, an inner processing vessel extension 168 is affixed to an end of the
centering sleeve 162. The centering sleeve 162 may be slid on from the distal end of the inner
processing vessel 128 and abutted against a Hip on the proximal end of the inner processing vessel
126 with a portion of the centering sleeve 166 extending beyond the proximal end of the inner
processing vessel 120. O-rings or other seals provide a seal between the outer diameter of the inner
processing vessel 120 and the inner diameter of the centering sieeve 162, The mner processing
vessel exiension 168 may have a threaded engagement with the extended portion of the centering
sleeve 162, As the inner processing vessel exiension 168 is threadably engaged with the centering
sleeve 162, the centering sleeve 162 is pulled tightly against the lip at the end of the inner processing

vessel 120.

{80316} With reference to FIGS. 7, 8A, and 8B, an infeed seal 148 is provided on the end of
the outer processing vessel 130 proximal the infusion fluid outlet 134, The infeed seal 140 seals the
end of the outer processing vessel 136G while concurrently allowing the linear substrate to pass into
the central cavity of the outer processing vessel 138, The infeed seal 146 includes a ceniral bore
sized to the hinear substrate 1o be processed by the lingar substrate infusion system 18, In other
words, the central bore is configured to allow the linear substrate to pass into the processing barrel
while substantially retaiming the infusion fluitd within the processing barrel. Disposed within the
central bore are one or more o-nings 142 to provide a fhud tight seal between the infeed seal 148 and
the hinear substrate. In some aspects the infeed seal 140 has 3 o-rings 142 to provide redundant
sealing capacity. In some aspects the o-rings 142 are positioned with a single o-ring 142 at the inlet
1o the infeed seal 140 and two o-nngs 142 proximal the outlet or end of the infeed seal 148 toward

the mnterior of the outer processing vessel 130

{80117 In some aspects, an infeed seal release adaptor 144 15 affixed to the end of the outer
processing vessel 136 The end of the outer processing vessel 130 includes a radial flange 212

proximal the infeed seal release adaptor 144. The infeed seal release adaptor 144 includes a mating
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radial flange 216 to the radial flange 212 of the outer processing vessel 130, The infeed seal release
adaptor 144 mcludes an outer diameter substantially maiched to the inner diameter of the outer
processing vessel 136, The infeed seal release adaptor 144 is shid o the end of the outer
processing vessel 136 until the mating radial flanges 212, 216 of the infead seal release adaptor 144
and the outer processing vessel 136 meet. An annular clamp 146, such as a sanitary clamp, is
applied to the junction of the mating radial flanges 212, 216 of the infeed seal release adaptor 144
and the outer processing vessel 138 1o securad the infeed seal release adaptor 144 and the outer
processing vessel 138 together. In aspects, one or more o-rings 142 may be positioned between the
outer diameter of the infeed seal release adaptor 144 and the nner diameter of the outer processing
vessel 130 to provide asealed connection. In some aspects, there are three o-rings 142 spaced along

the length of the infeed seal release adaptor 144,

{00118] in some aspects, the infeed seal 140 includes a quick release connection to the infeed
seal release adaptor 144, An armular groove 182 is provided on the exierior of the infeed seal 148
and a matching annular groove is provided on the interior of the infeed seal release adaptor 144, A
disconnect ring 148 is sized to {it within the grooves in the infeed seal 148 and the infeed seal release
adaptor 144. The disconnect ring 148 forms an incomplete circle such that the disconnect ring 148
may be compressed to form a circle of reduced diameter. When positioned in the expanded
configuration, the disconnect ring 148 is disposed in the annular groove of the infeed seal release
adaptor 144 and is partially disposed in the annular groove 182 of the infeed seal 146. Upon
compression of the disconnect ring 148, the diameter 1s reduced such that the disconnect ring 148 1s
disposed fully in the annular groove 182 of the infeed seal 148 and entirely out of the annular groove
of the infeed seal release adaptor 144, Thus, the infeed seal 140 may be slidably removed from the

infeed seal release adaptor 144,

[90119] With referenceto FIGS. 7, 94, and OB, an inner seal 150 s provided on the end of the
inner processing vessel extension 168. The inner seal 150 seals the end of the inner processing
vessel 128 while concurrently aliowing the linear substrate to pass out of the mner processing vessel
extension 168 and the central cavity of the inner processing vessel 128, The inner seal 156 includes
a central bore sized to the linear substrate 1o be processed by the linear substrate infusion system 18,
In other words, the central bore is configured fo allow the linear subsirate to pass out of the
processing barrel while substantially retaining the infusion fluid within the processing barrel.
Disposed within the central bore are one or more o-rings 142 to provide a fluid tight seal between the
inner seal 150 and the linear substrate. In some aspects the inner seal 156 has 3 o-rings 142 to
provide redundant sealing capacity. In some aspects the o-rings 142 are positioned with a single o-

ring 142 at the inlet to the inner seal 186 and two o-rings 142 proximal the outlet or end of the inner
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seal 150 toward the interior of the inner processing vessel 128 and the inner processing vessel

extension 168.

(601207 In some aspects, the inner seal 150 is slid mito the ner diameter of the inner
processing vessel extension 168. The inner seal 186 is configured for quick release from the inner
processing vessel extension 168, An inner seal disconnect ring 152 allows the imner seal 156 to be

quickly removed from the inner processing vessel extension 168.

{00121} In some aspects, the end of the infeed seal 140 internal to the outer processing vessel
130 includes an inwardly tapered surface 184. The end of the inner seal 156 external to the inner
processing vessel 128 includes an outwardly tapered surface 186 substantially complementary to the
inwardly tapered surface 184 of the infeed seal 140, A groove 15 positioned on the outwardly
tapered surface 186 of the inner seal 156 for housing an o-ring 142. When the adjustable length
infusion cell 180 is in the most retracted configuration the inwardly tapered surface 184 of the infeed
seal 148 and the outwardly tapered surface 186 of the mmer seal 158 meet and the o-ring 142
provides a seal between the infeed seal 140 and the inner seal 150, In this configuration the hinear
substrate may be passed through the adjustable length infusion cell 166 without being exposed to the

infusion fluid.

[00122] With reference to FIG. 10, a discharge seal 178 is provided to form a substantially
fluid tight connection between the outer processing vessel 130 and the inner processing vessel 120,
The discharge seal 176 has an outer diameter substantially matching the inner diameter of the outer
processing vessel 130, The discharge seal 178 is slid into the end of the outer processing vessel 130

proximal the infusion fluid inlet 132

[80123] The discharge seal 170 includes a central bore sized to the outer diameter of the inner
processing vessel 128. In other words, the discharge seal 170 has a central bore that is configured to
allow portions of the inner processing vessel 128 to slidably pass into and out of the outer processing
vessel. Disposed within the central bore is one or more o-rings 142 to provide a fluid tight seal
between the inner processing vessel 120 and the discharge seal 176. In some aspects the discharge
seal 170 has 3 o-rings 142 to provide redundant sealing capacity. In some aspects the o-rings 142
are postiioned with a single o-ring 142 at the inlet or end of the discharge seal 178 toward the
interior of the outer processing vessel 130 and two o-rings 142 proximal the outlet or end of the

discharge seal 170 toward the exterior of the outer processing vessel 130,

[00124] In some aspects, an end of the outer processing vessel 130 includes a radial flange
234 proxumal the discharge seal 178, The discharge seal 178 includes a mating racial flange 218 1o
the radial flange 214 of the outer processing vessel 136. The discharge seal 170 is shid into the end

of the outer processing vessel 130 until the mating radial flanges 214, 218 of the discharge seal 170
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and the outer processing vessel 130 meet. An anmular clamp 146, such as a sanitary clamp, is
applied {o the junction of the mating radial flanges 214, 218 of the discharge seal 178 and the cuter
processing vessel 130 to secure the discharge seal 178 and the outer processing vessel 130 together.
In aspects, one or more o-rings 142 may be positioned between the outer diameter of the discharge
seal 178 and the inner diameter of the outer processing vessel 130 o provide asealed connection. In

some aspects, there are three o-~rings 142 spaced along the length of the discharge seal 170.

[00125] The linear substrate for processing may be changed in the adjustable length infusion
cell 1883 1n a quick change over operation. The infeed seal 140 and the inner seal 180, as indicated
supra, are removable from the infeed seal release adaptor 144 and the mmer processing vessel
extension 168 respectively. To change the configuration of the adjustable length infusion cell 106
for anew linear substrate, the infeed seal 148 and the inner seal 150 are replaced with an infeed seal
140 and an inner seal 150 with central bores of a diameter configured and matched to the diameter of
the new linear substrate to be processed. The quick release nature of the infeed seal 1480 and the
inner seal 180 allows the replacement of the infeed seal 140 and the tnner seal 156 1o occur in an
expeditious fashion. To make the swap of the infeed seal 140 and the inner seal 180, flow of the
infusion fhud is terminaled to the adjustable length infusion cell 180 and any remaiming length of the
onginal linear substrate is removed. The infeed seal 140 and the inner seal 150 are removed and the
new linear substrate is fed through the replacement infeed seal 140. The linear substrate is further
advanced and fed through the replacement ner seal 188, The replacement imnner seal 138 is
attached to the imner processing vessel extension 168 and the replacement infeed seal 144 1s attached
to the infeed seal release adaptor 144. The linear substrate is then further advanced though the inner
processing vessel 120 for connection to post-processing svstems. The flow of the infusion fluid may
then be reimitiated and processing of the new linear substrate may proceed. It will be appreciated
that the linear substrate may also be feed through the infeed seal 146 and the inner seal 156 prior to
attachment to the infeed seal release adaptor 144 and the inner processing vessel extension 168

respectively.

{601 26] Referring to FIGS 11A, VB, and 11C, the length adjusiment assembly 110 is
configured to adjust the length of the processing barrel 44. The length adjustroent assembly 110
includes the inner processing vessel engagement pin 112 mentioned above, an adjustmentrod 114, a
positioning trolley 116, and an adjustment motor 118. The inner processing vessal engagement pin
11215 configured to engage with the length adjustment assembly mterlock block 122 attached to the
inner processing vessel 120, The engagement between the inner processing vessel engagement pin
112 and the length adjustment assembly interiock block 122 results in the inner processing vessel

120 moving in tandem with movement of the inner processing vessel engagement pin 112 and
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positioning trolley 116, The inner processing vessel engagement pin 112 is connected to the
positioming trolley 116 by a serigs of rollers. The connection between the inner processing vessel
engagement pin 112 and the positioning trolley 116 allows the inner processing vessel engagement
pin 112 to freely travel along a single axis perpendicudar to the axis of travel of the positioning

trolley 116.

[80127] In some aspects, the adjustment motor 118 rofates the adjustment rod 114 which
causes the positioning trolley 116 to travel along the length of the adjustment rod 114, In some
aspects, the adjustment motor is a servo motor. In some aspects, the adjustment rod 114 is threaded
and the posttioning troltey 116 1s attached to the adjustment rod 114 with complementary threads
such that rotation of the adjustroent rod 114 results in travel of the positioning trolley 116 along the
adjustment rod. The connection of the inner processing vessel engagement pin 112 to the
positioning trolley 116 allows a controller to command the adjustment motor 118 fo operate and
adjust the length of the processing barrel 44 by moving the inner processing vessel 128 in or out of

the outer processing vessel 130,

[00128] Movement of the inner processing vessel 124 in or out of the outer processing vessel
130 adjusis the exposure of the linear substrate to the infusion fluid by adjusting the length between
the infeed seal 144 and the inner seal 156, As the inner processing vessel 128 is removed from the
outer processing vessel 130, the gap between the infeed seal 146 and the inner seal 150 expands.
The linear substrate is only exposed to the infusion fluid when traversing the distance between the
infeed seal 148 and the mner seal 150, The infusion fluid enters the infusion fluid inlet 132, travels
in the gap formed by the space between the outer diameter of the inner processing vessel 120 and the
inner diameter of the outer processing vessel 130, through the flow passage portions 166 of the

centering sleeve 162, and finally out the infusion flud outlet 134.

[6013291 Referring to FIGS. 3A, 3B, and 3C, the linear substrate nfusion system 186 may
include a plurality of valves to control the flow of the first colored dye solution from the first process
tank 22, the second colored dye solution from the second process tank 32, and the flow of solvent
from the clean solvent tank 56 to the infusion compartment 40 as well as away from the infusion
compartment 48 to their respective reservoirs (the first process tank 22, the second process tank 32,
and the solvent recovery tank 82). Specifically, a first colored dve inlet valve 69 controls flow of the
first colored dve solution from the first process tank 22 to the mfusion compartment 48 and a first
colored dye outlet valve 62 controls flow of the first colored dye solution from the infusion
compartment 40 back to the first process tank 22, Sinularly, a second colored dve inlet valve 76
controls flow of the second colored dye solution from the second process tank 32 to the infusion

compartment 40 and a second colored dve ouilet valve 72 controis flow of the second colored dye
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solution from the infusion compartment 46 back 1o the second process tank 32, Finally, a solvent
inlet valve 80 controls flow of the clean solvent from the clean solvent tank 56 {o the infusion
compartment 40 and a solvent cutlet valve 82 controls flow of the spent solvent from the infusion
compartment 48 {o the solvent recovery tank 52, According to at least one aspect, one or more of the
first colored dve inlet valve 69, the first colored dve outlet valve 62, the second colored dye infet
valve 70, the second colored dye outlet valve 72, the solvent inlet valve 80, and the solvent outlet
valve 82 15 a stainless steel ball valve, for example 316 stainless steel. Further, each of the first
colored dve inlet valve 68, the first colored dye owutlet valve 62, the second colored dve inlet valve
70, the second colored dve outlet valve 72, the solvent inlet valve 80, and the solvent outlet valve 82

may be manually or pneumatically actuated in various aspects.

{00130] In some aspects each dve supply 26, 30 is connected to each process tank 22, 32, For
example, each dve supply 26, 38 mav comprise one of 5 colors {red, vellow, biue, orange, and violat)
which may be combined in varving ratios to create a multitude of colors in the process tanks 22, 32.
A single array of dve supplies 20, 30 with each dve supply 28, 3¢ comprising a single color dye
reduces manufacturing and supply cosis by allowing the single array of dye supplies 28, 38 to charge

and refresh each of the process tanks 22, 32 dunng operation.

[90131] In operation, the linear substrate infusion system 18 allows running changes to the
color of dye infused into the linear substrate. FIG. 3A illustrates the linear substrate mfusion system
18 and associated valves positioned for application of the first colored dve to the wire in the infusion
compartment 40, Specifically, the first colored dve inlet valve 68 and the first colored dye outlet
valve 62 are in an open posttion whereas the second colored dve inlet valve 70, the second colored
dve outlet valve 72, the solvent inlet valve 80, and the solvent outlet valve 82 are in all a closed
position. In the configuration for application of the first colored dye to the wire in the infusion
compartment 40 the first colored dyve 1s provided o the infusion compartment 44 and returned to the
first process tank 22. Within the infusion compartment 48 the first colored dve is infused into the

linear substrate.

[006132] During application of the first colored dye to the linear substrate, the heating loop for
the second process tank 32 is activated to raise the temperature of the second colored dye to the
desired temperature set point for infusion in the wire. The heating loop s activated in advance of the
change from the first colored dye to the second colored dye to provide an opportunity to fully heat
the second colored dye and negate the need 1o cease operation of the linear substrate infuston system
19 during the color conversion.

[90133] To initiate a change from the first colored dye to the second colored dve the infusion

compartment 4¢ is flushed with solvent to remove residual of the first colored dye. FIG. 3B

30



Wh

16

20

|30
(2

WO 2017/193014 PCT/US2017/031331

Hlustrates the Hinear substrate infusion system 16 and associated valves positioned for flushing the
infusion compartment 44, Specifically, the first colored dye inlet valve 640 is closed while the first
colored dve outlet valve 62 remains open. Concurrently, the solvent inlet valve 88 is opened to
initiate flow of the solvent. The solvent acts to flush the infusion compartment 48 of the residual
first colored dve. After atimed period, calculated to substantially flush all the residual first colored
dve from the infusion compartment 40, the first colored dve outlet valve 62 is closed and the solvent
outlet valve 82 is opened. This configuration provides a solvent loop to flush the infusion
compartment 46 of anv residual first colored dye. By adjusting the first colored dye outlet valve 62
and the solvent outlet valve 82 after the timed period substantially all the residual first colored dye is
returned to the first process tank 22 and a minimal amount 1s flushed out with the solvent into the
solvent recovery tank 82. It is desirable to minimize flow of colored dye into the solvent recovery
tank 82 because the filter system 34 must remove any colored dyve which is collected by the solvent.
it will be appreciated that the time and/or volume of solvent required for the flush will vary based on
the process implementation and volume of the infusion compartment 40 and associated piping and

valves as well as the flow rate of the solvent.

[O0134] FIG. 3C illustrates the linear substrate infusion system 1€ and associated valves
positioned for application of the second colored dve to the wire i the infusion compartment 40.
Upon sufficient flushing of the infusion compartment 48 with the solvent, the solvent inlet valve 80
is closed while the solvent outlet valve 82 remains open. Concurrently, the second colored dye inlet
valve 78 1s opened to initiate flow of the second colored dve from the second process tank 32. The
second colored dye acts to flush the infusion compartment 40 of the residual solvent and fuldly fill the
infusion compartment 44 with the second colored dye. After a timed period, calculated to flush all
the residual solvent from the infusion compartment 48, the solvent outlet valve 82 1s closed and the
second colored dve outlet valve 72 1s opened. By adjusting the solvent outlet valve 82 and the
second colored dye outlet valve 72 after the timed period, all the residual solvent is retumed to the
solvent recovery tank 82 with only a minimal amount flushed out with the solvent into the solvent

recovery tank 52,

[80135] In further aspects, the second colored dyeis utilized to flush the first colored dye and
an intermediary solvent is omitted. To initiate a change from the first colored dye to the second
colored dve, the first colored dye inlet valve 6@ is closed while the first colored dye outlet valve 62
remains open. Concurrently, the second colored dye inlet valve 78 1s opened to imtiate flow of the
second colored dve. The second colored dve acts to flush the infusion compartment 40 of the
residual first colored dve. After atimed period, calculated to substantially flush ali the residual first

colored dye from the infusion compartment 46, the first colored dye outlet valve 62 1s closed and a
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drain valve 1s opened to avoid cross contamination of the first colored dve into the second colored
dve. Subsequently the drain valve is closed while the second colored dye outlet valve 72 i3
concurrently opened. By adjusting the first colored dyve outlet valve 62, the drain valve, and the
second colored dve outlet valve 72 affer the timed period substantially all the residual first colored
dye is returned to the first process tank 22 and a minimal amount of the first colored dye and the
second colored dye is flushed out through the drain valve. In further aspects, the dramn valve is
omitted and the opening of the second colored dye outlet valve 72 and the first colored dye outlet
valve 62 are timed to minimize transfer of the first colored dve and the second colored dve between

the first colored dye process tank 22 and the second colored dye process tank 32.

[00136] FI1G. 12 illustrates additional aspects that are optionally included m the infusion
system substantially as illustrated in FIGs. 3A-3C. the lines to and from a process tank 22 are
optionally pressurized. Pressurizing some or all of the supply lines delivering concentrate to a
process tank was found to improve delivery of additional dye to the process tank or intermixing of
additive with the other components of an nfusion flwid housed within the process tank. A
pressurized system also allows for nearly mstant injection of needed additive to the process tank
upon demand. In some aspects, the supply hines are pressurized (o alevel in excess of 5 pounds per
square inch (psi), optionally in excess of 10 psi, optionally in excess of 15 psi, optionally in excess
of 20 psi, optionally in excess of 25 psi. In some aspects the lines are pressurized to 5 to 30 psi or

anv value or range therebetween. In other aspects, the supply lines are pressured 1o 5 psi or less.

[80137] As illustrated in FIG. 12, the process tank 22 is fhudically connected to an additive
concentrate pot 310 that houses a concentrated solution, slurry, or other of additive (additive
concenirate}). Supply lines allow transfer of the additive concentrate to the color pot 22 in an on
demand fashion. For example, should the system indicate that one additive {(e.g. one dye in a
multidye infusion fluid) has been depleted, a concentrate valve 312 may be opened to deliver
additional additive concentrate in a desired amount to replenish the infusion fluid delivered to
remainder of the system. The concentrate valve 312 is fhudically connected to a spray nozzle (or
other delivery device} that injects or otherwise adds additional concentrate addifive to the process
tank upon demand of the concentrate valve 312, The concentrate pot 318 1s optionally also
fluidically connected to a pump 322 that may cycle the additive concentrate and retun any excess
concentrate not delivered to the process tank 22, 1t is appreciated that a single process tank 22 may
be connected to one or a plurality of concenirate pots sach housing one or more particular additive
concentrates. For example, a single process tank may be fluidically connected t0 1, 2, 3, 4, 5 or
more concenirate pots fluidically connected to the process tank 22 by individual valving and

optionally spray nozzles. Inthis way, should one or more of the additive concentrates {e.g. dve) be
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depleted from the infusion fluid at a higher rate than another, the infusion fluid may be individually
adjusied by addition of only the additives that are depleted. Differential depletion rates of various
additives can be accounted for to maintain constant additive levels in the mfusion fluid being

contacted with the hnear substrate.

{00138] The adjustable length infusion cell 188 provides a capability to change the infusion
fluid contacting the linear substrate with no or mimimal scrap hinear subsirate generated. Changing
the infusion fluid allows for color changes, addition or subtraction of an anti-weathering agent,
addition of subtraction of a flame retardant, or the addition or subtraction of another additive.
During an infusion fhud change, the inner processing vessel 128 is fully mserted into the outer
processing vessel 130. When the inner processing vessel 126 is fullv inserted into the outer
processing vessel 130, the infeed seal 140 and the inner seal 150 abut and form a joint seal protecting
the complete length of the linear substrate in the infusion chamber 182, The linear substrate is
protected both from infusion and from heating (if desired) due to the temperature of the infusion
flmd because the entire length of linear substrate is protected by the seals and the 1oner processing
vessel 120, While advancement of the linear substrate is stopped in a protected configuration, the

infusion fluid in the infusion chamber 182 may be changed.

[06139] Once the new infuston Huid 1s flowing to the adjustable length infusion cell 108 and
at the desired temperature, the advancement of the linear substrate may be initiated. As the linear
substrate begins speeding up the inner processing vessel 120 1s retracted from the outer processing
vessel 130 with the length adjustment assembly 118, The rate of retraction of the inner processing
vessel 120 may be determined based on the acceleration of the linear substrate or by a controller
based on real-time measurements of infusion {color measurements of linear substrate exiting the
adjustable fength infusion cell 188). Retracting the inner processing vessel 12¢ exposes an increased
tength of linear substrate to the infusion fluid, due to the increasing separation of the inner seal 150
from the infeed seal 148, to maintain a constant infusion time as the rate of travel of the linear

substrate increases.

{00140] At the end of a hinear substrate run for a given infusion fhud the inner processing
vessel 128 1s inserted back inlo the outer processing vessel 138 as the rate of travel of the hinear
substrateis decreased. Insertion continues until the inner processing vessel 126 is fully inserted mto
the outer processing vessel 130, the mner seal 150 abuts and forms a joint seal with the infeed seal

140, and the advancement of the linear substrate 1s stopped.

{80141} The linear substrate infusion sysiem 18 can be provided with various controls. For
example, an mterface for operating the system can be provided. The interface may comprise a
eraphical user interface (GUT) to allow an operator to monitor and/or adjust process parameters. In
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various aspecis the GUI pay provide one or more of a) colored dye temperature in the process tank
22,32, b) coloved dve temperature in infusion compartment 49, ¢) solvent flow rate, d) position of
valves, e} linear substrate feed speed, ) control pump on/oft, g) fluid level in process tanks 22,32 h)
flnid level in solvent recovery tank 52, i} fhind level in clean solvent tank 56, 1) fluid level in process
tanks 22, 32, k) fluid temperature in the solvent recovery tank 82, 1} temperature setling of process
tanks 22, 32 (thermoocouple), 1) hinear substrate footage counter, and n) dve supply 28, 30 level

indication.

[00142] One or more sensors may be included in the system. A sensor may be used to monitor
various aspects of system operation illustratively pressure, linear subsirate speed, temperature,

among others.

{00143] In some aspects, during operation of the linear substrate infusion system 18, the
infusion compartment 48 1s maintained at approximately atmospheric pressure (1 atm). In further
aspects, the pressure in the mfusion compartment 4¢ is maintained below 3 atm. Tn vet further
aspects the pressure in the infusion compartment 1s maintained between 0.1 atm and 3 atm, 0.5 atm
and 2 atm, O 8 atm and 1.5 atm, 0.8 atm and 1 atm, or any range of values therebetween. It has been
determined that certain combinations of infusion flnd formulations and linear substrate materials are
not substantially effected by the pressure in the infusion compartment 40, As such, 1t1s envisioned
that the pressure m the infusion compartment 40 need not be raised above 1 atro for effective

infusion of the linear subsirate.

{80144} The counterflow arrangement of the linear substrate infusion system 10 and more
specifically the counterflow of the linear substrate and the infusion fluid n the infusion compartiment
40 provides improved infusion characteristics. Without being limited o one particular theory, it is
believed that the counterflow arrangement creates turbulence in the infusion fluid. Turbulence in the
infusion fhud 13 beligved to consistently expose the linear substrate to fresh infusion fluid with
maximum concentration of additives. Additionally, the counterflow arrangement also exposes the
linear substrate to infusion fluid with increasing concentration of additives during passage through
the infusion compartment 48, Specifically, the linear substrate entering the infusion compartiment 48
is in contact with the infusion fhad exiting the infusion compartment and the linear subsirate just
prior to exiting the infusion compartment 48 is exposed to fresh infusion fluid first entering the

infusion compartment 46.

[0145] In some aspects, an infusion system includes devices suitable to monitor and/or
control the mfusion process. Such devices may be used to optically or otherwise monitor the
resulting infused color parameters on whatever color scale is desired. The infusion of additive
material into the linear substrate being processed may be impacted by the contact time between the
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linear substrate and the additive ("infusion time™), the infusion fluid temperature, and the dve
concentration in the mfusion {luid. A control system may adjust these parameters 1o obtain the
desired final nfusion levels or parameters. For example, as the infusion time affects the level of
infusion, the infusion time may be adjusted by controlling the speed of the linear substrate through
the infusion compartment 48. The composition of additive materials within the mfusion fhuid also

affects the resultant depth, amount of additive penetration, or other.

[00146] In some aspects, the linear substrate mfusion svstem 18 includes a color analysis
camera. The color analysis camera records the color of the linear substrate exiting the infusion
compartment 40. The color analysis camera may record the color of the linear substrate using any
color scale, for example, RGB, CMYK, or L¥a*b* {1976 CIE L¥a*b* Space). As the linear
substrate exits the infusion compartment 49, the color of the linear substrate is measured by the color
analysis camera and compared to the desired color parameters. A controller analyzes the difference
between the measured color value and the target color value and implements adjustments to the
formulation of the infusion flind to correct the resulting color of future processed linear substrate.
For example, if the resulting color of the linear substrate facks yellow the controller (automatic or
manual} may instruct the dyve supply 28, 38 to provide an additional bolus of vellow dye into the
process tank 22, 32 to replenish the yellow dye supply and correct the color balance of the processes

linear substrate.

{00147} The L*a*b™ standard represents perceived color in a 3-dimensional space. The central
vertical axis represents lightness (signified as L*) whose values run from 0 (black) to 100 {white).
The color axes are based on the fact that a color can't be both red and green, or both blue and yellow,
because these colors oppose each other. On each axis the values run from positive to negative. On
the a* axis, positive values indicate amounis of red while negative values indicate amounts of green.

On the b* axis, yellow 1s positive and blue 1s negative. For both axes, zero 13 neutral gray.

[00148] Determunation of how the final color of the linear substrate 1s affected by each of the
colored dves may be achieved through a series of experimental runs with each colored dye adjusted
and the resulting color change recorded. ¥ was deternuined that vellow depletion outpaces red
depletion which cutpaces blue depletion when infusing an amide polymer. This was determined by
coloring a series of linear substrate and not replenishing the dyes during the processing runs. The
resulting color balance of the last portion of linear substrate compared to the first potion or linear
subsirate iHustrates the shift in resulting color from depletion of dyes during linear substrate
processing. Table 1, provided infra, provides the mitial and final L*a*b* values as well as the
resulting AE from the color change. The color balance for the experimental runs were 50% of the

blue component, 42% of the red component, and 8% of the yellow component to achieve a target
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grey color. Itis noted that the data was obtained from runs of cable originating from different spools
with each spool of cable having different background L values. As the dyes are transparent, the
difference in background L value for each spool of cable results in an effect on the mitial L value,

final L value, and the AE. To account for the difference in the L values of the stock cable, in some

Wh

aspects, the L component is eliminated in color analysis from color analysis camera and only the a*

and b* components are adjusted to achieve color match and/or correction.

Feet L value L value A value A value B value B value AE
Processed prior after prior after prior after

1560 938 816 -193 -18.6 17 161 2.48

2300 92.9 9r3 -19.1 -18.9 14.4 13.9 (.81

816 93.1 89.4 -19.7 -19.6 15.9 154 374

1830 90.6 90.8 -19.1 -18.9 4.6 13.9 0.76
{00149} In one experimental series, test cable with a target L*a*b color parameter of L*=93.7,

a*=-20.7, and b*=15.6 was processed. To determine how the addition of vellow dye to the mfusion
10 fluid affects the ultimate color of the processed cable the infusion fhud was initially started with a
known incorrect color balance. A series of 10 boluses of 1 gram {g) of vellow dve was added to the
infusion fluid and the resulting L¥a*b* color values of the resulting processed cable was recorded.
Table 2, provided infra, provides the resulting L*a*b™* color values after each addition of a yellow

dve bolus.

Yellow added A value B value A value after | B value afler Run length
{2} before before
Iy -19.3 103 -193 10.8 () fest
1y -193 10.8 -19.4 1.3 -
1y -19.4 11.3 ~19.5 1.6 -
1y -19.5 11.6 -19.6 i21 -
1y -19.6 121 -19.8 12.6 -
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Iy -19.8 12.6 -19.9 13.1 ~

1y -19.9 13.1 -20.1 13.6 -

1y -20.1 13.6 ~20.2 141 -

1y -20.2 14.1 -20.2 14 4 -

1y -20.2 144 -20.3 151 1206 fest
[00156] The process of coloring a linear substrate, such as a polymer or amide coaled

conductive cable or wire, i a post-production process will now be described m relation to FIG. 1
and the schematics of FIGS. 3A-3C. The linear substrate can be supplied on a payoff reel and
advanced into the linear substrate mfusion system 18, The linear substrate may also be provided as a
direct ouiput of the linear substrate mamufacturing process optionally as downstream from an
extruder. Introduction of the linear substrate into the linear substrate infusion system 10 can be set at
a predetermined speed, which depends on the desired residence time for the linear substrate to be in
contact with the colored dye. In one example, the speed of the hinear substrate can be set at 5¢ ft/min

to 400 ft/min.

[00151] The linear substrate is passed through the infusion compartment 4¢ containing the
colored dve to infuse the colored dye into the linear subsirate. The linear substraie is maintained in
the mfusion compartment 48 {or a predetermined infusion time to ensure that the colored dye 13
properly mnfused into the linear substrate. In one example, the infusion time can range from a
fraction of a second to many seconds. For example, the infusion time may be between 2 and 6

seconds.

[80152] As shown m 3A-3C, the first process tank 22 and the second process tank 32 are
heated to raise the ternperature of the first colored dve and second colored dye respectively. Inone
example, the infusion fluid is heated to a temperature of 80 °C t0 99.9 °C. In another exampie, the
infusion fluid can be heated to 90 °C 10 999 °C. The infusion fluid is heated as close as possible to
the boiling temperature of water at 100 °C {at 1 atm). 1o one specific example, the infusion fluid s
heated to approximately 99 °C. The coloraed dve is dissolved in the infusion fluid. Further, heating
the infusion fluid increases the solubility of the dyve within the infusion fluid and thereby increases

the ability for the dve particles to be infused into the hinear substrate jacket {rom the infusion fhad.

[00153] The first dye pump 24 and second dye pump 34 respectively purap the first colored

dve from the first process tank 22 and the second colored dve from the second process tank 32 to the
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infusion compartment 48 and back to the first process tank 22 or second process tank 32. The
passage of the first colored dyve or the second colored dye through the infusion compartment 40
contacts the colored dves with the hinear substrate and results in the dveing of the linear substrate, It
is also contemplated that the {irst process tank 22 and the second process tank 32 are connected (o
the first dve supply 28 and the second dye supply 30 respectively, which are configured to add
additional colored dve as needed to the first and second process tanks 22, 32 However, other
methods of colored dve addition are also contemplated. Additional colored dyeis added to the first
and second process tanks 22, 32 from the first dye supply 28 and the second dye supply 38 {o
account for dye depletion during coloring operations. As linear substirate 15 processed the colored
dves in the infusion tluid are transferred from the infusion fluid and into the linear substrate. Thus,
there is a resulting drop in the concentration of colored dyes (and other additives} in the infusion
flurd. Colored dves are replenished into the infusion fluid in the processing tanks 22, 32 to account

for the transfer of colored dyes from the infusion fluid to the linear substrate.

[00154] Upon exiting the infusion compartment 40, the linear substrate can then be transferred
1o one or more rinsing stations 198 where water or other rinse agent is contacted fo the mfused hinear
subsirate to remove any excess additive. In some aspects, a linear substrate is transferred to one or
more air wipes 90, where air is blown onto the hinear substrate to remove any excess colored dve and
to generally cool and dry the linear substrate. It is appreciated that the process and system do not

require an air wipe which in some aspects is specifically excluded.

[00155] Aninfused linear subsirate produced in accordance with this disclosure may include
one or more structural layers, optionally with only the outer layer or portion thereof infused with an
additive. The outer layver may include an infused layer extending only partially through the thickness
of the outer laver or may be fully infused through the entirely of the outer layer depending on the

outer layer thickness and in accordance with aspects of this disclosure.

[00156] In some aspects, the use of infused dye as an exemplary additive as provided herein
can impart color with sufficient transparency to allow for marking present on the linear substrate
prior o the infusion process 1o be viewed through the infused dye thereby not obscuring the
markings. In some aspects, marking or additional marking is imparted onto the linear subsirate
following the infusion process to add information, decoration, or other. Optionally, laser marking is
used to substantially bleach the infused colorant where the laser contacts the substrate forming clean,
well identified marking which is possible due only to the color being infused into the surface of the
linear substrate. As such, a process and apparatus optionally include elernents for imscribing

marking onto the surface of an infused linear substrate.
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[001587] The type of laser used will depend on the additive used to impart color or other
phyvsical or chemical characteristic to the linear substrate. For example, a laser may be maiched to
the additive mfused into the linear substrate such that the wavelength of the laser will react with the
additive to change an optical characteristic of the additive thereby creating a marking on the linear
substrate. Examples of useful lasers are a CG; laser or a or a Nd'YAG laser (Neodvmium: Yitrium
Alumanum Garnet, the garmnet crystal being composed of the elements yitrium, alunminum and

oxvgen}. Such lasers are commercially available.

{00 158] Marking by alaser may be imparted into an infused linear substrate by rradiating the
substrate at an appropriate wavelength for a tirne sufficient to imopart marking to the surface of the
linear substrate and in the desired configuration. Wavelengths may be in in the UV, visible, or

infrared region of the spectrum.

{00159] It is noted thai the terms “substantially” and “aboul” may be utilized herein o
represent the inherent degree of uncertainty that may be attnibuted to any quantifative comparison,
value, measurement, or other representation. These terms are also utilized herein to represent the
degree by which a quantitative representation may vary from a stated reference without resultingin a

change in the basic function of the subject matter at issue.

{01607 The present invention is disclosed above and m the accompanying drawings with
reference to a variety of exarples. The purpose served by the disclosure, however, is to provide
examples of the various features and concepts related to the invention, not to limit the scope of the
invention. One skilled in the relevant art will recognize that numerous variations and modifications
may be made to the examples described above without departing from the scope of the present

invention.

{00161 While particular aspects have been illustrated and described herein, it should be
understood that various other changes and modifications may be made withowt departing from the
spirit and scope of the described subject matter. Moreover, although various aspects have heen

described herein, such aspects need not be utilized in combination.

[00162] it is to be understood that the presently disclosed inventive concepts are not limited in
application to the details of construction and/or the arrangement of the components set forth in the
previous description or ilhustrated 1o the drawings. The presently disclosed inventive concepts are
capable of other aspects, or of being practiced or carried out in various ways. Also, it 15 1o be
understood that the phraseology and terminology employed herein is for purpose of description and

should not be regarded as limiting,
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[00163] Patents and publications mentioned in the specification are indicative of the levels of
those skilled in the art to which the invention pertains. These patents and publications are
incorporated herein by reference to the same extent as 1t each individual application or publication

was specifically and individually incorporated herein by reference.
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CLAIMS

I A linear substrate infusion compartment for infusing one or more componenis of an
infusion liguid into a linear substrate, the linear substrate infusion compartment comprising:

a processing barrel including an outer wall having opposing ends and an infusion chamber
defined therein, the processing barrel also having a linear substrate inlet into the infusion chamber
and a Hoear substrate ouwtlet owt of the wnfusion chamber;

an exposure gap defined between the linear substrate inlet and the hinear substrate outlet,

the processing barrel further including an imfusion fluid inlet and an infusion fluid outlet in
hguid communication with the infusion chamber;

the linear substrate inlet and the linear substrate outlet being coupled to the wall and being
moveably connected with respect to each other, the linear substrate inlet and outlet being moveable
between a plurality of relative positions each defining a different lengih of the exposure gap:

i a first relative position one of the linear substrate inlet and outlet being located between
the opposing ends of the wall and the exposure gap having a first length that is greater than zero, in
the first relative position the exposure gap being in liquid communication with the infusion chamber;
and

n a second relative position one of the linear substrate inlet and linear substrate outlet being
in a different position than when in the first relative position, in the second relative position the

exposure gap having a second length that is different from the first length.

2. The linear substrate infusion compartment of claim 1, wherein, in the second relative
position, the exposure gap 15 not in fluid communication with the infusion liquid.
3 The linear subsirate infusion compartment of claim 1, wherein the length of the

exposure gap is reconfigurable from zero to greater than zero.

4, The linear substrate infusion compartment of claim 1, wherein the processing barrel is
configured o expose the linear substrate to the miusion liguid in the exposure gap when the
exposure gap has alength of greater than zero and to not expose the linear substrate to the infusion

fluid when the exposure gap has a length of zero.

5. The linear substrate infusion compartment of any one of claims 1-4, wherein the

linear substrate inlet and the linear substrate outlet include seals.
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6. The linear substrate infusion compartment of claim 5, wherein portions of the finear

subsirate inlet and outlet are seals are coupled to the wall.

7. The linear substrate infusion compartment of any one of claims 1-4, wherein, relative
to one another, the infusion fhuid inlet is positioned toward one end of the processing barrel and the

infusion fluid outlet is positioned toward the other end of the processing barrel.

8. The linear substrate infusion compartment of anv one of claims 1-4, wherein, relative
to one another, the infusion fluid et is positioned toward ¢loser 1o the inear substrate outlet of the
processing barrel and the infusion fluid owtlet 1s positioned closer to the linear substrate inlet of the

processing barrel.

g, The linear substrate mfusion compartment of any one of claims 1-4, wherein the
processing barrel further comprises an inner processing vessel and an outer processing vessel, the
outer wall being part of the ouler processing vessel, the inner processing vessel and the outer
processing vessel forming anested arrangement along a tongitudinal length of the processing basrel
with at least a portion of the infusion chamber defined therebetween, the inner processing vessel

being axially moveable relative the outer processing vessel.

10.  The linear substrate infusion compartment of claim 9, wherein both the mfusion fluid

inlet and the infusion fluid owtlet traverse the outer wall of the outer processing vessel.

11, The linear subsirate infusion compartment of claim 9, wherein the linear substrate
inlet includes an infeed seal having a central bore configured to allow the linear substrate to pass into

the processing barrel while substantially retaming the infusion flmd within the processing barrel.

12, The linear substrate infusion compartment of claim 9, further comprising a discharge
seal provided between the inmer processing vessel and the outer processing vessel, the discharge seal
having a central bore configured to allow portions of the inner processing vessel to slidably pass mto

and out of the outer processing vessel.

13, The linear substrate infusion compartment of claim 9, wherein the linear substrate
outlet includes an outer seal having a central bore configured to allow the linear substrate to pass out

of the processing barrel while substantially retaining the infusion hiquid within the processing barrel.
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14.  The lmear substrate infusion compartment of claim 13, wherein the one of the inlet
seal and the outlet seal engages the inner processing vessel and is located at a position within cuter

processing vessel.

15, The linear substrate infusion compartment of any one of claims 1-4 wherein the linear

substrate mlet includes a first seal and the linear subsirate outlet includes a second seal.

16. A linear substrate infusion system comprising;
the infusion hmear subsirate compartment of any one of claims 1-4, the system forther
comprising a first fluid loop fluidically connecting the infusion fluid inlet and the infusion fluid

outlet, the first thuid loop configured for moving the infusion liquid through the infusion chamber.

17.  The linear substrate infusion system of claim 16, wherein the first fluid loop includes

a first pumyp configured for directionally moving the infusion liquid through the first fluid loop.

8. The linear substrate infusion system of claim 16, {urther comprising a first additive
source coupled fo the first fluid loop and configured to provide a first additive 1o the first flnd foop,

wherein the first additive is the component or forms a part of the component of the infusion fluid.

19. The linear substrate infusion system of claim 16, further comprising a plurality of
additive sources coupled to the first flind loop, each of the plurality of additive sources being

configured to respectively provide one or more additives to the first fluid loop.

20. The linear substrate infusion svstem of claim 19, wherein the plurality of additive
sources are each configured io provide a different additive to the first fluid loop.
21, The hinear substrate infusion system of claim 20, wherein the different additives are

each a component of or form a part of the component of the infusion liquid.

22. The linear substrale mfusion system of claim 19, wherein at least one additive is a
dve
23, The hnear substrate infosion system of claim 19, wherein af least one additive is a

weatherability enhancer.
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24. The linear substrate infusion system of claim 16, further comprising a heater
configured to control a temperature of the infusion liquid within the first {hwd loop to an infusion

temperature.

25. The linear substrate infusion system of claim 16, further comprising a subsirate

marking device positioned downstream from the linear substrate outlet.

26.  The linear substrate infuston system of claim 25, wherein the substrate marking

device comprises a laser,

27. The linear substrate infusion system of claim 16 excluding an air wipe.

28. The linear substrate infusion system of claim 16, wherein the infusion chamber has

pluraiity of volumes corresponding to the plurality of relative posttions.

29, The linear substrate infusion system of claim 16, wherein the exposure gap s fhad
conwnunication with the infusion charober at all relative positions between the first relative position

and the second relative position.

30. A process of mmfusing one or more components of an infusion liquid into a surface of
a polymeric linear substrate, the process comprising the steps of:

passing the polymeric linear substrate through the linear substrate infusion compartment of
any one of claims 1-4; and

contacting the polymeric inear substrate with the mfusion hiquid within the infusion chamber
of the processing barrel while the exposure gap has a first length that is greater than zero, the step of
contacting being conducted for an infusion time with the infusion fluid at an infusion temperature,
the infusion time and the mfusion temperature being sufficient to infuse the one or more components

of said infusion liquid o at least an outer surface of the polvmeric linear subsirate.

31 The process of claim 30, wherein the wnfusion fime 1s from 0.01 seconds to one

minuie.

32 The process of claim 30, wherein the imnfusion time 1s from 3 {o 6 seconds.
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33.  The process of claim 30, wherein the infusion temperature is below a melting

temperature of the polymeric linear substrate.

34, The process of claim 33, wherein the infusion temperature is above a glass transition

temperature of the polymeric linear substrate.

35, The process of claim 30, wherein the infusion temperature is from 60 degrees Celsius

1o 98 degraes Celsius.

36.  Theprocess of claim 30, wherein the infusion temperature is from 81 degrees Celsius

to 91 degrees Celsius,

37. A linear substrate infusion compartment for mnfusing one or more cornponents of an
infusion liquid into a linear substrate, the linear substrate infusion compartment comprising:

a processing barrel including an outer wall having opposing ends and an infusion chamber
defined therein, the processing barrel also having a linear substrate inlet into the infusion chamber
and a linear substrate outlet out of the infusion chamber;

an exposure gap defined between the linear substrate inlet and the linear substrate outlet,

the processing barrel further including an infusion Jwmd inlet and an infusion fluid outlet in
hquid communication with the infusion chamber;

the linear substrate infet and the linear substrate outlet being coupled to the wall and being
moveably connected with respect to each other, the linear substrate infet and ouilet being moveable
between a plurality of relative positions each defining a different length of the exposure gap;

in a first relative position the exposure gap having a first length that is greater than zero, in

the first relative position the exposure gap being i hquid commumication with the infusion chamber;

and
10 a second relative posttion the exposure gap having a second length that 1s less than 50% of
the first fength.

38. The linear substrate infuston compartment of claim 37, wherein, in the second relative

position, the second length is less than 40% of the first length.

he finear substrate mfusion compartment of claim 37, wherein, in the second relative
30 Thel bstrate mfi 1t tofcl 37, wi ,in it d relat

position, the second length is less than 30% of the first length.
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40. The linear substrate infusion compartment of claim 37, wherein, in the second relative

position, the second length 15 from (%9 to 50% of the first length.

41. The linear substrate infusion compartment of claim 37, wherein, in the second relative

position, the second length ts from 10% to 40% of the first length.

42, The linear substrate infusion compartment of any of claims 37-41, wherein at least a

portion of the outer wall comprises a flexible material.

43, The linear substrate infusion compartment of any of claims 37-41, wherein at least a

portion of the outer wall 1s a compressible wall.

44. A linear substrate infusion compartment for nfusing one or more cornponents of an
infusion liquid into a linear substrate, the linear substrate infusion compartment comprising:

a processing barrel including an outer wall having opposing ends and an infusion chamber
defined therein, wherein the outer wall comprises at least a first portion that is flexible, the
processing barrel also having a linear substrate inlet into the infusion chamber and a linear substrate
outlet out of the infusion chamber;

an exposure gap defined between the linear substrate inlet and the linear substrate outlet,

the processing barre! further including an infusion flmd inlet and an infusion fluid outlet n
hiquid commumication with the infusion chamber;

the linear subsirate inlet and the linear substrate outlet being coupled to the wall and being
moveably connected with respect to each other, the linear substrate inlet and outlet being moveable
between a plurality of relative positions each defining a different length of the exposure gap;

in a first relative position the exposure gap having a first length that is greater than zero, in
the first refative position the exposure gap being i liquud communication with the infusion chamber;
and

in a second relative position at least one of the opposing ends of the outer wall being in a
different position than when in the first relative position, in the second relative position the exposure

gap having a second lengih that s different from the first length.

45, The linear substrate mfusion compartment of claim 44, wherein the outer wall

comprises at least a second portion that 1s nigid.
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46.  The linear substrate infusion compartment of claim 44, wherein the outer wall 1s
foldable.
47. The hinear substrate infusion compartment of claim 44, wherein at least the first
5 portion of the owter wall is formed from a flexible material.
48.  The linear substrate infusion compartment of any of claims 44-47, wherein in the

second relative position the exposure gap has a second length that 1s less than 50% of the first length.

16
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