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SUMMARY

Generally, the invention relates to fibrous materials and composites, and to
methods of making the same.

Generally, a first aspect of the invention features fibrous materials and
methods of making fibrous materials.

Methods of making fibrous materials arc disclosed that include shearing a
fiber source to provide a first fibrous material, and passing the first fibrous material
through a first screen having an average opening size of 1.59 mm or less (1/16 inch,
0.0625 inch) to provide a second fibrous material.

In some embodiments, the average opening size of the first screen is less

than about 0.79 mm (1/32 inch, 0.03125 inch), e.g., less than about 0.40 mam (1/64



| ess than about 0.10 nm (1/256 inch, 0.00390625 inch).
In specific inplenentations, the shearing is perforned
with a rotary knife cutter. The second fi brous

material can, e.g., be collected in a bin having a
pressure bel ow nom nal atnospheric pressure, e.g., at

| east 10 percent bel ow nom nal atnospheric pressure
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The second fibrous can, ¢.g., be passed through a second screen having an
average opening size less than the first screen.

The shearing and passing can, e.g., be performed concurrently.

The second fibrous material can have an average length-to-diameter ratio of,
e.g., greater than about 10/1, greater than about 25/1, or even greater than about
50/1.

An average length of the second fibrous material can be, e.g., between about
0.5 mm and about 2.5 mm, e.g., between about 0.75 mm and about 1.0 mm. An
average width of the second fibrous material can be, e.g., between about 5 um and

about 50 pum, e.g., between about 10 pm and about 30 pm.



t han about 60 percent of an average length of the

second fibrous material, e.g., less than about 50
percent of an average | ength of the second fibrous
material. In some enbodi ments, a BET surface area of

the second fibrous material is greater than about 0.5
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Methods of making fibrous materials are also disclosed that include shearing
a fiber source to provide a first fibrous material; and passing the fibrous material
through a first screen to provide a second fibrous material. A ratio of an average
length-to-diameter ratio of the first fibrous material to an average length-to-diameter
of the second fibrous material is less than about 1.5.

Methods of making fibrous materials are also disclosed that include shearing
a fiber source to provide a first fibrous material; passing the fibrous material through
a first screen to provide a second fibrous material; and then shearing the second

fibrous material again to provide a third fibrous material.



Fi brous materials are disclosed that have an average

| ength-to-dianeter ratio of greater than about 5, and
having a standard deviation of a fiber Iength of |ess
than about sixty percent of an average fiber |ength.
For exanple, the average |length-to-dianeter ratio can
be greater than about 10/1, e.g., greater than about
15/1, greater than about 25/1, greater than about
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particles and/or agglomerated particles, when that is desired.

Generally, a second aspect of the invention features densified fibrous
materials, methods of making the densified fibrous materials, and composites made
from the densified fibrous materials.

Methods of densifying fibrous materials are disclosed that include adding, to

a fibrous material, a water soluble binder, a water swellable binder, and/or a binder

having a glass transition temperature of less than about 25 °C, to provide a fibrous



having a glass transition tenperature of |ess than
about 25 C, to provide a fibrous 4 0 nmateri al - bi nder
conbi nation. The fibrous materi al - bi nder conbi nati on
is densified to provide a densified fibrous materi al
having a bul k density that is at |east about two
times greater than the bul k density of the fibrous
material, e.g., three tines, four tines, five tines,
six tinmes, eight tinmes, ten tinmes, twelve tines,
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density that is at least about two times greater than the bulk density of the fibrous

material, e.g., three times, four times, five times, six times, eight times, ten times,
twelve times, twenty times or more, e.g., about forty times greater.

The densified fibrous materials, e.g., in pellet or chip form, are easier to
handle, feed into machinery, transport, and mix with other materials, e.g., resins,

e.g., thermoplastic resin.



e.g., thernoplastic resin. 5 The term"fibrous
material"”, as used herein, is a material that includes
numer ous | oose, discrete and separable fibers. For
exanple, a fibrous material can be prepared froma
pol ycoat ed paper or a bl eached Kraft paper fiber
source by shearing, e.g., with a rotary knife cutter.
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following detailed description, and from the claims.

DESCRIPTION OF DRAWINGS

Fig. 1is block diagram illustrating conversion of a fiber source into a first
and second fibrous material.

Fig. 2 is a cross-sectional view of a rotary knife cutter.

Figs. 3-8 are top views of a variety of screens made from monofilaments.

Fig. 9 is block diagram illustrating conversion of a fiber source into a first,
second and third fibrous material.

Figs. 10A and 10B are photographs of fiber sources; Fig. 10A being a
photograph of a polycoated paper container, and Fig. 10B being a photograph of
unbleached Kraft paper rolls.



phot ograph of a pol ycoated paper container, and Fig.
10B bei ng a phot ograph of unbl eached Kraft paper
rolls. 6 Figs. 11 and 12 are scanning el ectron

m crographs of a fibrous material produced from

pol ycoat ed paper at 25 X magnification and 1000 X
magni fication, respectively. The fibrous material was
produced on a rotary knife cutter utilizing a screen
with 1/8 inch openings. Figs. 13 and 14 are scanning
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screen was used.

Fig. 19 is block diagram illustrating conversion of a fiber source into a
fibrous material, and then densification of the fibrous material.

Fig. 20 is a densified fibrous material in pellet form.

Fig. 20A is a transverse cross-section of a hollow pellet in which a center of
the hollow is in-line with a center of the pellet.

Fig. 20B is a transverse cross-section of a hollow pellet in which a center of
the hollow is out of line with the center of the pellet.

Fig. 20C is a transverse cross-section of a tri-lobal pellet.

Fig. 21 is a block diagram illustrating revertible bulk densification.

Fig. 22 is schematic side view of a process for coating a fibrous material with

a binder and/or adding additives to the fibrous material.



Fig. 20Cis a transverse cross-section of a tri-| obal
pellet. Fig. 21 is a block diagramillustrating
revertible bulk densification. Fig. 22 is schenmatic
side view of a process for coating a fibrous nateri al
with a binder and/or adding additives to the fibrous
material. 7 Fig. 23 is a schematic side view of a
process for formng a densified fibrous nmaterial.
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Fig. 32 is a cross-sectional view of resin/fibrous material composite having
an inner portion that has substantially no fibrous material and an outer portion
surrounding the inner portion that includes fibrous material.

Fig. 33 is a cross-sectional view of a transparent resin/fibrous material
composite having an inner portion that has substantially all of the fibrous material
and an outer portion having substantially no fibrous material surrounding the inner

portion.



8 DETAI LED DESCRI PTI ON CGeneral ly, fibrous materials,
densified fibrous materials and conposites nmade from
these materials and conbi nati ons of these materials
are disclosed. Sonme of the fibrous materials disclosed
herein are easy to disperse in a resin, such as a

t hernopl astic resin, and can advantageously nodify the
rheol ogy of the resin in a consistent and predicable
manner, resulting in resin/fibrous materi al
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extrude fibrous. materials..

i sct s apets mAfE AT foroh® Rl ofpdsices
mh& FomABeseeat@Rds Sid cdnibiRank of tHeSehalcitR arPdiBEIOSIY |

transport, and mx with other materials. Many of the

conpdene ek thgifbeousgeaienals disploped ierein aq 926 {0 HeRarsminAdEsin,
B B SR
rebi@rifliaRgnsisttiteng fpi‘edui&he&hh@eﬁﬁd&ﬂltlﬁg mfrbﬂn/lﬁb&ius modedials

d el at t b k. Ma f th ,
ccaaiaions Tt e, e iqeage{:ﬁoagg R T Igen she Reiied
%ﬁgyﬁﬁ%afs%mga REI%IIPE e?}LI'i Bﬁlﬁé?ﬂ‘ cﬁg b Y can be easier

enperatures and have’en an t enpeér at ur e
tosﬁaa&]iel fetd irao machiﬁmm:ahnspem zs‘tdan‘nteyitlSotﬂner watetinle. damytoddhe

R s i A R B PSR i o
re&efanw le&%}esﬁzsﬁgk%ﬂg% NP RBFKREANBE i ﬁgmrs&aﬁgtﬁl&ﬁdmgany

di scl 0sed conposit€s have uni que, easi ng or even
stmgihktmglwmsdndus dlespeat moéEIUS m@%ﬂmﬁﬁ%&sﬁflaﬂy of the
CGener.al | us mat ane derive.
coraaey gt oxpatirt oy of et e PrintSles FYE B,
tech@enic§ k& Bk Em@amﬁcmnwltahpera@fe@rahd hgvd éntlaheed high a
fi ber source 10 i s sheared, inarotary knife

temperagire stabiditypnsl ghemienl ﬁ:Sﬂ%QnCﬁ gp@wf Hhersepiptgd camposigs,such
e n r

as W‘E&P%j‘%ﬁ{s.@i Jogﬁ#os‘f%bﬁegl &g?@% gfatel 2 t%?gtéré:hgsegand &8 allow

fok DAudual randihp aedimarkedihg bppdriibRiesa My qmmd cbﬂnpo:ut;cla have
first_screen 16 havi ng. an average opening size of

uniqusy PIFAFIBE OF B SIYg VISHEPIORST6®25 | nch) to provide a
second fibrous material 14. |If desired, fiber source
10 can be cut prior to the shearing, e.g., with a

FIBRGUASIMATERIALS

Generally, fibrous materials are derived from one or more fiber sources, e.g.,

by shearing a fiber source to release fibrous material.

Referring to Fig. 1, a fiber source 10 is sheared, e.g., in a rotary knife cutter,
to provide a first fibrous material 12. This fibrous material can be used as provided,
e.g., to make densified fibrous materials and/or composites, or the first fibrous
material 12 can be passed through a first screen 16 having an average opening size
of 1.59 mm or less (1/16 inch, 0.0625 inch) to provide a second fibrous material 14.
If desired, fiber source 10 can be cut prior to the shearing, e.g., with a shredder. For

example, when a paper is used as the fiber source 10, the paper can be first cut into



exanpl e, when a paper is used as the fiber source 10,
the paper can be first cut into 9 strips that are,
e.g., 1/4- to 1/2-inch wide, using a shredder, e.g., a
counter-rotating screw shredder, such as those

manuf actured by Munson (Utica, N Y.). In sone

enbodi nents, the shearing of fiber source 10 and the
passing of the resulting first fibrous material 12
through first screen 16 are performed concurrently.
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than 0.18 mm (0.007 inch), less than 0.13 mm (0.005 inch), or even less than less
than 0.10 mm (1/256 inch, 0.00390625 inch). Screen 16 is prepared by interweaving
monofilaments 52 having an appropriate diameter to give the desired opening size.
For example, the monofilaments can be made of a metal, e.g., stainless steel. As the
opening sizes get smaller, structural demands on the monofilaments may become
greater. For example, for opening sizes less than 0.40 mm, it can be advantageous to

make the screens from monofilaments made from a material other than stainless



openi ng sizes get smaller, structural demands on the

nmonofi | aments may becone greater. For exanple, for

openi ng sizes less than 0.40 nm it can be

advant ageous to nmake the screens from nonofil anents

made froma material other than stainless 10 steel,

e.g., titanium titanium alloys, anorphous netals,

ni ckel , tungsten, rhodium rhenium ceramcs, or
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Pat ent Nos. 6, 448, 307, 6, 258,876, 6,207,729, 5,973,035
matgadals, e.g., remnants or they can be post consumer waste, e.g., rags. When paper
products are used as fiber sources, they can be virgin materials, €.g., scrap virgin
materials, or they can be post-consumer waste. Additional fiber sources have been
described in U.S. Patent Nos. 6,448,307, 6,258,876, 6,207,729, 5,973,035 and
5,952,105.
In specific embodiments, the fiber source includes sawdust, €.g., from
milling, machining or sanding hard or soft woods. Examples of hard woods include

oak, maple, cherry (e.g., Brazilian cherry), walnut, mahogany, cypress or rosewood.

Examples of soft woods include cedar (e.g., red and white cedar), pine, spruce, fir
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5,952,105. In specific enbodi nents, the fiber source

i ncl udes sawdust, e.g., from mlling, machining or
sandi ng hard or soft woods. Exanples of hard woods
include oak, maple, cherry (e.g., Brazilian cherry),
wal nut, mahogany, cypress or rosewood. Exanples of
soft woods include cedar (e.g., red and white cedar),
pi ne, spruce, fir 11 (e.g., Douglas fir) and redwood.
In some enbodinents it is advantageous to use a
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through small, often torturous channels and openings, and the excellent surface
finishes possible with molded parts, e.g., glossy finishes and/or finishes substantially
devoid of visible speckies.

As used herein, average fiber widths (i.e., diameters) are those determined
optically by randomly selecting approximately 5,000 fibers. Average fiber lengths
are corrected length-weighted lengths. BET (Brunauer, Emmet and Teller) surface
areas are multi-point surface areas, and porosities are those determined by mercury

porosimetry.
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finishes possible wth nolded parts, e.g., glossy
finishes and/or finishes substantially devoid of
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material 14 is, e.g., less than 1.5, e.g., less than 1.4, less than 1.25, or even less than
L.1.

In particular embodiments, the second fibrous material 14 is sheared again
and the resulting fibrous material passed through a second screen having an average
opening size less than the first screen to provide a third fibrous material 62. In such
instances, a ratio of the average length-to-diameter ratio of the second fibrous
material 14 to the average length-to-diameter ratio of the third fibrous material 62
can be, e.g., less than 1.5, e.g., less than 1.4, less than 1.25, or even less than 1.1.

In some embodiments, the third fibrous material 62 is passed through a third

screen to produce a fourth fibrous material. The fourth fibrous material can be, e.g.,
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1.1. In particular enbodinents, the second fibrous
material 14 is sheared again and the resulting
fibrous material passed through a second screen having
an average opening size less than the first screen to
provide a third fibrous material 62. In such

i nstances, a ratio of the average | ength-to-dianeter
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desired fibrous. For example, a fiber source can be sheared between a first pair of

blades that defines a first gap, resulting in a first fibrous material. The first fibrous
material can then be sheared between a second pair of blades that define a second

gap that is smaller than the first gap, resulting in a second fibrous material.

Fibrous Materials Examples

Scanning electron micrographs were obtained on a JEOL 65000 field

emission scanning electron microscope. Fiber lengths and widths (i.e., diameters)
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percent. \Wile sonme enbodi nents have been descri bed
that use screens to provide a desired fibrous
material, in other enbodinments, no screens are used to
make the desired fibrous. For exanple, a fiber source
can be sheared between a first pair of blades that
defines a first gap, resulting in a first fibrous
material. The first fibrous material can then be
sheared between a second pair of blades that define a
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R
rapd @fobsut one pound per hour, The fibrous material had a BET surface area of
0.9748 m%/g +/- 0.0167 m?/g, a porosity of 89.0437 percent and a bulk density
(@0.53 psia) of 0.1260 g/mL. An average length of the fibers was 1.141 mm and an
average width of the fibers was 0.027 mm, giving an average L/D of 42:1. Scanning
electron micrographs of the fibrous material are shown in Figs. 11 and 12 at 25 X

magnification and 1000 X magnification, respectively.

Example 2 — Preparation Of Fibrous Material From Bleached Kraft Board
A 1500 pound skid of virgin bleached white Kraft board having a bulk

density of 30 Ib/ft’ was obtained from International Paper. The material was folded
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across the knife-edges, tearing the pieces apart and
releasing a fibrous material at a rate of about one
pound per hour. The fibrous material had a BET surface
area of 0.9748 n2/g +/- 0.0167 nR/g, a porosity of

89. 0437 percent and a bulk density (@.53 psia) of
0.1260 g/ nL. An average length of the fibers was 1.141
nm and an average width of the fibers was 0.027 nm
giving an average L/D of 42:1. Scanning electron
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fitRowNeatefiil aré shown hidgd. itBraad 44 ma2 £ Xi mbgrifichtimn B&T 1000 X
surface area of 1.1316 n2/g +/- 0.0103 n2/g, a
magiideaiey, 165pegvel8s percent and a bul k density (@. 53
psia) of 0.1497 g/nL. An average length of the fibers
was 1.063 mm and an average width of the fibers was
0. 02BGmpin 3 giRremgation QF EwagesSheamdddfibnyas Margiddtrong

electro 1. Cr aphs of the fibrous material are

shoﬁe?%eg]i%_gg%:‘.’gp‘gnd 14 at 25 X magnification and

10004 X500 B&tRidl k&P fbin bREARA W Braftboarihaid a bulk

Preparation O Twi ce Sheared Fi brous Material From
density of 30 Ib/ft’ was obtained from International Paper. The material was folded
flat, and then fed into a 3 hp Flinch Baugh shredder at a rate of approximately 15 to
20 pounds per hour. The shredder was equipped with two 12 inch rotary blades, two
fixed blades and a 0.30 inch discharge screen. The gap between the rotary and fixed
blades was adjusted to 0.10 inch. The output from the shredder resembled confetti
(as above). The confetti-like material was fed to a Munson rotary knife cutter,
Model SC30. The discharge screen had 1/16 inch openings. The gap between the
rotary and fixed blades was set to approximately 0.020 inch. The rotary knife cutter

the confetti-like pieces, releasing a fibrous material at a rate of about one pound per
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Bl eached Kraft Board A 1500 pound skid of virgin

bl eached white Kraft board having a bulk density of

30 I b/ft3 was obtained fromlInternational Paper. The

material was folded flat, and then fed into a 3 hp

Fl i nch Baugh shredder at a rate of approximately 15 to

20 pounds per hour. The shredder was equi pped with two

12 inch rotary blades, two fixed blades and a 0. 30

i nch di scharge screen. The gap between the rotary and
hduirx diie nigitexthé sesubimg dotiny Steefd st scheﬂ*irmvasﬁ:ﬂ badhimtoie same setup

asshiped 08 S BaR e el om BB R et
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mat er at a’rate’d Ut on

o@ﬂundsmhmgﬁ:lémuﬁ mﬂa)grapab of ihelfibi@suhatéria) atd showmtnia Figs.
first shearing was fed back into the sane setu

15kt 3ed Xapsesiigadonsindat W08 X gwenification, repettiveny

fibrous material had a BET surface area of 1.4408
n2/g +/- 0.0156 nR/g, a porosity of 90.8998 percent
and Bxarkplé ¥ —d@raparayiot @) TaBicp Shaycd FitDod2MBtegiahFronAn

aver e | engt he fibers was 0.891 mm and an
aver %@dﬁﬁggﬁgéﬁaf e fibers was 0.026 nm giving an
ave rﬁﬁ%oﬂ}ﬁam@gku%f 41rg1§%?e'é&&é&§;vlﬁkeeﬁaﬁ1°6bafﬁ Ha[\@% 2phg of

the fibrous material are shown 1 n Figs. 16 at
dezslt)Xofrﬂglink ‘iveastdbtainadiorb Jo@roetinea) Mapérc élfhecmtenal was folded

BBt Futs o WA T BrdtubaiehoTiaa S ety AP Esty 15 1
201 EANAD B hus KTHe SHredder Gial e%ﬁ?eg\ﬂﬁh Wob 1 2 itshablarPeladet, two

having a bul k density ft3 was obtained from
fiyedttdadeaandn Qi3 OPagledlsckmh@e wme@r i13E gapbetsra the rotarpand fixed

bl?c?et% wasfaﬁ_gls%g to BtI% 1e?h3 'ﬁ}ge ﬂ%n? A e‘f’iﬁérerggegllﬁﬁlga ﬁ.(ﬂ’xefettl

pproxi mat ounds per

(as By eThd\aﬁlfﬁﬂuiI&pﬁﬂeMMtvbhstfw tola?.Muasdn tobdrg kyifo baete s,
two fixed bl ades and a 0,30 .inch discharge screen.
Muodel f39- Hdeissharer screen had, /8 drely opeatnes.p il hgigap fgtween the

rof EL R P Batloctl PP sobRRuTE B R R T PR cone
shemeé theadonfts-like ghidces acrddsriboknifoedgey. The fraterial tesulting from
the first shearing was fed back into the same setup and the screen was replaced with
a 1/16 inch screen. This material was sheared. The material resulting from the
second shearing was fed back into the same setup and the screen was replaced with a
1/32 inch screen. This material was sheared. The resulting fibrous material had a
BET surface area of 1.6897 m*/g +/- 0.0155 m?/g, a porosity of 87.7163 percent and
a bulk density (@0.53 psia) of 0.1448 g/mL. An average length of the fibers was
0.824 mm and an average width of the fibers was 0.0262 mm, giving an average L/D
of 32:1. Scanning electron micrographs of the fibrous material are shown in Figs.

17 and 18 at 25 X magnification and 1000 X magnification, respectively.
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Model SC30. The discharge screen had 1/8 inch
openi ngs. The gap between the rotary and fi xed bl ades
was set to approximately 0.020 inch. The rotary knife
cutter sheared the confetti-Ilike pieces across the
kni f e-edges. The material resulting from the first
shearing was fed back into the sane setup and the
screen was replaced with a 1/16 inch screen. This
material was sheared. The material resulting fromthe
second shearing was fed back into the same setup and
the screen was reolaced 3 1/32 inch screen. This
FACATIQNOE @S Mad ERLSLS ing fibrous materi al
nac I@eferﬁﬁ-%r téﬁfg{ 55 m;e% %&Ee A R9G1eHA0 § fbhoutnfHRdL. The
g, rosity of 7163 percent and
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nié&@n%@%%ee%&é%—%@?ng re%-[gﬁ @Aﬁ%n@%?f‘ %ﬁoﬂg ndaterial

conver

?)@l'let mhll€or Byl dn@osndimpelid Abrous natebiabaidebinder in an
denS| i ed. A binder and optionally, other addl t ives,

extruder (ag- Risingla ssremer doble sorew extryashle Pying thg Applicaten of
e e T

mféridli | lers is densified by application of pr essure,
e.g., by passing the fibrous material thr
def i Thedit b@éﬁ%%ca@dl?ﬁpeverr%‘ttaﬂwgbfﬁP%@&t?ﬁé % Y Iﬁﬁﬁhamcal
&HJS% { Léet mil,
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an Mgt ofitte ﬁb](oeas gw,termlssdw;gis@dsxbnwmi otiersishiebe der@wﬁed

Fog SYABRIE] B PPS b DmP ool okl hefe e Soere AdEthie-
dleﬁﬁettah%uégbt x AR S, egTrfﬁ6f'Vk89'103H1“25650§@Bnﬁ>€e e.g.

converte e fibrous mater| al , nmechani cal
IOQE&mmmec@delmntS; fﬂ‘ig fibersgtidhg fibrgus m@tmab@ve%@%@ge keagth

di sc ed above. r t a
ot Ec 128 Bt BEBVEe T oh- s Wb B ST b o, 3 o, 4
nnﬁxslﬁ’fﬂh r moke efgl,, NONEmMOEind Hehakinbum umnmtserdmbnmnoﬁ‘gwer

6;1 an average | ength-to-
than 0.05 mm, e.g., 0.075 mm, 0.1 mm, 0.2 mm, 0.3 mm, 0.4 mm, 0.5 mm or more,

e.g., 1 mm. If desired, the fibers of the fibrous material may be separated, ¢.g., by
screening, into fractions having different L/D ratios.

In some embodiments, the fibrous material prior to densification has a bulk
density of less than 0.25 g/cm3, e.g., 0.20 g/em®, 0.15 g/em®, 0.10 g/em®, 0.05 glem’
or less, e.g., 0.025 g,/cnfl3 . Bulk density is determined using ASTM D1895B.
Brieily, the method involves filling 2 measuring cylinder of known volume with a

sample and obtaining a weight of the sample. The bulk density is calculated by
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di aneter ratio (L/D) of greater than 3, e.g., 5, 6, 7,

8, 10, 10, 25, 50, or nore, e.g., 100. In sone

enbodi nents, the fibers of the fibrous material have

an average length of, e.g., 0.25 nmmor nore, e.g.,

0.3 mMm O0.5mMmm O0.75mMm 1 mMmm 2 mm 3 mMm 4 mm 5 mn

or nore, e.g., 10 mm and a nmaxi mumtransverse

di mensi on of greater than 0.05 nmm e.g., 0.075 mm

0.1 m 0.2 mMm 0.3 mMm 0.4 mm 0.5 nmmor nore, e.qg.,
dilidimg thefweil€s iof €1, sainpk: ihigeansbpihetkdhowhivolumsofithe eyliraler in

may be separated, e.g., by screening, into fractions
CYPIG, PR MEETS-erent L/ D ratios. In some enmbodi nents, the
fibr jal Ppri : i £ i

dens o ABRUFaRHaP il GRoARIPEHHER LR Tally Rekd o
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. 025 glenB. Byl k depsity is.determ ned.using ASTM . .
oot s ions igpertfl Srobonsie iR, SPOBESIF A foge Materia
cdﬁggﬁ%k'ﬁd & &dr R cal e ithOL UTBiIMesh a  sanpl e and

obtai ning a weight of the sanple. The bul k density is

cal cTheprsterted birglegs igchuidel bindenstikatuaed sphublofn wifer, suaheeby

it i bie B4R PREn @R B8 4 W ltellar Y ©

diffeRAtiglhcaify cal6h@eirg aBY Wwatdr@olublt Kihders vaaicdl Badad,
to render the fibers of the fibrous materi al

haviggpsnlubibity ofigp lngicibout 0-Adweighhpereent i Watshd By ™aior e
i rsi bl r ' ; '
SR GhOE o PEERS! Dol RRADLEpy e BRI e
up¥ntdxpofurgto watet. anes. The preferred binders include
bi nders that are soluble_.in water, [ enlggbwwat er,

or tHaomembediments the binders thy, at aenpelish by sgderos
inglgljldéﬁ.fﬁ!&ltﬁhﬁ' %@Lq) Bt is @hﬁ:{bﬁ{)ﬁ;ﬁ)gﬁiﬁlg%mﬁl &4, a hydrogen bonsd,

orinetry. By water-so ers, we nmean binder
with ienfipens sithe fibtdus ynadéridht e. . ecedtulasinolibrods MBteviel. giar example,
percent in water. By water .swellable.binders, we an
(RGO Lal D SR B 0y A EPERY R, ey & cAfboty!
2B of HRAIHSUP BB M k&toh&) AWRIfBHic abid FOUP: A RUHOGH BB, a
gx?ﬁ%’qﬁ?h%ers tt%lgt are sgl ugl e orlcgv\fol%?en Bay wat er P
phasphartbeacid gronpitd phesphaie S10pP1 dnaamids geanpaiyl AR FIHHANg

gD st Rufen e MR it Bripffe bt Bev

car§dx yii¥ abidl gBoup and a hydroxyl group. Specific monomeric examples include

glycerin, glyoxal, ascorbic acid, urea, glycine, pentaerythritol, a monosaccharide or
a disaccharide, citric acid, and tartaric acid. Suitable saccharides include glucose,
sucrose, lactose, ribose, fructose, mannose, arabinose and erythrose. Polymeric
examples include polyglycols, polyethylene oxide, polycarboxylic acids,
polyamides, polyamines and polysulfonic acids polysulfonates. Specific polymeric
examples include polypropylene glycol (PPG), polyethylene glycol (PEG),
polyethylene oxide, e.g., POLYOX®, copolymers of ethylene oxide and propylene
oxide, polyacrylic acid (PAA), polyacrylamide, polypeptides, polyethylenimine,
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the functional group can be a carboxylic acid group, a

carboxyl ate group, a carbonyl group, e.g., of an

al dehyde or a ketone, a sulfonic acid group, a

sul fonate group, a phosphoric acid group, a phosphate

group, an am de group, an am ne group, a hydroxyl

group, e.g., of an alcohol, and conbi nations of these
groups, e.g., a carboxylic acid group and a hydroxyl
group. Specific nononeric exanples include glycerin,

p@yyinxbbzridhsgmijt(scdiamj-@stynﬂnemlfoghtya): amepoly(2-acrylamido-methyl-

ent aer hrltgﬁf a nonosaccharide or a disaccharide,
OFPESUHEME 2°%hd tartaric acid. Suitable saccharides
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o' §iafil plnertof B8 deliRe Sy BGhE I R b ST TG, 75 °c. 80

°MObY A, &hd 7S or Bigher, ¢ pQ1 Y8 POYARINS, aplp ﬂ@p&@salre&mlg the

ethylene propyl ene copol yners, , HEFOly
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In some embodiments, the fiber source used to make the fibrous material
already includes a binder so that no additional binder needs to be added to effect
densification.

The binder can serve other functions in addition to binding the fibrous
material. For example, when the densified fibrous material is used to make
composites, the binder can act as a compatibility or coupling aid, helping to
compatibilize the resin of the composite and the fibrous material. Specific examples

of such binders include modified polymers that have been functionalized, e.g., with
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| ow gl ass transition tenperature polyner. For exanple,
fibrous material nmade from pol ycoated paper can be
densified by heating to above about 50 C, e.g., 75 C
80 C, 90 C, 100 C or higher, e.g., 125 C, and by
appl yi ng pressure during the heating, e.g., pressure
greater than about 50 | b/in2, e.g., 100 | b/in2, 250
I b/in2, 500 Ib/in2, 1000 Ib/in2 or higher, e.g., 2500
I b/in2. In a particul ar enbodi nent, the binder is a
mialeghamiydade. Makeinarthydede grafied polytnsts are availaptedirdrn éPont™

lignin. J i he-fib
widep B eadefori EEIS A2 Oty shefg it Sirefide 0Rish
cth9lchd aérylae: @eisinl heRdiddicAshym&e aad etholehe vagligakidies (EVAs),

effect ~densification. The binder can_ serve other

alpe Avaiiabledram Dagant o K desired, dler bigderiven indhydsypsfragrance or a

S&H{erial. For exanple, when the densified fibrous
material is used to nake conposites, the binder can
act Asuialdeamabmtiifibirider addedao fHel fitgows WateHel, palagated on a dry
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acetates (EVAs), also available tfromDuPontTM " If

pdletsi afdlg binfler. bi nder can include a fragrance or a

scent. sui,t abl e . anpunt of binder added,tq.the

£ ¥ o i pehberttoR e TR bl o bRASY agiEd Bk Bkl margrian s
greSter Biafl 50 g&fc@#iﬂ (e1euthtel od b A9 feepi: bhdis)ab gV lordafer BRMCENt ,

e.g., 0.03 percent, 0.05 percent, 0.1 percent, 0.25

pesesné.egeaterthan pRpereent, greatgr thap 6& percen, preptepthan 73 percent, or
I . d.gn
o3 eE iRl i 2B Gt Phose SpBOLEGR map BRER 2R W0
pcltredmt _bglyﬁﬁ:deﬂg.l ?Fﬁemoﬁlﬁmwﬁ?'eg i alj asd_a nelat , pure
lquLd, as a I qui ving the DI pder_ dl ssolyve }
t her ERg:{ibrgus gagerigl, ﬁg%%mg%atem ot hiery the &rmuef popiets (Bies
2(ﬁfor EHI%S !Hhvrlﬂg b variety of shapes, the desired shape is, in part, dependent upon

the application. For example, when the pellets or chips are to be dry blended with a
resin, and then the blend plasticized and molded to form composite parts, it is often
convenient for the pellets or chips to be cylindrical in shape, e.g., having a
maximum transverse dimension of, e.g., 1 mm or more, €.g., 2 mm, 3 mm, 5 mm, 8
mm, 10 mm, 15 mm or more, €.g., 25 mm. Another convenient shape for making
composites includes pellets or chips that are plate-like in form, e.g., having a
thickness of 1 mm or more, e.g., 2 mm, 3 mm, 5 mm, 8 mm, 10 mm or more, €.g.,
25 mm; a width of, e.g., 5 mm or more, ¢.g., 10 mm, 15 mm, 25 mm, 30 mm or
more, e.g., 50 mm; and a length of 5 mm or more, e¢.g., 10 mm, 15 mm, 25 mm, 30

mm Or more, e.g., 50 mm.



I n other enbodi ments, the anount of binder added to
the fibrous material is greater than 50 percent
(calculated on a dry weight basis), e.g., greater than
55 percent, greater than 60 percent, greater than 65
percent, greater than 75 percent, or even greater
than 85 percent. These enbodi nents nay have, e.g.,

| ess than 90 percent polynmer (e.g., a thernoplastic
polymer). The fibrous material, after densification,
can Refeirtgtdvey foarigs. aDApelil2eBs thefetets cadhe made by petrusion
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cross-section. Reférring nowto Fig. 20C, the pel
degaadahk\matemig Remeaenfanwéeg@d@&mwdymn@tmql@de polyhydroxy
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caprolactone)], poly[ glycolide-co-(e-caprolactone)], polycarbonates, poly(amino
acids), poly(hydroxyalkanoate)s, polyanhydrides, polyorthoesters and blends of
these polymers.

The densified fibrous material, together with a resin, can be used to form
articles such as pipes, panels, decking materials, boards, housings, sheets, blocks,
bricks, poles, fencing, members, doors, shutters, awnings, shades, signs, frames,
window casings, backboards, flooring, tiles, railroad ties, trays, tool handles, stalls,
films, wraps, tapes, boxes, baskets, racks, casings, binders, dividers, walls, mats,

frames, bookcases, sculptures, chairs, tables, desks, toys, games, pallets, wharves,
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As di scussed above, the pellets can be used, e.g., to
form conposites. The pellets or chips can al so be
used as thenselves, e.g., as absorbents or controlled
rel ease matrices. As controlled release matrices, the
pellets or chips can be used, e.g., to fertilize
grass, to release drugs or biocides, or to rel ease
fragrances. As absorbents, the pellets or chips can
be used, e.g., as pet bedding, packaging material or
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, casi nders, wal | s,
£ & PTOC SIS VIS0 bRe ég Qétm‘i‘% ar pt iigsLion &FPA&‘:“% macafifes,

deskgefelRSo FEATESa fiBRdub BlaforiaRANNES low g@lkmeﬁilﬁz can be
boatS mast s, SeptIC tanks aut onoti ve pane S,

reccm’plytcbnmﬁem mmhgst usam/bnd@md a ngm&ldﬂvmg@dngh% dulk
furnit tabl e

aep SR B oty & by Piapdia? nde £ BuniERERESR 0098 & Ghn e

dcAbific@ by k&S thel; HroRe a8kl B a &mtﬁalyrmmp%nﬁaaweeﬁag, afhd
densities, the desired density, in part, depending

themevecestingipirombe bag. Ao exsaistipeof heal from thsdageths or
ﬁbq'g'{]ﬁp&?i%flgl &g hBSe €, e dlfg dmy'?)q g‘fé?ifgg Ql*f‘dnt H‘h%% o
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reﬁ%[eqﬂanufacmnng plant, prior to densification of the fibrous material with a
binder. After piercing the air impermeable bag, the densified fibrous material reverts
to nearly its initial bulk density, ¢.g., greater than 60 percent of its initial bulk
density, e.g., 70 percent, 80 percent, 85 percent or more, e.g., 95 percent of its initial
bulk density. To reduce static electricity in the fibrous material, an anti-static agent
can be added to the fibrous material. For example, a chemical anti-static compound,

e.g., a cationic compound, e.g., quaternary ammonium compound, can be added to
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advant ageous to select a density such that the pellets

cone apart under shear and/or heat to rel ease the

fibrous material fromwhich the pellet or chipis

formed. For many applications, the densified fibrous

material can be substituted for fibrous nmaterial

since the densified fibrous material is converted back

into a fibrous material inside a processing device,

e.g., an extruder or an injection nolding machine.
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fibers pass in proxn‘mty to the nozzles. Valve 102 is operated to control the flow of
liquid binder material to the respective nozzles 98, 99, and 100. After a desired
quantity of binder material is applied, the valve 102 is closed.

In some embodiments, the binder application zone 90 is two to one hundred
feet long or more, e.g., 125 feet, 150 feet, 250 feet long or more, e.g., 500 feet long.
Longer binder application zones allow for application of binder over a longer period

of time during passage of fibrous material 12" through application zone 90. In some
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by screening, into fractions having different L/D
ratios. In sonme enbodi nents, the fibrous material 12
is delivered continuously to zone 80, and in other
enbodi nents, the fibrous material is delivered in
batches. A blower 82 in | oop 84 is positioned

adj acent to the fiber-loading zone 80 and i s capable
of noving a gaseous nedium e.g., air, at a velocity
and volunme sufficient to circulate the fibrous
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seventy five percent or npre,
liquid, e.g., water, in which the binder is incorporated.

The coated fibrous material is transferred from outlet 122 loosely onto a
conveyor 132 where it is transferred to densification station 150 shown in Fig. 23 or
densification station 200 shown in Fig. 24.

Referring to Fig.23, the coated fibrous material 110 from above is delivered
from a headbox 152 through a slit 154 and onto a screen 156, e.g., 2 Fourdrinier
screen. Excess water is drawn away from the coated fibrous material 110 deposited

on screen 156 by a conventional vacuum system under the screen (not shown),

leaving a deposited undensified fibrous material 160 that includes the binder. The
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e.g., eighty percent. In sone enbodi nents, the binder
fornms a coating which is about 1 mcron thick or
|l ess, e.g., 0.5, 0.3 mcron or less, e.g., 0.1 mcron.
Any of the additives and/or fillers described herein
can optionally be added to the |oop 84 froma supply
106 during circulation of fibrous material 12' to form
a blend of fibers and additives. In sone enbodi nents,
followi ng the application of the |liquid binder
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power consumed by the motor 242.

A set of rollers 256 roll about the inner circumference of die 240, around
axes parallel to that of die 240, to press the fibrous material through the die holes
250, forming pellets 300, which fall from chute 301 and which are captured and
boxed.

The fibrous material discussed above can be densified using other methods.
For exzimple, referring to Figs. 25 and 25A, an apparatus 310 can be used to form a
densified fibrous material 311, e.g., a composite, e.g., a pressboard. As shown, the

densified fibrous material 311 is formed from a fibrous material-binder combination
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180 where it is dried, and then is chopped into pellet
or chip form In an alternative enbodi nent, the
densified fibrous nmaterial can be nmade in a pellet
mll. Referring to Fig. 24, a pellet mll 200 has a
hopper 201 for holding the wundensified fibrous
material 110. The hopper 201 communicates with an
auger 204 that is driven by variable speed notor 206
so that undensified fibrous material 110 can be
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press the fibBrous materi hrough the die holes 250,
3320is ipartigllp dbmseﬁed o0 passtrigcthrdfugh the seopantine pathgey daﬁmed by

el R, AR RS e bR ATiod Mool B, PR B
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apparatus 3 can be used to forma densifjed fibrous
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N dded t
oS B RS R B RSl g
efBBdépifloatibmaForgatnipte, ﬁuhbn cuesfibver seurcabsedito deke the fibrous
conbi nati on 313 between nepbers
material includes polycoated paper, the ﬁbrous material is densified without the
addition of a separate binder, e.g., a low glass transition temperature polymer.

Nip rolls 354, 356 can be rotated so that each has a surface speed greater
than each nip roll 350, 352. In such a configuration, the densified fibrous material is
stretched between nip rolls 350, 352 and nip rolls 354, 356. In some
implementations, stretching the densified fibrous material is desirable because
stretching can improve many mechanical properties of the composite, €.g., flexural

modulus, bend resistance and tensile strength.
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312 and 314. Lam nating is acconplished, e.g., by

appl ying pressure alone or by applying heat and
pressure to an unconpressed conposite 322. The fi brous
mat eri al - bi nder conbi nati on 313 can optionally include
any of the additives discussed above. Apparatus 310

i ncludes first and second nenbers 312 and 314 provi ded
fromrolls 321 and 323, respectively, and a hopper 320
for holding the fibrous material, binder and any
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strength, 27
NfC}]) roils 350, 352 and 354, 356 can be heated or unheated. When heated,

they are typically heated to a temperature less than heated rolls 330, 332, 334, 336,
338 and 340 to allow the materials that will form the densified fibrous material to
begin to cool and set. For example, nip rolls 350, 352 and 354, 356 are heated to
between 100 °F to about 300 °F. Pressure between the nip rolls is, e.g., at least
about 500 pounds per linear inch, e.g., 1,000 pounds per linear inch, 2,500 pounds
per linear inch, 5,000 pounds per linear inch or more, e.g., 25,000 pounds per linear

inch.
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The nenbers, e.g., webs, can be nade of, e.g.,

pol ycoat ed paper, plastic film plastic stock or a

textile scrimmaterial, e.g., a woven or non-woven

textile scrimmaterial. Wien it is desirable to
mnimze the anmount of nmenber material in the

densified fibrous material, a thickness T, and T2 of
menbers 312 and 314, respectively, can be, e.g., less

than 0.050 inch, e.g., 0.040 inch, 0.025 inch, 0.020
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Pressure between the nip rolls is, e.g., at [east

matnbers, Egbstpmﬂﬂdbom,raﬂdméawm wdls; e.g., 1,000 pounds

Poun g sy had neBP SRGTaed B g Blnghls Rpptfed 8
fiRehs Inafkgial by sp#&¥ing a binder solution, e.g., a binder solution containing the
binder dissolved in water, onto the fibrous material, in some embodiments, the
binder is applied to the fibrous material as neat liquid of the binder or as a dry
powder. The binder can also be applied as a gaseous material.

While embodiments have been shown in which a fibrous material is
converted into a densified fibrous web, and then the densified fibrous material is
immediately cut into pellets or chips, in some embodiments, the densified fibrous
material is first collected in a roll. The densifed fibrous web can be used, ¢.g., as an
absorbent mat material, or it can be transported to a remote manufacturing site

where it is converted into pellets or chips. The densifed fibrous web material can be

29



28 In sone inplenentations, a thickness T' of the
densified fibrous material 311 is at |east about two
tinmes less than a thickness T of the unconpressed
conposite 322, e.qg., three tines, four tinmes, five
times or less, e.g., ten tinmes |less. Accordingly, the
bul k density of the densified fibrous material is
greater than the unconpressed conposite. For exanpl e,
the density of the unconpressed conposite can be,
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be used in a variety of applications. For exanple, it
can be used for sound-proofing, insulation, structura
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sone enbodi ments, the densified fibrous material is

first collected in a roll. The densifed fibrous web
can fyemplecti- FeengratiaisOpRensified Fibrous Material From Bleached

Kraft Board With Binder

Fibrous material was prepared according to Example 2.

A 2 weight percent stock solution of POLYOX™ WSR N10 (polyethylene
oxide)} was prepared in water.

Approximately 1 1b of the stock solution was sprayed onto each 10 Ib of
fibrous material. The fibrous material was densified using a California Pellet Mill
1100 operating at 75 °C. Pellets were obtained having a bulk density ranging from
about 15 Ib/ft’ to about 40 Ib/ft’.

FIBROUS MATERIAL/RESIN COMPOSITES
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absorbent mat material, or it can be transported to a
renote manufacturing site where it is converted into
pellets or chips. The densifed fibrous web materi al
can be 29 a convenient formin which to transport the
fibrous material because of its higher bulk density.
Wi | e enbodi nents have been described in which single
| ayer menbers 312 and 314 are used to forma
densified fibrous material 311, e.g., a conposite, in
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In some embodiments, the thermoplastic resin has a melt flow rate of

between 10 g/10 minutes to 60 g/10 minutes, e.g., between 20 g/10 minutes to 50
/10 minutes, or between 30 g/10 minutes to 45 g/10 minutes, as measured using
ASTM 1238.

In some embodiments, compatible blends of any of the above thermoplastic
resins can be used.

In some embodiments, the thermoplastic resin has a polydispersity index
(PDI), i.e., a ratio of the weight average molecular weight to the number average
molecular weight, of greater than 1.5, e.g., greater than 2.0, greater than 2.5, greater
than 5.0, greater than 7.5, or even greater than 10.0.

In specific embodiments, polyolefins or blends of polyolefins are utilized as

the thermoplastic resin.
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FI BROUS MATERI AL/ RESI N COMPCSI TES 30 0 Conposites
i ncl udi ng any of the above di scussed fibrous materials
(including the densified fibrous naterials) or blends
of any of the above fibrous materials, e.g., the
first 12 or second fibrous material 14, and a resin,
e.g., a thernoplastic resin or a thernosetting resin,
can be prepared by conbining the desired fibrous
material and the desired resin. The desired fibrous
mat eExamhpleasr thermasening Resthsvintlhdd hatucesibbeributadiene-rubber
e.g., by mxing the fibrous nmaterial and the resin in
ang Pobyaretianss- or ot her mixer. To formthe conposite, the
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nmolecul ar wei ght, of greater than

finiklaes p@ss)blegvlétame}ded patts, 2.5, gl@qsgﬁpeqhés and/orgﬁmsh%s substannally
devoid of visible speckles, when this is desired.

During the forming of the composite, a chemical foaming agent, e.g., an
endothermic or exothermic foaming agent, can be used, and/or a gas, e.g., nitrogen
or carbon dioxide, can be injected into the mixture. This can be advantageous when
large cross-section articles are formed, e.g., to prevent sinking, to reduce part density
and/or to reduce cooling time. Chemical foaming agent are available from Clariant

Corporation, e.g., under the tradename HYDROCEROL®.

ADDITIVES
Any of the following additives can added to the fibrous materials, densified

fibrous materials and composites described herein. Additives, e.g., in the form of a
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than 5.0, greater than 7.5, or even greater than 10.0.
I n specific enbodi nents, polyol efins or blends of

pol yol efms are utilized as the thernoplastic resin.
31 Examples of thernosetting resins include natura
rubber, butadi ene-rubber and pol yuret hanes.

Cenerally, the fibers of the fibrous materials can
have a relatively |large average |ength-to-dianeter
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When described additives are included, they can be present in amounts,
calculated on a dry weight basis, of from below 1 percent to as high as 80 percent,
based on total weight of the fibrous material. More typically, amounts range from
between about 0.5 percent to about 50 percent by weight, e.g., 5 percent, 10 percent,
20 percent, 30, percent or more, e.g., 40 percent.

Any additives described herein can be anapsulated, e.g., spray dried or
microencapsulated, e.g., to protect the additives from heat or moisture during

handling.
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Corporation, e.g., under the tradenane HYDROCERCL(r).
ADDI TIVES Any of the followi ng additives can added to
the fibrous materials, densified fibrous materials

and conposites described herein. Additives, e.g., in
the formof a 32 solid, a liquid or a gas, can be
added, e.g., to the conbination of a fibrous materi al
and resin. Additives include fillers such as cal cium
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bel owcdn BEESRALagkOusAE ald GRc@s oBGaganeewithe fibrous materials,

densified fibrous or composites. For example, it can be advantageous for the

composites smell and/or look like natural wood, e.g., cedarwood. For example, the
fragrance, e.g., natural wood fragrance, can be compounded into the resin used to
make the composite. In some implementations, the fragrance is compounded
directly into the resin as an oil. For example, the oil can be compounded into the
resin using a roll mill, e.g., a Banbury® mixer or an extruder, e.g., a twin-screw
extruder with counter-rotating screws. An example of a Banbury® mixer is the F-
Serics Banbury® mixer, manufactured by Farrel. An example of a twin-screw

extruder is the WP ZSK 50 MEGAcompunder ™, manufactured by Krupp Wemer &
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based on total weight of the fibrous nmaterial. Mre

typically, anpbunts range from between about 0.5

percent to about 50 percent by weight, e.g., 5

percent, 10 percent, 20 percent, 30, percent or nore,

e.g., 40 percent. Any additives described herein can

be encapsul ated, e.g., spray dried or

m croencapsul ated, e.g., to protect the additives from

heat or noisture during handling. 33 The fibrous
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fragrance to the fibrous materials, densified fibrous

lignocelbripsis fibrus materialsy athet Slletsmayze used ftvasingdeus f or

cotrrt]posnes. For example, inorganic fillers such as calcium carbonate (e.g.,

precipitated calcium carbonate or natural calcium carbonate), aragonite clay,
orthorhombic clays, calcite clay, rhombohedral clays, kaolin, clay, bentonite clay,
dicalcium phosphate, tricalcium phosphate, calcium pyrophosphate, insoluble
sodium metaphosphate, precipitated calcium carbonate, magnesium orthophosphate,
trimagnesium phosphate, hydroxyapatites, synthetic apatites, alumina, silica xerogel,
metal aluminosilicate complexes, sodium aluminum silicates, zirconium silicate,
silicon dioxide or combinations of the inorganic additives may be used. The fillers
can have, e.g., a particle size of greater than 1 micron, e.g., greater than 2 micron, 5

micron, 10 micron, 25 micron or even greater than 35 microns.
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conposites snell and/or |ook |ike natural wood, e.g.,
cedarwood. For exanple, the fragrance, e.g., natural
wood fragrance, can be conpounded into the resin used
to nake the conposite. In sone inplenentations, the
fragrance is conpounded directly into the resin as an
oil. For exanple, the oil can be conpounded into the
resin using a roll mll, e.g., a Banbury m xer or an
extruder, e.g., a twin-screw extruder with
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C rbor&ate r natural caLcd um.carg_onat %‘),., aragonite
MEINDLLS, dOOrs, § utters, awnings, shades, signs, frames, window casings,

backboards, flooring, tiles, railroad ties, trays, tool handles, stalls, films, wraps,
tapes, boxes, baskets, racks, casings, binders, dividers, walls, mats, frames,
bookcases, sculptures, chairs, tables, desks, toys, games, pallets, wharves, piers,
boats, masts, septic tanks, automotive panels, computer housings, above- and
below-ground electrical casings, furniture, picnic tables, benches, shelters, trays,

hangers, servers, caskets, book covers, canes, crutches, house wares and structures.

RADIATION CROSSLINKED COMPOSITES
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equipment is connected to experimental block 440. The operator then leaves the

containment chamber 402, passing through the maze entranceway 404 and through
the lead-lined door 406. The operator mans a control panel 442, instructing a
computer to lift the radiation sources 408 into working position using cylinder 441
attached to a hydraulic pump 444,

In embodiments in which the irradiating is performed with electromagnetic
radiation {e.g., as above), the electromagnetic radiation can have, e.g., energy per
photon (in electron volts) of greater than 107 eV, e. g., greater than 10°, 10%, 10°, 105,

or even greater than 107 eV. In some embodiments, the electromagnetic radiation
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menbers, doors, shutters, awnings, shades, signs,
frames, w ndow casi ngs, backboards, flooring, tiles,
railroad ties, trays, tool handles, stalls, films,
wraps, tapes, boxes, baskets, racks, casings,

bi nders, dividers, walls, mats, franes, bookcases,
scul ptures, chairs, tables, desks, toys, ganes,
pal | ets, wharves, piers boats, nasts, septic tanks

aut onoti ve panels nfqter housi ngs, abo
h%@neﬂ&y@pbnhmorep%mﬁ 0"@ndilfgs;s- :fh?t‘m@ﬁldroe ancbw;m\é The

et RS REAANRS SIENES RequbAGYST ¢ £ BAAREan 0146/ Srcater

overs, can use ‘wares

thad 1 0C thigy 88, 10%1112?-;& %@%&ﬂh&lﬁﬂi@z i Q—"@Vlﬂ(ﬂrﬂgﬁnB&hments,
Referring to Fj radi ati on_cross-|j.nked

&sl?ﬁ'a%me&eﬂea%h%@nrmaé fregueney op petvisspPniang 197 ek Bus

beiBL&l 12 1ol Bt pg Ncl udes discrete fibers with a
radiation cross- linkable resin, e.g., a thernoplastic

r esiIn spmegmbodinkngs) arbehmn off Ielmtrom is upal asphopiationsourta
prOV|de a f| rous nma erl ross l.inkable resin

l?ﬁiﬂs&ﬁ“ TRENFHES %?Toaraﬂc EERFrPIQTe casgads
ge%ﬁﬁ&ﬁlg Efrah%ﬁh&" geaeﬁtcﬁtm&& renér%ﬁz lhOceMra@fSRiRh sédﬁﬁﬁlg%ystem

a standard “ devi at’i on of fiber l'ength that
low. ayergylageaderaipahwish gﬂmaﬁqa&@dp,drr@emccclfermsaandmmd

fiber |epgth, i br.o t / | i.nkabl
ackgRlory. SERons s B iopti R BpdRl R lsoBics EhORS e 2 oo
coﬁqio@imésg;avin@tr@laﬁva?ﬁuﬁ @ﬂmg@@@@ns Q.4); lessah &g Kiifdh, @gan&s

and is_ irradiated, g@ an 1 onizing radi ati on

th@tao § inchaf.3dneds @r%lﬁclbéﬁ $$ f&lama(yl sli &n sere enbodjmenis, the
a%g)o‘}‘t %1&” naotftﬁeeélﬁéqo%"’\{e*a ail ' n%b‘r)?gl?gh'l\ﬁey%‘ Sboutz 0

resin n spec

Meddmélibn elebﬁoxevmts),wagl fr@mcaibﬁﬁﬁ} 5 MY tdebout 1.5 MeV or from
cross-li_nkabl e reS|n Referring to Figs. 27 and 28, a
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5.0 and 1500.0 kilorads/hour, e.g., between 10.0 and 750.0 kilorads/hour or between
50.0 and 350.0 kilorads/hours.

The radiation cross-linkable resin can be, e.g., a thermoplastic or a thermoset

(e.g., a cast thermoset). For example, the radiation cross-linkable resin can be a
polyolefin, e.g., a polyethylene (e.g., a copolymer of polyethylene), a polypropylene
(e.g., a copolymer of polypropylene), a polyester (e.g., polyethylene terephthalate), a
polyamide (e.g., nylon 6, 6/12 or 6/10), a polyethyleneimine, elastomeric styrenic
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The irradiator is configured to deliver the desired
dose rate and nonitoring equipnent is connected to
experinmental block 440. The operator then | eaves the
cont ai nment chanber 402, passing through the maze
entranceway 404 and through the |ead-lined door 406.
The operator mans a control panel 442, instructing a
conputer to lift the radiation sources 408 into
wor ki ng position using cylinder 441 attached to a
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Wgtzf sontamment systems are possible. While the embodiment of Fig. 27
illustrates irradiation of a composite under ambient conditions, the composite can be
cooled during the irradiation. While the embodiment of Fig. 27 illustrates
jrradiation in normal atmospheric air, irradiation can take place in an inert
atmosphere, e.g., nitrogen or argon atmosphere.

Radiation chemistry is described by Ivanov in “Radiation Chemistry of
Polymers (translation from Russian),” VSP Press BV, Ultrech, The Netherlands,

(ISBN 90-6764-137-5), 1992.
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of at least 0.25 Mad, e.g., at least 1.0 Mad, at

| east 2.5 Mad, at least 5.0 Mad, or at least 10.0
Mad. In sone enbodinents, the irradiating is
performed until the fibrous material/cross-Iinkable
resin conbi nati on receives a dose of between 1.0 Mad
and 6.0 Mad, e.g., between 1.5 Mad and 4.0 Mad. In
some enbodi ments, the irradiating is perforned at a
dose rate of between 5.0 and 1500.0 kil orads/ hour,
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equipment.

The resin can be a thermoplastic or a thermoset. When the resinis a
thermoplastic, it can be, e.g., a polyolefin, such as a polyethylene (e.g., a copolymer
of polyethylene), or a polypropylene (e.g., a copolymer of polypropylene); a
polyester, such as polyethylene terephthalate (PET); a polyamide, such as nylon 6,
6/12 or 6/10; an elastomeric styrenic copolymer, such as a styrene-ethylene-
butylene-styrene copolymer; a polyamide elastomers, such as polyether-polyamide

copolymer; an ethylene-vinyl acetate copolymer; or mixtures of these resin.
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nelt flow rate (MFR) pol ypropyl ene and 50 MFR

pol ypropyl ene. Pol ypropyl enes are available from
Sunoco Chem cal. The crosslinked conposites can

i nclude any or any conbination of the fillers and/or
addi tive disclosed herein. Wile the enbodi nent of

Fig. 27 illustrates a "dry" contai nnent system water
cont ai nnent systens are possible. Wile the enbodi nent
of Fig. 27 illustrates irradiation of a conposite
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The densified fibrous material can be, ¢.g., in the form of pellets or chips or other
geometries having a variety of shapes. The density of the densified fibrous material
can be, e.g., greater than 0,11 g/cm’, e.g., greater than 0.15 g/cm’, greater than 0.20
g/em’, greater than 0.25 g/em’, greater than 0.3 g/em’, greater than 0.4 g/em’,
greater than 0.5 g/cm’, or even greater than 0. 6 g/cm It is desirable to select a
” denSIty such that the densified material “comes apart” under shear and/or heat to
release the fibrous material or agglomerated fibrous material. Generally, it is
desirable that the densified fibrous material have a density of less than 0.9 g/om’.
The fibers of the fibrous materials can have a relatively large average length-

to-diameter ratio (e.g., greater than 20-to-1). The average length-to-diameter ratio of
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is visible beneath the exterior surface of the
conposite when the fibrous material is under the
exterior surface, e.g., a distance of |ess than 0.100
inch, e.g., less than 0.050 inch, less than 0.025
inch, less than 0.010 inch, less than 0.005 inch, |ess
than 0.0025 inch, or a distance of less than 0.001
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If desired, the fibrous material can be colored, e.g., to enhance the strength of

the visual effect. The fibrous material can be colored, e.g., by dying, before
combining with the resin and to form the composites. In some implementations, this
dyeing can, e.g., enhance visibility of the fibrous material in the external surface,
especially large agglomerations of fibrous material.

In some implementations, the resin can be colored, e.g., with a pigment or

dye, to enhance the contrast between the fibrous material (colored or natural) and the



measured usi ng ASTM D1238 at 230 C and 2.16 kg, the
di scl osure of which is hereby incorporated by
reference herein in its entirety. The fibrous materi al
used can be, e.g., a densified fibrous material nade
by application of pressure to a fibrous nmateri al
(optionally having a binder), e.g., by passing the
fibrous material through a nip defined between
counter-rotating pressure rolls or by passing the
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The resin can be a thermoplastic or a thermoset. When the resin is a

thermoplastic, it can be, e.g., a clarified polyolefin, such as a clarified polypropylene
(e.g., a polypropylene copolymer); a polyester, such as polyethylene terephthalate
(PET); an amorphous polyamide; a polycarbonate; a styrenic polymer, such as
styrene-acrylonitrile-copolymer (SAN); a polyacrylate, such as
polymethylmethacrylate (PMMA).

43 °



10.0 percent by weight of the fibrous is fibers having

l ength greater than 2.5 nun. In any of these
situations, e.g., so as not to adversely affect
processability, less than 25 percent by wei ght of the
fibrous material is fibers having a |l ength greater

than 2.5 mm For an opaque or translucent resin
material, the conposite can have, e.g., greater than

20 percent by weight fibrous material, ex?., greater
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aggl onerations of fibrous materi
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~visual effect. Color concentrateS are available from
mEsnfiegiy.. Any of these conposites having certain

visual _attrihbut can include any. of . the addi.tiye

desct oRbiERE %A § B iRpliianii SN B8Rl 6T e
congdshehdveraRtivelydow céatehed Hfitebussiiaieasl, e gl tdys AsantHOSE20

descri bed above. Wen _t he conPosi tes are injection

pegsng Y Weight fibroys prateripb dpsdbarel 1.6 perceteless thap A8 priserieless
PP AL o topeRnL PR 06 ERITRRILG SABIAL
thmo?.Shpewent, brrevendedsshak! percertrbytwdglsfitrapemakritln e relatively
lo{ve | nﬁg%&r%%ﬂ}g\@%%i ’tlfl)lp%ssbt‘l?nrom. %ﬁencgrﬁgog}tg Isc(‘):’ B}a't m§§§e§ E)% 'n9
fibrous material can be seen inside the composite.

Referring to Fig. 32, a resin/fibrous material composite can have an inner
portion 610 that includes a first resin that has substantially no fibrous material and
an outer portion 612 that includes a second resin that surrounds the inner portion and
that includes substantially all of the fibrous material. Such a composite can be
made, e.g., by co-molding or co-extrusion. Any of the above described fibrous
materials or additives can be used in preparing such a composite. Such composites
can be formed in any of the shapes described above. The first and second materials
can be the same or different, and can be, e.g., any of the resins described above.

Referring to Fig. 33, a transparent resin/fibrous material composite can have

an inner portion 620 having a first resin and substantially all of the fibrous material
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"speckl ed" conposites can be prepared by formng a
conposite 600 by conpressing a nolten resin against a
nol d 602 having a cool ed surface 604, and then

denol ding the fornmed conposite 600. In sone

i npl enentations, the conpressing is perforned against
a nold surface having a tenperature of I ess than 100
C, e.g., lessthan 75 C, less than 50 C, less than 25
C, or less than 15 C. Still other conposites having

ardin®ier ploHEHSH m@uﬁbu@daﬁ? fiftiihdeipogtion Isvilg a oopEresinemd
and desirabl e nechanic fropertles |n%%udipa
havingsbsteetinllymeshibrounmateriak  Apoefstherabsei fibgons
PR U180 el W A RSG50 B RRE S
co@ieisd daﬁ&oe&omﬁmﬁmﬂy efithershapas dasm‘zbad fabdoreo UBhe firsttandi al
are_ combi ned %o prOV|de transpare reS|n/f rous
SCREARIR S G P T B OB AT FID S B i a0 of (e Rétins
dJs@ElBéa/efbbp ous materi al conbl nation is conpressed,

g., Inan extruder or in an a nold, to prOV|de t he
c 0 rrpAsuutnber Jfeenbodéments havedeen dbmbnd)pNamrth@k@% Ffa\"’ﬂI be

t her no e resin

etk qpBi e fiiea syt o ade WiHBR 8Pitife ol h@Gpirit

aRICY P @tpdrﬂa RRRntideE- &eoorcﬁn?ﬁ' OfRErQRHJARBert O RIS Jtie sRope of
pol yester, such as pol yethyl ene terephthalate (PET);

thaﬁﬂknﬁnghbhsﬁpolyanide, a pol ycarbonate; a styrenic
pol ymer, such as styrene-acrylonitrile-copol yner
(SAN); a polyacrylate, such as pol ynethyl net hacryl ate
(PMW). 43 darifying agents for polyolefins are
avail able from M I liken Chem cal under the trade nane
M LLAD(r), e.g., MLLAD(r) 3988. Carified polyolefin
colorants are also available fromMIIliken Chem cal
under the trade nane CLEARTINT(r). To enhance the
effect with a transparent resin, it is often desirable
that the resin have a spectral transm ssion of
greater than 60 percent, e.g., greater than 65
percent, greater than 70 percent, greater than 75
percent, greater than 80 percent, greater than 85
percent, or even greater than 90 percent. In addition,
it is also often desirable for the resin to have a
haze of less than 40 percent, e.g., less than 35
percent, |ess than 30 percent, |ess than 25 percent,
| ess than 20 percent, less than 15
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percent, or even |less than 10 percent. Both spectra
transm ssion and haze are neasured using ASTM
D1003-92, which is hereby incorporated by reference
herein in its entirety. To enhance the effect with a
transparent resin, it is often desirable that the
conposite have a relatively | ow content of fibrous
material, e.g., |less than about 20 percent by wei ght
fibrous material, less than 17.5 percent, |less than 15
percent, less than 12.5 percent, |less than 10

ClpgiMgnt, less than 7.5 percent, |less than 5 percent,
less than 2.5 percent, or even less than 1 percent by
wei ght fibrous material. Arelatively |ow fiber

1. QOREMBE oAnhG fibldb nateRiah AsSmEth6® bi@hprisiey: conposite so
that masses of fibrous material can be seen inside

t he skagnipa fiber, soREse & prowide pdirst; fprousomatgnglaand, i pr ous
mat oriq) | AN QuBR 2 FRA SEreePRivideOR Adet hat
inc?%%@%t%9?¥?§?%§%§?ﬁﬂ?hat“E@g §ub§?%nt[aﬁ?§'no ¥
opériihy Smsofiniemiradr lessq!/1amebud.862 pipeh)ito prayide atdgeand fibrous
hg&#udes a second resin that surrounds the inner
ion and that includes substantially all of the
fibrous material. Such a conposite can be nmde, e.g.,
by co-nol ding or co-extrusion. Any of the above )
2. s Er9 T FI3HR 3y S ARROBHIITG CHFINg s {I‘va SQUTESPrIIdo sheaging
j ing such a conposite. Such conposites can be
'm%%#ﬁéﬁﬂ?% any of the shapes described above. The first
and second materials can be the sane or different,

d can be,.e.q...any .pf the resi.ns..: ' Ve,
s 308 e o el SRURE LR o200 S s
thafel, BY thitd (1321TRES D08 1 XsiRciklave  an inner portion 620
having a first resin and substantially all of the

fibrous material 44 and an outer portion 622 _
4. THE RN JFQ1a4RG, WRAGHM tH<9§Heb1Qﬁ% RPEHBANSE B D Rftark REIfA cutter.
and having substantially no Tibrous material. Any of
t he above described fibrous materials or additives
n_b sed, W t.h j ' 0. ite
5. SRERRTRR Sl doWIB SR b b RERB 0SBl @ o HRIRATh b Bin
halag @ prdyade bilowaonmTing afiospherenaesseecond naterial s can
be the sane or different, and can be, e.g., any of the
resins described above. A nunber of enbodi ments have

6. ABE MARATrIchad 1, Newer dodfrRig shédringithd sddénd fibrous material.

7. The method of claim 1, further comprising shearing the second fibrous material, and

passing the resulting fibrous material through the first screen.
8. The method of claim 1, further comprising shearing the second fibrous material, and

passing the resulting fibrous material through a second screen having an average

opening size less than the first screen to provide a third fibrous material.
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under stood that various nodifications my be made
W t hout departing fromthe spirit and scope of the
i nvention. Accordingly, other enbodinments are within
the scope of the following clains. 45 CLAIMS 1. A
met hod of making fibrous material, the nethod
conprising: shearing a fiber source to provide a first
fibrous material; and passing the first fibrous
material through a first screen having an average
opening size of 1.59 mmor less (1/16 inch, 0.0625

9, iThemjethaml gfictannde whesaconto bf &r anesagehengtr-foadiameter rAHe of the

nmet.hod of claim1, further conprising.c i
seqtrgdiprug ettt et RRHT R e i g b Jd Dou
matéel iEb&qeaof scl aim 1, wherein the average opening
size of the first screen is less than 0.79 nm (1/32
inch, 0.03125 inch). 4. The method of claim1, wherein
t FreIR ' i ' fegibl
R S i s e
thioaglea sexbnd scresol Hapngad average dpieningisieeilesg than phefist soeeen.
bel ow nom nal at nospheric pressure. 6. The method of
claim1, further conprising shearing the second
11f e edeshodrirelaimll, whercihhtie stRbfigare pasding are berférmretiher
conprising shearing the second fibrous material, and
copas®nty the resulting fibrous material through the
first screen. 8. The nethod of claim1l, further
conprising shearing the second fibrous material, and
12p e imothadhed clags U wherginfantsverage tengtrtpaliamateragtihotzhe second
second screen hayin n average opening size |less
1ﬂ¥ﬂ§ﬂngﬂb f%?@?mgﬁ eg%ﬂto provide a third fibrous
material. 46 9. The nethod of claim8, wherein a ratio
of an average.length-to-dianeter ratjo the second
137 T POIER S 2, S DS FEGAT S i amet or
ratio of the third fibrous material is Iess than 1.5.
10. The nethod of claim1, further conprising passing
14 Ale swthnddbflabn duwherginghs an average fiber length of thesecond fibrous

material is between 0.5 mm and 2.5 mm.

15. The method of claim 1, wherein the an average fiber width of the second fibrous

material is between 5 um and 50 pm.

16. The method of claim 1, wherein a standard deviation of a length of the second
fibrous material is less than 60 percent of an average length of the second fibrous

material.

17. The method of claim 1, wherein a BET surface area of the second fibrous material

is greater than 0.5 m?/g.
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t hrough a second screen having an average openi ng size
| ess than the first screen. 11. The nmethod of claim
1, wherein the shearing and passing are perforned
concurrently. 12. The method of claim1l1l, wherein an
average length-to-dianmeter ratio of the second
fibrous material is greater than 10/1. 13. The nethod
of claim 12, wherein the ratio is greater than 25/1.
14. The method of claim1, wherein the an average
fiber length of the second fibrous material is
18haherthod.of claim Afgwiersin thm suifce Fbeis getaterthanfl. GmAiem 1,
wherein the an average fiber width of the second
fibrous material is between 5 mand 50 m 16. The
1oMhB ettt of bRin lwhybiRrGiotosity of eRRdacchd didvduatohadriadis greater
l ength of the second fibrous material is Iess than 60
thagell0gwrenbf an average | ength of the second fibrous
material. 17. The nethod of claim1, wherein a BET
surface area of the second fibrous material is
20g Thatethodiodnlaln 3, whiérgin a4dtid 6f arTdverage idngth-tofdiagneienpatiqof the

S B eI sl D e Ry R

m&@e0 ndedsithimous, material is greater than 70 percent.
20. The nethod of claiml1l, wherein a ratio of an

average |length-to-dianeter ratio of the first fibrous

21 mﬁl@ ?r{pdto‘? cfin 3VEhaeH thEfek: réoﬁ.r@f: SirRpRLeh célﬁﬂés% Iﬁﬁteltlil%r

second fibrous haterial is less than 1.5.

a lipabdabldlosfc radterial 1, wherein the fiber source conprlses
a cellulosic material or a lignocellulosic material.
22. The nethod of claim1, wherein the fiber source

22C QAP kriefd off clalme ngwhéreihithefiber seurge comprisees bledé of filds, e.g.,
fronra(Pa per source and %ébers %grlved froma textil

fibegs slesized omg a papegispwse and Hbersflerived fiogye tsxtile;sgyige, £.8- cotton.
wherein the fiber source is derived froma paper

source. 24. A nethod of nmking fibrous material, the
23ndhhogthodmb clagn ﬁgwherem the fiber source is derived from a paper source.

24. A method of making fibrous material, the method comprising:

shearing a fiber source to provide a first fibrous material; and

passing the fibrous material through a first screen to provide a second fibrous
material,

wherein a ratio of an average length-to-diameter ratio of the first fibrous

material to an average length-to-diameter of the second fibrous material is less than 1.5.

25. A method of making a fibrous material, the method comprising:
shearing a fiber source to provide a first fibrous material; and
passing the fibrous material through a first screen to provide a second fibrous

material; and then
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shearing a fiber source to provide a first fibrous
material; and passing the fibrous material through a
first screen to provide a second fibrous mterial,
wherein a ratio of an average |ength-to-dianeter ratio
of the first fibrous material to an average
| engt h-to-di aneter of the second fibrous material is
|l ess than 1.5. 25. A nethod of making a fibrous
material, the nethod conprising: shearing a fiber
source to provide a first fibrous material; and i
pas sheaging e stcdnddibsousahgerial lagain toprgrida afthirdfibroes malgriglo
provi de a second fibrous material; and then 48 0
shearing the second fibrous material again to provide
262 Al fibrots mbRFAUS VIR LA LVahge leBfth-té dlanfat@ wstioaftgesatalthan 5 and
havi ng an average |ength-to-dianeter ratio of .greater
haying 4 SGnd#id deriaian el St el e BaReiSRPBFeIR of il Bjerage
I of less than sixty percent of an average fiber
f“?ﬁ%g?ﬁ: 27. The fibrous material of claim?26, wherein
the average length-to-dianmeter ratio is greater than

10/1...28. The. fi teri ' Lp:
27, e Fera g eh e R gt e Rl b o (BB 1
grebbdrihan29/1. The fibrous material of claim 26, wherein

the average fiber length is between 0.5 mmand 2.5
mm 30. A nmethod of densifying a fibrous material,

28C iR RS ?:iatéi‘ﬁfihﬂgaimt 27, dhki G SverRd Elbhdh-to-Bialielt €dtio is
selecte& romthe group consisting of water soluble

grimterdeans?5/Mat er swel | abl e bi nders, and binders having a
glass transition tenperature of less than 25 C, to
provide a fibrous material-bi nder conbination; and

29C QB Fd ek Rgitdriabof d1Einmo2 6 wiete tha lavéragediiver bamgthi is betivsen 0.6
provide a densified fibrous material having a bulk

migapd 2y MPhat s at | east about two tines greater than
the bulk density of the fibrous material. 31. The
met hod of claim 30, wherein the fibrous materi al

30c dvipethedef densidying p brays material, comprising:

adding, to a fibrous material, a binder selected from the group consisting of
water soluble binders, water swellable binders, and binders having a glass transition
temperature of less than 25 °C, to provide a fibrous material-binder combination; and

compressing the fibrous material-binder combination to provide a densified
fibrous material having a bulk density that is at least about two times greater than the

bulk density of the fibrous material.

31. The method of claim 30, wherein the fibrous material comprises a cellulosic

material or a lignocellulosic material.

32. The method of claim 30, wherein the fibrous material is derived from a paper
source.
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material or a lignocellulosic material. 32. The net hod
of claim 30, wherein the fibrous material is derived
froma paper source. 49 33. The nethod of clai m 30,
wherein the fibrous material -bi nder conbi nation
conprises less than 10 % by wei ght binder. 34. The
nmet hod of claim 30, wherein the densified fibrous
material has a bulk density at |east four tines
greater than the bulk density of the fibrous material.
35. The nethod of claim 30, wherein densification
conprises nechanically conpressing the fibrous
eri al -binder .conhi natj et - Co e
S apergtag ool B AR Mo PpaulPlitad Blbination,
compliséy |edsIhamlteYi byl wealght biteler. at | east in part from
pol ycoated paper to provide a densified fibrous
mat erial having a bulk density that is at |east about
34t Whe nhdtRBRSo AR whiteh thd\@rliflcl fBeRS inia¥er hdshebulk density
fibrous material, wherein densifying conprises heating
at {eastafourtimes sreaterdhasy the bulk dlgngitysd the fibrgys maleriglt hod of
densifying a fibrous material, conprising: adding, to
a fibrous material, a binder selected fromthe group
35¢ Msinkdthoripfefaim\3@t whersinl debsiBcdtion demprisasanaeharseadllyl abl e
bi nder s, d bindetﬁ hayi n Lass transition
compigsaing thy breys magedaly ri%“%n @ provide a fibrous
mat eri al - bi nder conbi nati on, wherein the
fibrous-binder combi nation conprises |ess than 25
360 mhthop of dwifyipg adibrous RTIAHCABIPIFNEY t he fi brous
TBt or | Al hi L - Vi D
11 brosng itk SHfionS RERHARIAR hile Rl Aty BRIl per o
prbeids b dabsifigd fibreustratersal Geeng e bulkivensitytthat ipall lkastigresit two
.of the fjbrou terial., 38. The nethod of claim 37,
UGS EAt Wetg? F’\Slggiﬁ"és 08 s U EPHE on conpri ses | ess

t hanyHeeiabiiifyinp RompHbeshieAER to aIémpRatulhe alRbhSd °af
claim 38, wherein the fibrous-binder conbi nation

conprises | ess
37. Amethod of densifying a fibrous material, comprising:

adding, to a fibrous material, a binder selected from the group consisting of
water soluble binders, water swellable binders, and binders having a glass transition
temperature of less than 25 °C, to provide a fibrous material-binder combination,
wherein the fibrous-binder combination comprises less than 25 weight percent binder;
and

densifying the fibrous material-binder combination to provide a densified
fibrous material having a bulk density that is at least about two times greater than the
bulk density of the fibrous material.

38. The method of claim 37, wherein the fibrous-binder combination comprises less
than 10 weight percent binder.
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than 1 wei ght percent binder. 51

39, The method of claim 38, wherein the fibrous-binder combination comprises less

than 1 weight percent binder.

51



