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IMPROVED THERMAL PROTECTIVE GARMENT
FIELD OF THE INVENTION

This invention relates to protective garments having improved thermally protective

performance while being lightweight.

BACKGROUND OF THE INVENTION

Several occupations require the worker to be exposed to heat and flame. To avoid

being injured while working in such conditions, the workers such as firefighters may wear
protective garments constructed of special flame resistant materials,  The protective
garments may be various articles of clothing, including coveralls, trousers, or jackets. For
example, {irefighters typically wear protective garments that are commonly referred to as
turnout gears. Such protective garments typically comprise four layers of material that
include, from the exterior to the Interior, an outer shell, a moisture barrier, a thermal
nsulator, and a comfort liner. The outer shell layer is typically a woven fabric made from
flame resistant fibers and is provided not only to resist flame, but also lo protect the wearer
against abrasion. The moisture barrier, which is also {lame resistant, is provided to prevent
water from the firefighting environment from penetrating and saturating the protective
garment. The thermal tnsulator is also flame resistant and offers the bulk of the thermal
protection. Normally, the thermal insulator is a nonwoven layer composed of flame resistant
fibers. The comfort liner is a woven fabric, which typically is also composed of flame
resistant {ibers.

Such protective garments, which comprise four layers, are adequately thermal
protective, but relatively heavy. Bulkier garment may bring the wearer {atigue and risk of
heatstroke when the garment is worn in high temperature environments. Furthermore, it is
common for the firefighter to perspire profusely while fighting five due to both the heat of
the environment and the effort exerted by the firefighter in serving his or her duty. This
perspiration is usually absorbed into the comfort liner and the thermal insulator to keep the
firefighter feeling dry. If a large amount of perspiration is absorbed by the comfort liner and
the thermal insulator, the weight of what is already a relatively heavy garment may be
significantly increased. As noted above, this added weight can contribule to heat stress and
general fatigue.

Accordingly, it is desirable to provide protective garments having adequate thermal

protection with the lightest possible material.

SUMMARY OF THE INVENTION

This invention provides a thermal protective garment, in the sequence {rom the exterior

to the interior, comprising:
{a) an outer shell;
{b) a moisture barrier;

{c) a thermal insulator; and
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{d) a comfort liner;
wherein

the outer shell (a) is a woven fabric comprising fibers produced {rom poly(p-phenylene
terephthalamide)  homopolymer,  poly(p-phenylene  terephthalamide)  copolymer,
poly{m-phenylene isophthalamide) homopolymer, poly(m-phenylene isophthalamide)
copolymer, polysulfonamide homopolymer, polysulfonamide copolymer, polybenzimidazole
(PBD), acrylomitrile copolymer, {lame retardant viscose, flame retardant cotton, or a mixture
thereof; and said woven fabric bas a basis weight of about 150-250 g/m”;

the moisture barrier (b) is 2 membrane produced from polytetrafluoroethylene (PTFE),
polyurethane (PU), or a mixture thereof; and said membrane has a thickness of about 10-100
um and a basis weight of about 20-50 g/m’;

the thermal insulator {c) is a nonwoven fabric comprising about 45-95 weight% of
non-meltable staple fibers and about 5-55 weight% of heat settable staple fibers, and said
nonwoven fabric has protuberances and/or indentations and a basis weight of about 50-200
g/mz; and

the comfort liner (d) is at least one layer of a woven fabric or a knit fabric, which
comprises fibers produced {rom poly{p-phenylenc terephthalamide} homopolymer,
poly(p-phenylene  terephthalamide) copolymer, poly(m-phenylene  isophthalamide)
homopolymer,  poly(m-phenylene  isophthalamide)  copolymer,  polysulfonamide
homopolymer, polysulfonamide copolymer, polybenzimidazole, acrylonitrile copolymer,
flame retardant viscose, flame retardant cotton, or a nuxture thereof; and said comfort liner
has a combined basis weight of about 100-200 g/m”.

This invention also provides a method for preparing the thermal insulator (¢} of the
thermal protective garment described above, comprising:

i. providing an essentially flat nonwoven fabric comprising about 45-95 weight% of
non-meltable staple fibers and about 5-55 weighi% of heat settable staple [ibers;

ii. hot-pressing the nonwoven fabric of step (1} using a mold or a roller with three
dimensional pattern at a temperature of above the highest glass transition temperature (Tg)

of the heat settable {ibers, for about 0.1-5 minutes at a pressure of about 0.1-2 MPa.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A shows a cross section view of an embodiment of the present thermal

protective garment 10, which has a layer construction of: (a) an outer shell 11, (b) a
moisture barrier 12, (¢) a thermal insulator 13, and (d) a comfort liner 14, wherein the
thermal insulator 13 has protuberances 131 in contact with the comfort liner 14.

FIG. 1B shows a cross section view of an embodiment of the present therrnal
protective garment 180, which has a layer construction of: (a) an outer shell 11, (b) a
moisture barrier 12, (¢) a thermal insulator 13, and (d) a comfort liner 14, wherein the
thermal insulator 13 has indentations $32 in contact with the moisture barrier 12,

FIG. 1C shows a cross section view of an embodiment of the present thermal

protective garment 10, which has a layer construction of: (a) an outer shell 11, (b) a

2



10

15

20

(32
hn

40

WO 2017/120800 PCT/CN2016/070808
moisture barrier 12, (¢) a thermal insulator 13, and (d) a comfort liner 14, wherein the
thermal insulator 13 has protuberances 131 in contact with the comfort liner 14 and
jndentations 132 io contact with the moisture barrier 12.

FIG. 2A shows a perspective view of a thermal insulator 13 in an embodiment of the
present thermal protective garment, wherein the protuberances 131 exist in arrays of
spherical caps on the thermal insulator 3.

FIG. 2B shows a perspective view of a thermal insulator 13 in an embodiment of the
present thermal protective garment, wherein the protuberances 131 exist in arrays of
spherical caps on the thermal insulator 13 and the indentations 132 exist in arrays of
spherical caps on the thermal insulator 13.

FIG. 3 shows a perspective view of a thermal insulator 13 in an embodiment of the
present thermal protective garment, wherein the indenlations 132 exist in arrays of crosses

on the thermal insulator 13.

DETAILS OF THE INVENTION

All publications, patent applications, patents and other references mentioned herein, if

not otherwise indicated, are explicitly incorporated by reference herein in their entirety for
all purposes as if fully set forth.

Unless otherwise defined, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention
belongs. In case of conflict, the present specification, including definitions, will control.

Unless stated otherwise, all percentages, parts, ratios, etc., are by weight.

As used herein, the term “produced from” is synonymous to “comprising”. As used
herein, the terms “comprises,” “comprising,” “includes,” “including.,” “has.” “having,”
“contains” or “containing,” or any other variation thereof, are intended to cover a non-
exclusive inclusion. For example, a composition, process, method, article, or apparatus that
comprises a list of clements is not necessarily Hmited to only those clements but may include
other elements not expressly listed or inherent to such composition, process, method, article,
Or apparatus.

The transitional phrase “consisting of” excludes any element, step, or ingredient not
specified. H in the claim, such a phrase would close the claim to the inclusion of materials
other than those recited except for impurities ordinarily associated therewith. When the
phrase “consisting of” appears in a clause of the body of a claim, rather than immediately
following the preambie, it limits only the element set {orth in that clause; other elements are
not excluded from the claim as a whole.

The transitional phrase “consisting essentially of” is used to define a composition,
method or apparatos that includes materials, steps, features, components, or elements, in
addition to those literally discussed, provided that these additional materials, steps features,
components, or clements do not materially affect the basic and novel characteristic(s) of the
claimed invention. The term “consisting essentially of” occupies a middle ground between

“comprising” and “consisting of”.
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The term “comprising” is intended to include embodiments encompassed by the terms
“consisting essentially of ™ and “consisting of”. Similarly, the term “consisting essentially
of” is intended to include embodiments encompassed by the term “consisting of”.

When an amount, concentration, or other value or parameter is given as either a range,
preferred range or a list of upper preferable values and lower preferable values, this is to be
understood as specitically disclosing all ranges formed from any pair of any upper range
limit or preferred value and any lower range limit or preferred value, regardless of whether
ranges are separately disclosed. For example, when a range of “1 to 57 is recited, the recited
range should be construed as including ranges “1 to 47, “1 to 37, “1-27, “1-2 & 4-57,“1-3 &
57, and the like. Where a range of numerical values is recited herein, unless otherwise stated,
the range is intended to include the endpoints thercof, and all integers and fractions within
the range.

When the term “about” is used in describing a value or an end-point of a range, the
disclosure should be understood to include the specific value or end-point referred to.

Further, unless expressly stated to the contrary, “or” refers to an inclusive “or” and not
to an exclusive “or”. For example, a condition A “or” B is satisfied by any one of the
following: A is truc (or present) and B is false (or not present), A is false {(or not present)
and B is true (or present), and both A and B are true {(or present).

“Mole%” or “mol%” refers to mole percent.

In describing and/or claiming this invention, the term “homopolymer” refers to a
polymer derived from polymerization of one species of repeating unit.  For example, the
term “poly(p-phenylene terephthalamide) homopolymer” refers to a polymer consisling
essentially one species of repeat unit of p-phenylene terephthalamide.

As used hergin, the term “copolymer” refers to polymers comprising copolymerized
units resulting from copolymerization of two or more comonomers.

As used herein, the term “fiber” is defined as a relatively {lexible, elongate body
having a high ratio of length to the width of the cross-sectional area perpendicular to that
length. The fiber cross section can be any shape such as circular, flat or oblong but is
typically circular. The fiber cross section can be solid or hollow, preferably, solid. Herein,
the term “filament” or “continuouns filament” is used interchangeably with the term “fiber.”
A single fiber may be formed from just one {ilament or from multiple filaments. A fiber
formed from just one f{ilament is referred to herein as either a “single-filament” fiber or a
“ronofilament” fiber, and a fiber formed from a plurality of filaments is referred to herein as
a “multifilament” fiber.

3

As psed herein, the term “yarn” is defined as a single strand counsisting of multiple
fibers. The diameter of fibers is usually characterized as a linear density termed “denier” or
“dtex”; “denier” is the weight in gram of 9000 meters of fiber, and “diex” is the weight in
graro of 10,000 roeters of fiber.

Embodiments of the present invention as described in the Summary of the Invention

include any other embodiments described herein, can be combined in any manner, and the

4
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descriptions of variables in the embodiments pertain not only to the composite laminate of
the present invention, but also to the articles made therefrom.

The invention 15 described in detail herein under.

The thermal protective garment 188 of the present invention comprises in order of: (a)
an cuter shell 11, (b) a moisture barrier 12, {¢) a thermal insulator 13, and (d) a comfort liner
14; wherein the thermal insulator 13 has protuberances 131 in contact with the comfort liner
14 and/or indentations 132 in contact with the moisture barrier 12, as shown in FIG. 1A, FIG.
1B and FIG. 1C.

Cuter shell (a)

In the present invention, the outer shell (a) is typically a woven fabric made from
flame resistant fibers and is provided not only to resist flame, but also to protect the wearer
against abrasion.

The woven fabric for use as the outer shell (a) may comprise fibers produced from
poly{p-phenylene terephthalamide} homopolymer, poly{p-phenylene terephthalamide)
copolymer,  poly(m-phenylene  isophthalamide)  homopolymer,  poly(m-phenylenc
isophthalamide) copolymer, polysulfonamide homopolymer, polysulfonamide copolymer,
polybenzimidazole (PBI), acrylonitrile copolymer, flame retardant viscose, flame retardant
cotton, or a mixture thereof.

Tn one embodiruent, the outer shell {a) is a woven {abric comprising {ibers produced
from poly{p-phenylene terephthalamide) homopolymer, poly(p-phenylene terephthalamide)
copolymer, poly(m-phenylene  isophthalamide) homopolymer, poly(m-phenylenc
isophthalamide) copolymer, or a mixture thereof.,

In another embodiment, the outer shell (a) is a woven fabric comprising {ibers
produced from polyv{(p-phenvlene terephthalamide} homopolymer, poly(p-phenylene
terephthalamide) copolymer, PBI, or a mixture thereof.

In yet another cmbodiment, the outer shell (a) i1s a woven fabric comprising fibers
produced from {lame retardant cotton.

Poly(p-phenylene terephthalamide) homopolymer is resulting from mole-for-mole
polymerization of p-phenylene diamine (PPD) and terephthaloyl chloride (TCl). Also,
poly{p-phenylene terephthalamide) copolymers are resulting from incorporation of as much
as 10 mol% of other diarmnes with the p-phenylene diamine and of as much as 10 mol% of
other diacyl chlorides with the terephthaloyl chloride, provided that the other diamines and
diacyl chlorides have no reactive groups which interfere with the polymerization reaction.
Examples of diamines other than p-phenylene diamine include but not limited to
m-phenylene dianune, or 3.4 -diamunodiphenylether (3,4°-DAPE).  Examples of diacyl
chlorides other than terephthaloyl chloride include but not imited to isophthaloyl chloride,
2.6-naphthaloyl chloride, chloroterephthaloyi chloride, or dichloroterephthaloy! chloride.

As used hercin, the term “p-aramid” refers to poly(p-phenylene terephthalamide)
homopolymers and copolymers.

Poly{m-phenylene isophthalamide) homopolymer is resulting from wole-for-mole

5
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polymerization of m-phenylene diamine and isophthaloyl chloride. Also, poly{m-phenylene
isophthalamide) copolymers are resulting from incorporation of as much as 10 mol% of
other diamines with the m-pheonylene diamive and of as much as 10 mol% of other diacyl
chlorides with the isophthaloyl chloride, provided ounly that the other diamines and diacyl
chlorides have no reactive groups which interfere with the polymerization reaction.
Examples of diamines other than m-phenylene diamine include but not limited to
p-phenylene diamine or 3.4’ -diaminodiphenylether. Examples of diacyl chlorides other than
isophthaloyl chloride include but not limited to terephthaloyl chloride, 2.6-naphthaloyl
chloride, chloroterephthaloyl chloride, or dichloroterephthaloyl chloride.

As used herein, the term “m-aramid” refers to poly(m-phenylene isophthalamide)
homopolymers and copolymers.

Polysalfonamide homopolymers may be resulting from mole-for-mole polymerization
of a diamine such as 4,4’ -diaminodiphenylsulfone (p-DDS) or 3,3"-diaminodiphenylsulfone
(m-DDS), and a diacyl chloride such as terephthaloyl chloride or isophthaloyl chloride.

Polysulfonamide copolymers include, for example. copolymers resulting from a
dimanie such as p-DDS and a mixture of terephthaloyl chlonde and other diacyl chlorides
{(c.g., isophthaloyl chloride); and copolymers resulting from a diacyl chloride such as
terephthaloyl chloride and a mixture of diaroines such as p-DDS, m-DDS, and as much as 10
mol% of other diamine (e.g., p-phenylene diamine, or m-phenylene diamine).

Preferably, polysulfonamide copolymers are derived from p-DDS, m-DDS and
terephthaloyl chloride in a mole ratio of 3:1:4.

As used herein, the term “PSA” refers to polysulfopanude homopolymers and
copolymers.

Polybenzimidazole {(PBI} is a polymer containing benzimidazole moiety. The most
common way of PBI synthesis is to directly condense bis-o-diamine (i.e. a tetramine) and
dicarboxylic acid or its acid derivative.

As used herein, the termy “acrylonitrile copolymer”™ refers to  “modified
polyacrylintrile” that contains 35-85% by weight of acrylonitrile units; and “modified
polyacrylintrile” is synonymous to “modacrylic.” Modacrylic polymer is an acrylonitrile
copolymer obtained by polymerizing acrvlonitrile with other materials, such as vinyl
chloride, vinylidene chloride or vinyl bromide. For example, poly(acrylonitrile-co-vinyl
chloride) is a copolymer between acrylonitrile and vinyl chloride. Although modacrylic
fiber burns when directly exposed to flame, it doesn't melt or drip and is self-extinguishing
when the flame is removed.

The flame retardant viscose or {lame retardant cotton is obtained by incorporating
flame retardants, such as nitrogen containing flame retardants or phosphorus flame retardants,
into viscose or cotton fibers by blending, coating, or grafting methods. These flame
retardant fibers are flame-retardant mainly due to their char-forming property which
prohibits burning of materials made therefrom.

The polymers or copolymers described above can be spun into fibers via solution

6
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spinning, using a solution of the polymer or copolymer in either the polymerization solvent
or another solvent for the polymer or copolymer. Fiber spinning can be accomplished
through a multi-hole spimneret by dry spioning, wet spinning, or dry-jet wel spioning (also
known as air-gap spinning) to create a multi-filament {iber as is known in the art. The multi-
filament fiber after spinning can then be treated to neutralize, wash, dry, or heat treat the
fibers as needed using conventional technique to make stable and useful fibers. Exemplary
dry, wet and dry-jet wet spinning processes are disclosed U.S. Pat. Nos. 3,063,966;
3.227.793; 3,287.324; 3,414,645; 3,869.430; 3.869.429; 3,767,756; and 5,667,743, Method
of producing aromatic polyamide fibers are disclosed in U.S. Pat. Nos. 4,172,93¥; 3,869,429;
3.819.587; 3,673,143; 3,354,127; and 3,094,511, Specific methods of making PSA fibers or
copolymers containing sulfone amine monomers are disclosed in Chinese Patent Publication
No. 1389604A. Fibers produced from flame retardant viscose or {lame retardant cotion can
be made by solution spinning; the flame retardant chemicals are infused before the spinning,
or be treated on the surface of viscose fiber or the surface of cotton {iber.

Aromatic polyamide fibers are commercially available, for example, CONEX®,
TECHNORA®, and TWARON® from Teijin (Japan), APIAIRE® from Unitika, NOMEX
and KEVLAR® from DuPont, TOWALON® from Akzo, HERACRON® from Kolon
Industrics, Inc. (Korea), SYM™ and RUSAR™ from Kamensk Volokno JSC of Russia,
ARMOS™ from JSC Chim Volokuo of Russia, and the like. PSA fiber is conmmercially
available as TANLON™ from Shanghai Tanlon Fiber Co., Ltd. (China). However, the

aromatic polyamide fiber is not himited to these products. PBI fibers are commercially

®

available as Celazole® from PBI Performance Products Inc.  Modacrylic fibers are
commercially available as Kanecaron™ from Kaneka Corporation. Flame retardant viscose
fibers are commercially available as Lenzing FR® from Lenzing Group. Flame retardant
cotton fibers are commercially available from Shenzhen Uprotec Fire Retardant Application
Co. Lid.

The woven fabrics suitable for the outer shell (a} have a phwality of warp varns
running lengthwise in the machine direction, and a plurality of fill yams running
substantially perpendicularly to the warp yarns {i.e., in the cross-machine direction), wherein
cach yarn, which include a plurality of fibers described above, have a preferred hnear density
of from about 220 diex to about 3,300 diex, more preferably {rom about 440 diex to about
2,640 dtex, and most preferably from about 1,100 dtex to about 2,200 dtex. Any weave
construction may be used, for example, such as plain weave, twill weave, satin weave,
basket weave, and the hike. There is not any specific requirement for tightness of the weave;
however, a tight weave is preferred except to avoid extremely tight weaves to avoid damage
of yarn fibers resulting from the rigors of weaving. The woven {abrics suitable for the outer
shell (a) include 17 x 17 counts, 20 x 20 counts, or 34 x 34 counts per square inch.

Woven fabrics for use as outer shell (a) are commercially available, for example,
NOMEX® IIA from Tbena Shanghai Technical Textiles Co., Lid., PBI Matrix™ from PBI

Performance Products Inc., and the like.

-1
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In one embodiment, the woven {abric for use as the outer shell {a) has a basis weight of
about 150-250 g/m’, or about 180-220 g/m”,

Moisture barrier (b)

In the present invention, the moisture barrier (b) is provided to prevent water from the
firefighting environment {rom penetrating and saturating the garment, and to permit the
moisture vapor, such as water vapor of perspiration, to pass there through.

The moisture barrier (b) of the invention may be a membrane comprising or produced
from polytetrafiuoroethylene (PTEE), polyurethane (PU), or a mixture thercof.

The membrane for use as the moisture barrier (b) may have micro pores that permit
moisture vapor to pass through, but block liguids (such as liquid water) from penetration,
wherein the size of the pores ranges from about 0.01 um to about 10 ym, or about 0.1 pm to
about 8 wmy the porosity (i.c., the percentage of open space in the volume of the micro
porous membrane) ranges {rom about 50% to about 99%, or from aboul 70% to about 95%.

In one embodiment, the moisture barrier (b} is a membrane comprising or produced
from PTFE, and said membrane has a thickness of about 20-50 um and a basis weight of
about 20-50 g/m”.

Membranes described above are commercially available, for example, DENTIK® from
Ningbo Dentik Fluor Material Co., Ltd,, GORE-TEX® or CROSSTECH® from W. L. Gore

& Associates, Inc., and the like.

Thermal insulator (&)

In the present invention, the thermal insulator (c) is a nonwoven fabric comprising
about 45-95 weight% of non-meltable staple {ibers and about 5-55 weight% of heat settable
staple fibers, and said nonwoven fabric has protuberances and/or indentations.

As used herein, the term “non-meltable staple fibers” means ibers that do not mell
before decomposing, and the term “heat setiable staple {ibers” means {ibers having a melting
point of from about 70°C to about 350°C, or from about 100°C to about 280°C and a glass
transition temperature (Tg) of from about 40°C to about 160°C, or from about 50°C to about
HO°C. Tg can be determined according to ASTM D 3418 by Differential Scanning
Calorimetry (DSC).

Representative non-meltable staple fibers useful for practicing the invention include
fibers produced {rom poly(p-phenylene terephthalamide) homopolymer, poly(p-phenylenc
terephthalamidey  copolymer,  poly(m-phenylene  isophthalamide)  homopolymer,
polytm-phenylene isophthalamide) copolymer, or a mixture thereof. Representative heat
settable staple fibers wseful for practicing the invention include fibers produced from
polyester, e.g., polycthylene terephthalate (PET), polyamide, e¢.g. .  polyanude 66,
polyphenylene suifide (PPS), or a mixture thereof.

Non-meltable staple fibers described above are commercially available, for example,
NOMEX® and KEVLAR® from DuPont; heat settable staple fibers described above are also

. . e @ . .
commercially available, for example, Tairilin® polyester fiber from Nanya Plastics
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Corporation, Dacron® polyester fiber from Invista Co., Torcon® PPS fiber from Toray
Industries Inc., and polyamide 66 fiber from Invista Co.

The non-meltable staple {ibers and the heat settable staple fibers used herein each
independently have a linear density of from about (.5 diex to about 10 diex, or a diameter
ranging from about 1 um to about 50 ym, and a length of from about 5 mm to about 100 mm.

In onc embodiment, the nonwoven fabrics for use as the thermal insulator (c)
comprising about 45-95 weight% of non-meltable staple fibers and about 5-55 weight% of
heat settable staple {ibers; or about 50-90 weight% of non-meltable staple fibers and about
10-50 weight% of heat settable staple fibers; or about 55-85 weight% of non-meltable staple
fibers and about 15-45 weight% of heat settable staple fibers.

In another embodiment, the nonwoven fabrics for use as the thermal msulator (¢}
comprising about 45-95 weight% of non-meltable staple fibers produced from
poly{(p-phenylene terephthalamide) homopolymer and about 5-55 weight% of heat settable
staple fibers produced from polyester, polyamide, PPS, or a mixture thereof.

In one embodiment, the nonwoven fabrics for use as the thermal insulator (¢) has a
basis weight of about 30-200 g/m”, and a thickness of from about 0.5 mm to about 20 mm.

The nonwoven fabrics for use as the thermal insulator (¢} have protuberances and/or
ndentations on its surface. Supposed one views the inventive thermal profective garment
from the side view, if the protuberances are in contact with the comfort liner (d); they are
recognized as “protuberances’; whereas if the protuberances are in contact with the moisture
barrier (b}, then they are recognized as “indentations.” The number of protuberances and/or
indentation ranges from about 40 to about 1000 per square meter, or from about 70 to about
700 per square weter, or {rom about 100 to about 400 per square meter. Each protuberance
and/or indentation is separated from adjacent protuberance and/or indentation, wherein the
protuberances may have a height of about 1-10 mm as measured from the essentially flat
surface portion of the nonwoven fabric to the highest point of the protuberance; analogously,
the indentation may have a depth of about 1-10 mm as measured from the essentially flat
surface portion of the nonwoven fabric to the lowest point of the indentation.

The protuberances and/or indentations of the nonwoven fabrics for use as the thermal
insulator (¢) exist in arrays ol spherical caps, parallel chaouvels, aliernating blocks, waves,
crosses, stars, capsules, or flower patterns.

As used herein, the term “spherical cap” is a portion of a sphere cut off by a plane. If
the plane passes through the center of the sphere, so that the height of the cap is equal to the
radius of the sphere, then the spherical cap is called a hemisphere.

In one embodiment, the protuberances and/or indentations of the nonwoven fabrics for
use as the thermal insulator {c) are spherical caps, and said each spherical cap has a height of
about 1-10 mm, and an distance to the neighboring spherical cap of about 1-30 mm, as
shown in FIG. 2A and FIG. 2B.

In another embodiment, the protuberances and/or indentations of the nonwoven fabrics

for use as the thermal insulator (¢) are arrays of crosses, and each cross has a length of about
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1-50 mm, a width of about 1-15 mm, and a height/depth of about 1-10 mm, as shown in FIG.
3.

Tn another embodiment, the protuberances and/or indentations of the nonwoven fabrics
for use as the thermal insulator (¢} are arrays of capsules, and each capsule has a height of
about 1-10 mm, and a distance to the neighboring capsule of about 1-50 mm.

Methods for the production of nonwoven {abrics for use as the thermal insulator (¢) are
well known 1o the art. For example, fivstly mixing the non-meltable staple fibers and the
heat settable staple fibers, then by the method of thermal bonding, needle-punching, or
water-punching the mixture of staple {ibers at a suitable pressure, so as to adhering the staple
fibers to cach other.

The protuberances and/or indentations of the nonwoven fabrics for use as the thermal
nsulator {¢) may be prepared by hot-pressing the essentially {lat nonwoven fabrics in a mold
or a roller with three dimensional patterns at a suitable pressure and a temperature of above
the highest glass transition temperature (Tg) of the heat settable fibers when there are more
than one kind of heat settable {ibers.

in one embodiment, the nonwoven f{abrics for use as the thermal insolator {¢) are
preparcd by a method comprising:

i. providing an essentially flat nonwoven {abric comprising about 45-95 weighi% of
non-imeltable staple fibers and about 5-35 weight% of heat settable staple fibers;

1. hot-pressing the nonwoven fabric of step (i) using a mold or a roller with a three
dimensional pattern at a temperature of above the highest Tg of the heat settable fibers, {or

about 0.1-5 minutes at a pressure of about 0.1-2 MPa, or about 0.2-1 MPa.

Comfort Hner (d)

The comfort hiner (d) is at least one layer of a woven fabric or a knit fabric, which
comprises fibers produced from poly{p-phenylenc terephthalamide} homopolymer,
poly(p-phenylene  terephthalamide) copolymer, poly(m-phenylene  isophthalamide)
homopolymer,  poly(m-phenylene  isophthalamude)  copolymer,  polysulfonamide
homopolymer, polysulfonamide copolymer, polybenzimidazole, acrylonitrie copolymer,
flame retardant viscose, flame retardant cotton, or a mixture thereof; and said comfort liner
has a combined basis weight of about 100-200 g/m”.

In one embodiment, the comfort liner (d) is a woven {abric, which comprises {ibers
produced from poly(m-phenvlene isophthalamide} homopolymer, poly(m-phenylene
isophthalamide) copolymer, flame retardant viscose, or a mixture thereof.

In another embodiment, the comfort liner (d) is a woven fabric, which comprises fibers
produced [rom poly{p-phenviene terephthalamide) homopolymer, poly(p-phenylene
terephthalamide) copolymer, poly{m-phenylene isophthalamide} homopolymer, poly(m-
phenylene isophthalamide) copolymer, acrylonitrile copolymer, or a mixture thereof;

Woven fabrics for use as the comfort liner (d) arc commercially available, for cxample,
TV 120 from Ibena Textile Shanghai Co. China.

Preparation of the thermal proteciive garment
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The thermal protective garment 184 of the present invention comprises in order of: (a}
an outer shell 11, (b) a moisture barrier 12, {¢) a thermal insulator 13, and (d) a comfort liner
14, as shown in FIG. I{a), FIG. 1(b) and FIG. 1{c).

As used herein to describe the structure of a thermal protective garment, the /7 is used
to separate each distinctive layer with the adjacent layer(s) therein. Therefore, the structure
of the present thermal protective garment may be represented as a/b/c/d.

There is no special restriction on method for preparing the thermal protective garment
in the present invention, and it can be any conventional known method in this field. For
example, the method may comprises laying (a) an outer shell, (b} a moistare barrier, (¢) a
thermal insulator, and (d) a comfort liner in sequence of a/b/c/d to form an assembly,
wherein the protuberances may exist on a surface of the thermal insulator {c) in contact with
the moisture barrier (b), or exist on another surface of the thermal insulator (¢} in contact
with the comfort liner (d), or exist on both surfaces, then stitching or quilting the assembly to
obtain a thermal protective garment.

As noted previously, it is desirable to provide adequate thermal protection for a
firefighter with the lightest possible thermal protective garment to reduce the burden on the
firetighter. The thermal protective performance (TPP) of the present thermal protective
garment 1s evaluated by the heat transfer through thermal protective garment when exposed
to {lash fire conditions, according to the method published in NFPA 1971: Standard on
Protective Ensemble for Structural Fire Fighting. 2000 edition, and recorded in “calfem™.
To exclude the basis weight factor of the thermal protective, an Fabric Failure Factor (FFF)
value may be used for comparison, which is obtained by dividing the TPP value (cal/cm?) by
the basis weight of the garment (in g¢/m®. FFF value allows {or an objective comparison
between thermal protective materials on an cqual basis. High FFF value indicates high
thermal protection per unit weight.

The goal of providing thermal protective garmeots baving adequate thermal protection
with the lightest possible weight can be achieved by providing a patterned thermal insulator
{(c) having surface protuberances and/or indentations that form air gaps to trap air between
the thermal insulator (¢) and the adjacent layers, 1.2, the moisture barrier {(b) and the comtort
hner {d). When provided, these aiv gaps frap ar 50 as o provide an increased insulation
effect. Due to the absence of material in these air gaps, inproved thermal prolection can be
provided with less material and, therefore. fess weight, The thermal protective garment of
the present invention exhibits a 10% or more, preferably 15% or more. more preferably 20%
or more wcrease 1 the FEF value, as compared o that of a thermal protective garment
having the same nonwoven {abric for wse as the thermal insulator (¢) withowt the
protuberances and/or indentations.  As a result, the patterned thermal insulator (¢) and the
thermal protective garment made therefrom as a whole. can be lghter withont reducing the
thermal protective performance, or allernatively can be made better o thermal protective
performance without increasing is total basis weight.

Without further elaboration, it is believed that one skilled in the art using the preceding
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description can utilize the present invention to its fullest extent. The following examples are,
therefore, to be construed as merely illustrative, and not limiting of the disclosure in any way

whatsoever,

EXAMPLES
The abbreviation “E” stands for “Example” and “CE” stands for “Comparative
Example” is followed by a number indicating in which example the thermal protective
garment is prepared. The examples and comparative cxamples were all prepared and tested

it 4 sirntlar manner.

Materials

QOuter shell {(al): a woven fabric comprising about 93 weight% m-aramid fibers, about
5 weight% p-aramid {ibers and about 2 weight% anti-static fibers, provided by lbena
Shanghai Technical Textiles Co., Ltd. under the trade name of NOMEX"” HIA, having a
basis weight of abount 208 g/m’.

Outer shell (a2): a woven fabric comprising spun yams composed of about 60 weight%
polybenzimidazole (PBI) staple fibers and about 40 weight% p-aramid fibers, provided by
PBI Performance Products Tuc. under the trade name of PBI Matrix' ™, having a basis weight
of about 210 g/m”.

Quter shell (a3): a woven fabric comprising {lame retardant cotton fibers, provided by
Shenzhen Uprotec Fire Retardant Application Co. Lid., having a basis weight of about 180
g/mz,

Moistare barrier (b1): porous PTFE membrane, provided by Ningbo Dentik Fluor
Material Co., Ltd. under the trade name of DENTIK®, having a basis weight of about 22
g/m’.

Non-meltable staple fiber (f1): staple fibers produced from poly(p-phenylene
terephthalamide) homopolymer, obtained from DuPont under the trade name of KEVLAR®.
The average length of the staple fibers is about 51 mm, the average diameter is about 12 pm,
and the linear density is about 1.5 denier (1.65 dtex).

Heat settable staple fibers (£2): staple fibers produced from PET with Tg of 68°C,
obtained from Nanya Plastic Co. under the trade name of Tairilin®. The average length of
the staple fibers is about 51 mm and the linear density is about 4 denier (4.4 diex).

Hecat settable staple fibers (f3): staple fibers produced from PPS with Tg of 90°C,
obtained from DuPoni. The average length of the staple fibers is about 51 mm and the hinear
density i1s about 1.5 denier (1.65 diex).

Heat settable staple fibers (f4): staple {ibers produced from polyamide 66 with Tg of
90°C, obtained from Thena Textile Shanghai Co. China. The average length of the staple
{ibers 15 about 51 mun and the linear density is 1.5 denter (1.65 dtex).

Comfort liner (d1): a woven {abric comprising varns composed of about 50 weight%
m-aramid {ibers and about 50 weight% of flame retardant viscose fibers, obtained from Ibena
Textile Shanghai Co. China, which has a basis weight of about 120 g/m”.

Comfort liner (d2): a woven fabric comprising varns composed of about 65 weight%
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modacrylic fibers, about 25 weight% of p-aramid fibers and about 10 weight% m-aramid
fibers, obtained from Ibena Textile Shanghai Co. China. which has a basis weight of about
165 g/m”.

Preparing the thermal protective garment assembly of E1-E13 and CEI-CE1D

Step A. Preparing the nonwoven {abric for use as the thermal insulator (¢)
The non-meltable staple fibers and the heat scttable staple fibers were blended with a

g, and the fiber mixture was

specified weight ratio to obtain a fiber mixture of about 2 k
thermal bonding or hydro entangling to obtain an essentially flat nonwoven fabric having a
thickness of about 0.7-1.0 mum, and cut into a square piece of 15 cm x 15 co.

In E1-E13, each nonwoven fabric was put into a steel mold (composed of two 35 cm x
35 em x 1.5 cm stainless steel plates with a three dimensional pattern) and hot-pressing at a
temperature of above the Tg of the heat settable fibers for about 0.1-5 minutes at a pressure
of about (L1-2 MPa to obtain a thermal insulator, i.e., a nonwoven fabric having
protuberances and/or indentations. After hot-pressing, the mold was taken out of the hot-
press machine, the thermal insulator was removed from the mold, and cooled to ambient
temperature. The weight ratio of non-meltable staple fiber and heat settable staple {ibers,
method of preparing the nonwoven fabric, hot-pressing temperature, hot-pressing pressure,
shape and size of protuberances, number of protuberance per square meter, and basis weight

of the nonwoven {abric for use as the thermal insolator were reported in Tables 1-6.

Step B. Preparing thermal protective garmeunt assembly

For each thermal protective garment assembly, {(a) an outer shell, (b) a moisture barrier,
(c) a thermal insulator, and (d) a comfort liner were laid in sequence of a/b/c/d, and then
stitching or quilting together to form various garment asscmbly samples as specified in
Tables 1-6. The “thermal protective garment assembly” is abbreviated as the “TPG

assembly” hereunder.

Test Method

Basis weight: the basis weight of each TP(G assembly sample was determined by
dividing the weight of the TPG assembly by the surface arca of the TPG assembly. The
results were reported in Tables 1-6.

TPP: the TPP value of cach TPG assembly sample was measured according to the
method published in NFPA 1971: Standard on Protective Ensemble for Structural Fire
Fighting, 2000 edition. The results were reported in Tables 1-6.

FFF: the FFF value of each TPG assembly sample was calculated by dividing the TPP
value by the basis weight of the sample. The results were reported in Tables 1-6.

gy

the equation shown below:

AF % = [(FFF,-FFFo)/FFHq] x 100
where FFHg is the FFF value of a reference example; and

FFF, is the FFF value of a comparing example.
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Table 1

Sample ID CEI™ CE2 CE3" £

TP assembly construction . . s . ; ;
. al/blifel/dl al/blic2/dl al/bl/c3/dl al/bl/cdidl
1 order of: a/b/c/d

Thermal insulator {¢) ci c2 c3 cd
Non-meltable staple fiber (weight%) f1:100 £H:100 £1:90 f1:90
Heat settable staple fibers (weight%) 0 0 £2:10 2:10

) ) hydro hydro hydro hydro
Method of preparing the nonwoven fabric ) . . ]

entangling entangling entangling entangling

Hot-pressing temperature {"C) - - - 200
Hot-pressing pressure (MPa) - - - 0.2

spherical cap;
Shape and size of protuberance - - - H™: 3 mim;

0% 7 mm

Number of protuberance/m” - - - 138
Protuberance contacting layer - - {d) (&

Basis weight of thermal insulator (¢} (g/m”) 96 140 60 39

Basis weight of TPG assembly (g/m?) 468 536 420 419
PP ((:aL’sz) 21.5 275 18.1 264
FFF (cal/g) 459 513 431 630
Improvement of FFF (%) - 11.8 - 46.2

T indicates the cornparative example is the reference example used for the FFF improvement calculation
of CE2, “#" indicates the comparative example is the reference example used for the FFF improvement
calculation of E1.

" “H” indicates the height of the spherical cap protuberance; “D” indicates the diameter of the spherical cap
protuberance.

From the results of Table 1, the followings are evident.

Comparison between the TPP and FFF data of CEZ and CE1, the TPG assembly of
(CEZ having a heavier thermal insulator {14.5% heavier than that of thermal insulator CE1)
provided an increase of 27.9% in TPP and 11.8% in FEF than that of the TPG assembly of
CE1l. The results confirmed that a commonly known trend that incorporation of a thicker
thermal insulator (thus heavier insulation) might provide significant increase in TPP,
however, factoring the increased basis weight, it only provided some FFF improvement
{about 12%).

Comparison between the TPP and FFF data of CE3 and E1, the TPG assembly of E1
having a thermal insulator {¢) with the protuberances on the nonwoven fabric provided an
increase of 45.9% in TPP and 46.2% in FFF than that of the garment assembly of CE3
having the sarue nonwoven {abric without the protuberances on the surface for use as the
thermal insulator {¢). The significant TPP and FFF improvements provided by the inventive
thermal protective garment assembly of El clearly can be attributed to protuberances

existing on the surface of the thermal insulator.
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Table 2
Sample 1D CE4%* E2 E3 E4
TPG assembly counstruction o . o
. A al/bi/cs/dl al/bl/c6/dl al/bl/c7/dl al/bl/c8/d1
in order of: a/b/e/d
Thermal insulator (¢} cS ch <7 cB
Non-meltable staple fiber: content o .
o £1:78 f1:78 £1:78 £1:78
(weight%)
Heat settable staple fibers: content
) ! £2:22 £2:22 £2:22 £2:22
{weight%)
Method of manufacturing the hydro hydro hydro hydro
nonwoven fabric entangling entangling entangling entangling
Hot-pressing temperature (°C) - 190 190 190
Hot-pressing pressure (MPa) - 0.2 0.2 0.2
] ] CTOSS;
spherical cap; spherical cap; .
) ) b . Lo 27 marg
Shape and size of protuberance - H™ 4 mmyg H" 4 mm; o
. : W 7 yong;
D 7.0 mm D% 7.0 mm .
H Smm
Number of protuberance/nt - 324 138 77
Protuberance contacting layer - G {d {(d)
Basis weight of thermal insulator )
) 96 101 i1l 87
{g/m)
Basis weight of garment assembly 3 ]
o 456 461 471 447
(g/m™)
TPP (cal/cn™) 213 31.4 30.5 289
FFF {cal/g) 467 681 648 647
Improvement of FEF (%) - 45.8 38.8 38.5

indicates CE4 is the reference example used for the FFF improvement calculation of E2-E4.

® “H” indicates the height of the spherical cap protuberance, “D” indicates the diameter of the spherical cap
protuberance.

©“L” indicates the length of one cross protuberance, “W” indicates the width of one cross protuberance, and
“H” indicates the height of one cross protuberance.

From the results of Table 2, the followings are evident.

Comparison between the FFF data of CE4 and E2-E4, surprisingly, the TPG assembly
of E2-E4 having a thermal insulator {c) with the protuberances on the nonwoven fabric
provided significant increase of 38.5%-45.8% 1o FFF value than that of garment assembly of
CE4. Comparison between the FEF data of E2 versas E3, the TPG assembly of E2 having a
thermal insulator {c) with more protuberances in the same shape and size of spherical caps

on the nonwoven {abric provided a higher FFF value than that of TPG assembly of E3.
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Table 3
Sample 1D CE5™ ES £6
TPG assembly coanstruction . . .
1 order of: a./:b./c/d al/bl/co/di al/bl/clO/dl al/bl/ctl/dl
Thermal insulator () 9 clG ell
Non-meltable staple fiber: content (weight%}) £1:70 f1:70 f1:70
Heat settable staple fibers: content (weight%) £2:30 £2:30 £2:30
Method of manufacturing the ponwoven fabric  thermal bonding  thermal bonding thermal bonding
Hot-pressing temperature (°C) - 260 224
Hot-pressing pressure (MPa) - 0.1 0.2
capsule; spherical cap;

Shape and size of protuberance - H: 6 mm: H" 3 mm;

0% 7.5 mm D" 7.5 mm
Number of protuberance/m’ - 160 160
Protuberance contacting layer - (@) {b) and {d}
Rasis weight of thermal insulator (g/m”) 106 121 i15
Rasis weight of garment assembly {g/m”) 466 4581 475
TPP (cal/em’) 26.2 34.8 314
FFF {cal/g) 562 723 661
Improvement of FEE (%) - 28.6 i7.6

a ey

‘ indicates CES is the reference example used for the FFF improvement calculation.
" “H” indicates the height of the spherical cap protuberance; “D” indicates the diameter of the spherical cap
protuberance.

From the results of Table 3, the followings are evident.

Comparison between the FFF data of CE3 and ES-E6, surprisingly, the TPG assembly
of ES having a thermal insulator (¢) with the protuberances on the nonwoven f{abric, and E6
having the protuberances and indentations on the nonwoven fabric provided respectively,
obvious increase of 28.6% and 17.6% in FFF value than that of the TPG assembly of CES.

in one embodiment of the present invention, the thermal protective garment, in the
sequence from the exterior to the interior, comprises:

(a) an outer shell;

{b) a moisture barrier;

{c} a thermal insulator; and

(d) a comfort liner;
wherein

the outer shell (a) is a woven fabric comprising fibers produced from
poly{p-phenylene terephthalamide} homopolymer, poly{p-phenylene terephthalamide)
copolymer,  poly(m-phenylene  isophthalamide} homopolymer, poly(m-phenylene
isophthalamide) copolymer, or a mixture thereof, and has a basis weight of about 150-250
gl

the moisture barrier (b) 1s a membrane comprising or produced {rom PTFE, and has a
thickness of about 10-100 pm and a basis weight of about 20-50 g/m’;

the thermal insulator (¢) is a nonwoven f{abric comprising about 65-95 weight% of
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non-meltable staple fibers produced from poly{(p-phenylene terephthalamide} homopolymer,

o,

and about 5-35 weight

7o of heat settable staple fibers produced from PET; and said

nonwoven fabric has about 50-3530 protuberances and/or indentations in arrays of spherical

caps, crosses of capsules and a basis weight of about 30-150 g/m”; and

5 The comfort liner (d} is at least one layer of a woven fabric or a knit fabric, which

comprises f{ibers produced from polv{m-phenylene 1sophthalamide) homopolymer, poly(m-

phenylene isophthalamide) copolymer, {lame retardant viscose, or a mixture thereof, and

said comfort liner has a combined basis weight of about 100-200 g/m’.

Table 4
Sample ID CE6™ £7 £8 CE7"” E9 E10
TP construction in . o . . . 4
L al/bl/ci2/dl  al/bi/el3/dl al/fbl/eld/dl [al/bl/ciS/dl  al/bl/cie/dl  al/bl/el7/dl
order of: a/b/c/d
Thermal insulator {¢) el2 cl3 cl4 cis cl6 cl7
Non-meliable staple ] )
3 ] £1:78 f1:78 f1:78 f1:50 f1:50 f1:50
fiber: content (weight%)
Heat settable staple § ] ] ]
] - £3:22 £3:22 £3:22 £3:50 £3:50 £3:50
fibers: content {(weight%)
Method of
. hydro hydro hydro hydro hydro hydro
manufacturing the ) ) ) ) ) )
) entangling entangling entanghinog entanghng entangling entangling
nonwoven fabric
Hot-pressing temperanre
- 200 260 - 230 230
0
Hot-pressing pressure
e - 0.2 0.2 - 0.2 0.2
{(MPa)
i ) spherical cap; spherical cap; spherical cap; spherical cap;
Shape and size of o - ] ) ) . ]
- H” 4 mny; H™ 4 mm; - H": 4 mm; H™ 4 mn;
protuberance b b - ~b . -
D" 7.0 am D" 7.0 mm 2 70mm D 7.0mm
Number of
, 138 324 138 324
protuberance/m”
Promberance contacting
- {d {d - {d} (d)
layer
Basis weight of thermal i )
i , 74 70 86 113 1l 109
insulator (g/m"}
Basis weight of garment
L 434 430 426 473 471 469
assembly (g/m”")
TPP (caliem®) 21.5 26.5 25.9 21.8 29.8 29.5
FEF (calfg) 495 616 608 461 633 629
Improvement of FFF (%) - 24.4 22.8 - 373 36.4

(U

*” indicates CE6 is the reference example used for the FIFE improvement calculation of E7-EB, “#”

indicates CE7 is the reference example used for the FIF improvement calculation of ES-EIG.
T “H” indicates the height of the spherical cap protuberance; “D” indicates the dlameter of the spherical

mold for making the spherical cap protuberance.

From the results of Table 4, the followings are evident.

15 Comparison between the FFF data of CE6 and E7-ES, surprisingly, the TPG assembly
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of E7-E¥ having a thermal insulator (c) with the protuberances on the nonwoven fabric
provided significant increase of 22.8%-24.4% in FFF than that of the TPG assembly of CES6.

Comparison between the FFF data of CE7 and ES-E10, surprisingly, the TPG
assembly of E9-E10 having a thermal insulator (¢} with the protuberances on the nonwoven
fabric provided significant increase of 36.4%-37.3% than that of the garment assembly of
CET7.

In one embodiment of the present invention, the thermal protective garment, in the
sequence {rom the exterior to the interior, comprises:

{a) an outer shell;

(b) a moisture barrier;

{c} a thermal insulator; and

{d) a comfort liner;
wherein

the outer shell (a) is a woven fabric comprising fibers produced from
poly(p-phenylene  terephthalamide) homopolymer, poly{p-phenylene  terephthalamide)
copolymer,  poly(m-phenylene  isophthalamide)  homopolymer,  poly(m-phenylene
isophthalamide) copolymer, or a mixture thereof, and has a basis weight of about 150-250
g/m’;

the moisture barrier (b) is a membrane comprising or produced from PTFE, and has a
thickness of about 10-100 pm and a basis weight of abont 20-50 g/m”;

the thermal insulator (¢} is a nonwoven fabric comprising about 45-85 weight% of
non-meltable staple fibers produced {rom poly(p-phenylene terephthalamide) hornopolymer,
and about 15-55 weight% of heat settable staple fibers produced from PPS, and said
nonwoven fabric has at least about 50, or 70, or 100 protuberances and/or indentations per
square meter in arrays of spherical caps and a basis weight of about 50-150 g/m”; and

The comfort liner (d) is at least one layer of a woven fabric or a knit fabric, which
comprises {ibers produced from poly{m-phenylene isophthalamide) homopolymer, poly(m-
phenylene isophthalamide) copolymer, flame retardant viscose, or a mixture thereof; and

satd comfort liner has a combined basis weight of about 100-200 g/m”.
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Table 5
Sample ID CEg Ell
TPG assembly coanstruction o L ]
1 order of: a./:b./c/d ai/bl/ci8/dl al/bi/cl9/dl
Thermal insulator (¢} iR clS
Non-meltable staple fiber: content (weight%) £1:78 £1:78
Heat settable staple fibers: content (weight%) f4:22 f4:22
Method of manufacturing the nonwoven fabric hydro entangling hydro entangling
Hot-pressing temperature (°C) - 200
Hot-pressing pressure (MPa) - 0.2
Shape and size of protuberance . sphe‘ncai i

H" 3 mny; B°: 8.5 mm

Number of protuberance/m’ - 138
Protuberance contacting laver - (D
Basis weight of thermal insulator (g/m”) 73 64
Basis weight of garment assembly (g/m?) 433 424
TPP (calfem™) 18.1 27
FFF {cal/g) 418 637
Improvement of FFF (%) - 52.4

A i¢ogerd

S indicates CES s the reference example used for the FPF improvement calcalation for ELL
® “H” indicates the height of the spherical cap protuberance; “D” indicates the diameter of the spherical
mold for making the spherical cap protuberance.

From the results of Table 5, the followings are evident.

Comparison between the FFF data of CE8 and E11, the TPG assembly of E11 having a
thermal insulator (¢) with the protuberances on the nonwoven fabric provided significant
increase of 52.4% in FEFF than that of the garment assembly of CES.

In one embodiment of the present invention, the thermal protective garment. in the
sequence from the exterior to the interior, comprises:

{a} an cuter shell;

{b} a moisture barrier;

{c) a thermal insulator; and

(d) a comfort liner;
wherein

the outer shell (a8) is a woven fabric comprsing fibers produced from
poly{p-phenylene terephthalamide) homopolymer, poly{p-phenylene terephthalamide)
copolymer.,  poly(m-phenylene  isophthalamide} homopolymer, poly(m-phenylene
isophthalamide) copolymer, or a mixture thereof, and has a basis weight of about 150-250
g/mzj;

the moisture barrier (b} is a membrane comprising or produced from PTFE, and has a
thickness of about 10-100 pm and a basis weight of about 20-50 g/m”;

the thermal wnsulator {¢) is a nonwoven {abric comprising about 65-95 weight% of
non-meltable staple fibers produced from poly(p-phenylene terephthalamide} homopolymer,

and about 5-35 weight% of heat settable staple fibers produced from polyamide 66, and said
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nonwoven fabric has at least about 50, or 70, or 100 protuberances and/or indentations per
square meter in arrays of spherical caps and a basis weight of about 50-150 g/m”; and

the comfort hiner {d) 1s at least one layer of a woven fabric or a knit fabric, which
comprises fibers produced from poly(m-phenylene isophthalamide) homopolymer, poly{m-
phenylene isophthalamide) copolymer, flame retardant viscose, or a mixture thereof; and

said comfort liner has a combined basis weight of about 100-200 g/m”.

Table 6
Sanple 1D CEY™ E12 CEL10™ £13
TPG assembly construction in order of: o . ) o
) a2/bl/c20/dl  a2/bl/ic2i/dl a3/bl/c22/d2 a3/bl/c23/42
a/blcid
Thermal insulator {¢) 20 21 c22 c23
Non-meltable staple fiber: content . L . o
] £1:78 fi:78 £1:78 £1:78
(weight%)
Heat settable staple fibers: content ]
o £2:22 £2:22 £2:22 £2:22
(weight%)
Method of manufacturing the nonwoven hydra hydra hyvdro hydre
fabric entangling entangling entangling entangling
Hot-pressing temperature (°C) {80 196
Hot-pressing pressure (MPa) - 0.3 - 0.3
CEOSS; Cross;
. ) L 27 mm Lo 27 o
Shape and size of protuberance - . - N
W77 mimyg W 7 mim;
H" 5 mm H 5 mm
Nurmber of protuberance/m’ 138 138
Protuberance contacting layer - (b) - ()
Basis weight of thermal insulator (g/m®) 96 105 G0 103
Basis weight of assembly (g/m”) 456 465 450 463
TPP (caliem®) 16.6 24.1 14 18.8
FEF (cal/g) 364 518 3 406
Taprovement of FFF (%) - 423 - 30.5

644457

? e indicates CEGs the reference example used for the FFF improvement calculation of E12, “#7 indicates
CE10 is the reference example used for the FFF improvement calculation of E13.

“L” indicates the length of one cross protuberance, “W” indicates the width of one cross protuberance,
“H’" indicates the height of one cross protuberance.

i
[

Fror the results of Table 6, the {oHowings are evident.

Comparison between the FFF data of CEY and E12, the TPG assemnbly of E12 baving a
thermal insulator (c) with protuberances in contact with the moisture barrier (b). i.ec.
indentations, provided a significant increase of 42.3% in FFF than that of the garment
assembly of CHY9. Comparison between the FFF data of CE10 and E13, the TPG assembly
of E13 having a thermal insulator (¢} with protuberances 1n contact with the moisture barrier
(b}, i.c. indentations, provided s significant increase of 30.5% in FFF than that of the TPG
assembly of CELO.

In one embodiment of the present invention, the thermal protective garment, in the
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sequence from the exterior to the interior, comprises:

(a) an outer shell;

{b) a moisture barrier;

{c} a thermal insulator; and

(d) a comfort liner;
wherein

the outer shell (a) is a woven f{abric comprising fibers produced from
poly{p-phenylene terephthalamide} homopolymer, poly{p-phenylene terephthalamide)
copolymer, polybenzimidazole, or a mixture thereof, and has a basis weight of about 150-
250 g/m”;

the moisture barrier (b) is a membrane comprising or produced from PTFE, and has a
thickness of about 10-100 wm and a basis weight of about 20-50 g/m’;

the thermal insulator {(c} is a nonwoven f{abric comprising about 65-95 weight% of
non-meltable staple fibers produced from poly(p-phenylene terephthalamide) homopolymer,
and about 5-35 weight% of heat settable staple fibers produced from PET, and sad
nonwoven fabric has at least about 50, or 70, or 100 protuberances and/or indentations in
arrays of crosses and a basis weight of about 50-150 g/m®; and

the comfort liner (d) 1s at least one layer of a woven fabric or a knit fabric, which
comprises {ibers produced from poly{m-phenylene isophthalamide) homopolymer, poly(m-
phenylene isophthalamide) copolymer, flame retardant viscose, or a mixture thereof; and
said comfort liner has a combined basis weight of about 100-200 g/m”.

Tn another ermnbodiroent of the present invention, the thermal protective garmeut, in the
sequence from the exterior to the interior, comprises:

{a) an outer shell;

{b) a moisture barrier;

(¢} a thermal insulator; and

{d) a comfort liner;
wherein

the outer shell (a) is a woven fabric comprising fibers produced from flamce retardant
cotton, and has a basis weight of about 150-250 g/m’;

the moistare barrier (b} is a membrane comprising or prodaced from PTFE, and has a
thickness of about 10-100 pm and a basis weight of about 20-50 g/m’;

the thermal insulator (¢) is a nonwoven f{abric comprising about 65-95 weight% of
non-meliable staple fibers produced from poly(p-phenylene terephthalamide) homopolymer,
and about 5-35 weight% of heat settable staple fibers produced from PET, and said
nonwoven fabric has at least about 50, or 70, or 100 protuberances and/or indentations in
arrays of crosses and a basis weight of about 50-200 g/m”; and

the comfort hiner {d) 1s at least one layer of a woven fabric or a knit fabric, which
comprises fibers produced {rom poly(p-phenylene terephthalamide) homopolymer, poly(p-

phenylene terephthalamide) copolymer, poly{m-phenylene isophthalamide) homopolymer,
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poly{m-phenylene isophthalamide) copolymer, acrylonitrile copolymer, or a mixture thereof;
and said comfort liner has a combined basis weight of about 100-200 g/m”.

While the invention has been Hustrated and described in typical embodiments, it is not
intended to be limited to the details shown, since various modifications and substitutions are
possible without departing from the spirit of the present invention. As such, modifications
and ecquivalents of the invention herein disclosed may occur to persons skilled in the art
using no more than routine experimentation, and all such modifications and equivalents are

believed to be within the spirit and scope of the invention as defined by the {ollowing claims.

N
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CLAIMS
What is claimed is:
1. A thermal protective garment, in the sequence from the extierior to the interior,

comprising:
{a} an cuter shell;

(b} a moisture harrier;

{c) a thermal insulator; and

{(d) a comfort liner;
wherein

the outer shell {(a) is a woven fabric comprising fibers produced from poly(p-phenylene
terephthalamide) homopolymer, poly(p-phenylene terephthalamide) copolymer, poly(m-
phenylene isophthalamide) homopolymer, poly(m-phenylene isophthalamide) copolymer,
polysulfonamide  homopolymer, polysulfonamide  copolymer, polybenzimidazole,
acrylonitrile copolymer, flame retardant viscose, flame retardant cotton, or a mixture thereof;
and said woven fabric has a basis weight of about 150-250 g/m’;

the moisture barrier (b) is a membrane produced from polytetrafluorocthylene,
polyurethane, or a mixture thereof; and said membrane has a thickoess of about 10-100 pm
and a basis weight of about 20-50 g/m™;

the thermal insulator (¢} is a nonwoven fabric comprising about 45-95 weight% of
non-meltable staple fibers and about 5-35 weight% of heat settable staple fibers, and said
nonwoven f{abric has protuberances and/or indentations and a basis weight of about 50-200
g/m’; and

the comfort liner (d) is at Ieast one layer of a woven fabric or a knit fabric, which
comprises fibers prodaced {rom poly{p-phenylene terephthalamide) homopolymer, poly(p-
phenylene lerephthalamide) copolymer, poly{m-phenylene isophthalamide) homopolymer,
poly{m-phenylene  isophthalamide})  copolymer,  polysulfonamide  homopolymer,
polysulfonamide copolymer, polybenzimidazole, acrylonitrile copolymer, flame retardant
viscose, flame retardant cotton, or a mixture thereof, and said comfort liner has a combined

basis weight of about 100-200 g/m”.

2. The thermal protective garment of claim 1, wherein the thermal insulator {¢) is
prepared by a method comprising:
i. providing an essentially flat nonwoven fabric comprising about 45-95 weight% of
non-meltable staple fibers and about 5-55 weight% of heat settable staple {ibers;
it. hot-pressing the nonwoven fabric of step (i) using a mold or a roller with threc
dimensional pattern at a teroperature of above the highest glass transition temperature of the

heat settable {ibers for about 0.1-5 minutes at a pressure of about $.1-2 MPa.

3
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3

3. The thermal protective garment of claim 1 or 2, wherein the non-meltable staple
fibers composed of the thermal insalator (¢} are produced from poly(p-phenylene
terephthalamide) homopolymer, poly{p-phenylene terephthalamide) copolymer, poly(m-
phenylene isophthalamide) homopolymer, poly(m-phenylene isophthalamide) copolyrmer, or

a mxture thereof,

4. The thermal protective garment of claim 1 or 2, wherein the heat settable staple
fibers composed of the thermal insulator (¢) are produced from polyester, polyamide,

polyphenylene sulfide, or a mixture thereof.

5. The thermal protective garment of claim 2, wherein the essentially f{lat

nonwoven fabric is manufactured by thermal bonding, needle punching, or hydro entangling.

6. The thermal protective garment of claim 1, wherein the thermal insulator (c) has
a thickness of about 0.5-20 mm, and the number of protuberances and/or indentations of
about 40-1000 per square meter. and the protubcerances and/or indentations have an height
and/or depth of about 1-10 mm as measuored {rom the essentially tlat surface portion of the

nonwoven fabric.

7. The thermal protective garment of claim 6, wherein the protuberances and/or
indentations of the thermal insulator (¢) exist in arrays of spherical caps. parallel channels,

alternating blocks, waves, crosses, stars, capsules, or flower patterns.

3. The thermal protective garment of claim 7, wherein the protuberances and/or
indentations are arrays of spherical caps, and each spherical cap has a height and/or depth of

about 1-10 mm, and a distance to the neighboring spherical cap of about 1-50 mm.

9. The thermal protective garment of claim 7, wherein the protuberances and/or
indentations are arrays of crosses, and each cross has a length of about 1-530 mm, a width of

about 1-15 mm, and a height and/or depth of about 1-10 mm.

10. The thermal protective garment of claim 1, which has a 10% or more increase in
the fabric f{ailure factor, as compared to that of a thermal protective garment having the
thermal insulator {c} without the protuberances and/or indentations on the nonwoven fabric,
wherein the fabric failure factor i1s determined by dividing the thermal protective
performance by the basis weight of fabric, and the thermal protective performance is

measured according to the method of NFPA 1971.
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