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METHOD OF FORMING AN ARTICLE FROM NON-MELT PROCESSIBLE
POLYMERS AND ARTICLES FORMED THEREBY

FIELD OF TIIE DISCLOSURE

This disclosore in general relales to methods of forming articles comprising non-melt

rocessible polyicers and articles comprisiog non-melt processible polymers.
7 S [ 7

BACKGROUND

Conventional melt processing technigues for forming articles of thermoplastic
polymers canoot be wiilized when using synthetic resins that fack melt viscosity or ave a
high melt viscosity. Instead, such non-meit processible polyniers are typically cast into
shaped articles through application of pressure to powders. Coramon tochniques include
direct forming, hot compression rolding, and isostatic pressing. Isostatic pressing is used in

highly demanding applications because it provides isotropic properties.

Conventional isostatic pressing techniques include encapsulating a polymeric material
in an encapsulant followed by applying isostatic pressure ou the encapsulated polymeric
material. For exampie, in the case of cold isostatic pressing (CIP), a polymeric material may
be placed in a rubber bag that is evacuated and subsequentiy subjected o isostatic external
pressures. Converdional ot jsostatic pressing (HIP) techniques include encapsulating a
polymeric material in 2 metal can (Japanese patent no. JP63281809A) or include submersing
in a low melt alloy (Canadian patent no. CAR90S15A) or glass foilowed by the applying
isostatic pressure. In the case of a HIP process, the encapsulated polymeric material is also

heated.

Such pressing techniques often produce waste, such as waste from encapsulants. Tn
the case of submersion techniques, additional chemical handling and article cleaning produce

hoth chemical waste and additional processing steps.
& stey

As such, an improved processing technique for nen-melt processibie polymers would

be desirable.

DESCRIPTION OF THE EMBODIMENT(S)

In an exemplary embodiment, an isostatic pressing process inciudes pre-forming a

green part followed by a hot isostatic pressing (11UP) process without an encapsulant. An
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encapsulant is defined as a barrier covering an article exposed to HIP, In an example, an
article 18 formed as a green body utilizing a compression techuique. For examiple, the green
body can be compressed to a porosity of not greater than 8%. Porosity is defined as the
percent difference between the calculated and theoretical density. A green part or body is
defined as a part that bas been cold-pressed. The green body is subjected to 2 HIP process,
such as at a pressure of at least 3 ksia. The green body may be subjected to a sintering
process at elevated temperature in an inert atmosphere prior to the I process. The resulting
heat treated body may be cooled to form the article or may be further processed, such as by
machining the body or by atiaching the body to other components to form the article. In

particular, the article has a desirable density and jmproved mechanical properties.

In an embodiment, the method may be performed atilizing polymeric materials, such
as fluoropolymer, polyamide, polyaramid, polyimide, polyamideinside, polyester, polycther,
palyetherketone, polyaryletherketone, polysulfone, polycthersulfone? polyphenylene oxide,
polyphenylene sulfide, phenolic resin, diene elastomers, polybenzimidazoles,
polybenzoxazole, polybenzoylenchenzimidazole, thesraopiastic polyurethanc, a styrenic
copolymer, or any blend or combination thereof. In particvlar, ihe polymeric material
includes a polyimide, a polyaramid, polybenzimidazoles, polybenzoxazoie,
poiybenzoylenebenzimidazole, fluoropoelymer, polyaryletherketone, a polyester or any

combination thereof.

An exemplary polyamide includes nylon 6, nylon 6.6, nylon 11, nylon 12, or any
corbination thereof. An exemplary polyaryleiherketone can include polyeiherketone,
potyetheretherketone, polyetheretherketoneketone, or any combination thereof. Ina
particolar example, the polyaryletherketone can inclade polyetheretherketone (PEEK). An
excmplary styrenic polymer includes a polymer having at least one block of polystyrene, such
as polystyrene or acrylonitrile butadiene styrene copolymmer (ABS), or any combination

thereof. An exemplary phenolic resin includes a resole resin or 2 novolac resin.

An exemplary fluorepolymer includes flvorinated ethylene propylene (FEP),
polytetrafluoroethylene {(PTFE), polyvinylidene tluoride (PVDF), perfluoroalkoxy (PFA), a
terpolymer of tetrafluoroethylene, hexafluoropropyliene, and vinylidene fluoride {THV),
polychlorotriflocroethylene (PCTFE), ethylene tetrafluorocthylene copolymer (ETFE),
ethylene chlorotrifiuoroethvlene copolvmer (ECTFE), a terpolymer of ethylene,

hexafluoropropylene, and tetrafluoroethylene, or any combination thereof,

fp a further exaraple, the polymer is a polyester, such as polyethylene terephthalate.

In anothier example, the polyester is a liquid crystal polymer. An exemplary liquid crvstal
P poiy K ¥ piary lig k
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polymer icludes aromatic polyester polymers, such as those available under tradenaroes
XYDAR® {Amoco), VECTRA® (Hoechst Celanese), SUMIKOSUPER™ (Sumitomo
Chemicaly, EKONOL™ (Saint-Gobain), DuPont HX™* or DuPont ZENITE™ (E.1. DuPont
de Nemours), RODRUN™ (Unitika), GRANLAR™ (Grandmont), or any combination

thereof.

In a particolar example, the method may be performed utilizing polymeric materials,
such as non-melt processible polymers. A non-melt processible polymer may have ameht
{flow index (MFI) value of not greater than 6.01 g/10min. MFLis defined as the weight of a
polymer in grams flowing in 10 miouies through a capiliacy of specific diamcter and lengih
due to a pressure that is unigue 1o a polymer being tested. The test is described in ASTM
D1238. Alieratively, the non-melt processible polymer may not exhibit a melt viscosity, An
exemplary non-melt processible polymer may include a polyimide, a polyaramid,
polybenzimidazoles, polybenzoxazole, polybenzoylenebenzimidazole, fluoropolymer,
polyaryletherketone, or any combination thereof. An exemplary fluoropoiymer includes

polytetrafinorocthylene.

In particular, the polymer may include polyimide. An exemplary polybmide includes
a polyimide formed from imidization of the polyamic acid product of a diamine with a
dianhydride. An exemplary diamine includes oxydianiline (ODA), 4.4
diaminodiphenylpropane, 4,4"-diaminodiphenyimethane, 4,4"-diaminodiphenylamine,
benzidine, 4,4'-diaminodipheny! sulfide, 4,4-diaminodipheny! sulfone, 3,3'-diaminodiphenyl
sulfone, 4,4'-diaminodiphenyl] ether, bis-(4-aminopbenyidiethylsilane, bis-{4-aminophenyl)-
phenylphosphine oxide, bis-(4-aminopheny}-N-methylamine, 1,5-diaminonaphthalene, 3,3'-
dimethyl-4,4"-diaminobiphenyl, 3.3"-dimethoxybenzidine, i,4-bis-(p-aininophenoxy)-benzene,
1,3-bis-(p-aminophenoxy)-benzene, m-phenylenediamine (MPD), p-phenylenediamine
(PPD), or any mixtore thereof. In a particular cxample, the diamine is oxydianiline (ODA),
such as 3,4”-oxydianiling or 4,4 "-oxydianiline. In particular, the ODA may be 4,4’-
oxydianiline. In another example, the diamine is m-phenylenediamine (MPD), p-

phenylenediamine (PPD), or any combination thereof.

An exemplary dianhydride includes pyromellitic disnhydride (PMDA), 2.3,6,7-
naphthalenetetracarboxylic acid dianhydride, 3,3",4,4"-diphenyitetracarboxylic acid
dianhydride, 1,2,5,6-naphthalenetetracarboxylic acid diachydride, 2,2',3,3"-
diphenyltetracarboxylic scid dianhydride, 2,2-bis-(3,4-dicarboxyphenyi)-propane
dianhydride, bis-(3 4-dicarboxyphenylj-suifone dianhydride, bis-(3,4-dicarboxyphenyi}-ether
dianhydride, 2,2-bis-(2,3-dicarboxyphenyl}-propane dianhiydride, 1.1-bis-(2,3-

dicarboxyphenyl)-ethane dianhydride, 1,1-bis-(3,4-dicarboxypheayl)-ethanc dianhydride, bis-

-
-5 -
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(2 3-dicarboxyphenyl)-methane dianhydride, bis-(3,4-dicarboxyphenyl)-methane dianhydride,
3,43 4-benzophenonetetracarboxylic acid diaghydride, or any mixture thereof. Ina
particular cxample, the dianliydride is pyroncllitic dianbydride (PMDA). Tn another
example, the dianhydride is benzophenonetetracarboxylic acid dianhydride (BTDA)} or

diphenylietracarboxylic acid diaphydride (BPDA).

In a particular example, the polvimide is non-melt processible. For example, the
polyimide may be formed from the polyamic acid product of reactants comprising PMDA and
ODA.

To addition, the polymer material can include a filler dispersed in a matrix polymer.
The matrix polymer forms a continuous phase in which the filler is dispersed. An exemplary
filler can include an orgasic (iller, such as a polyroer filler, or an inorganic filler, such as a
ceramic filler, a metal filler, or any combination thereof, The {iller can be a solid lubricant,
ceramic or mineral filler, 4 polymer filler, a fiber filler, a metal particulate filler or salts or any
combination thereof. An exemplary solid lubricant includes polytetratiuorocthyiene,
molybdenum disulfide, tungsten disulfide, graphile, graphene, expanded graphite, boron
nitride, tale, calcium fluoride, cedum fluoride, or any combination thereof. An exemplary
ceramic or mineral includes alumina, silica, titaniwm dioxide, calcium fluoride, boron nitride,
mica, Woilastonite, silicon carbide, silicon nitride, zirconia, carbon black, pigments, or any
combination thereof. An exemplary polymer filler includes polyinide, liquid crystal
polymers such as Ekonol® polyester, polvbenzimidazole, polytetrafluoroethylene,
poiyetheretherkeione, any of the polymers listed above, or any combination thereof. An
exemplary fiber includes nylon fibers, glass fibers, carbon fibers, polyvacrylonitrile {ibers,
polyaramid fibers, polytetrafluoroethyiene fibers, basalt fibers, graphite fibers, ceramic fibers,
or any combination thereof. Exemplary metals include bronze, copper, stainless steel, or any
combination {hercof. An excmplary salt includes a sulfate, a sulfide, a phosphate, or any

combinaiion thereof.

Prior (o processing, the polymeric material may be in the form of a powder, The
powder may have an average pariicle size (prireary particle) in a range of I maicrometer to 500
micromelers. In addition, the polymeric materiai may have a desirable surface area, such as
in a range of 5 m¥g to 200 m*/g. For example, the surface area of the powder polymeric

material may be at feast 10 m’/g, such as in a range of 30 m%¥g to 120 m¥g.

In an example, the polymeric material may be formed into a grees: body vsing
compressive technique, For example, the polymeric material may be pressure molded, such

as cold compressed into 2 mold. In another example, the component may be cold 1sostatically

4.
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pressed in the presence of an encapsulant. [n a further example, the polymeric material may
be RAM extruded, i which polymeric material is incrementally packed by reciprocating
plunger to form the green body. In a further example, the polymeric material may be dic
pressed into a desired shape. Die pressing includes pressing a powder into a shaped die. In
particular, soch techpigues are typically performed at temperatures below a melling poiut of
the polymeric material. For example, (he temperature may be less than 366°C, such as less
than 100°C, less than 50°C, or even not greater than 30°C or approximately room

temperature,

In a particular example, the porosily of the green bady can be not greater than 8%
with respect to the theorctical value, such as not greater than 6.5%. For example, the porosity
can be in a range 0f 3% to 8%, such as a range of 3.5% 10 8%, a range of 3.5% t0 6.5%, or

cven a range of 3% to 6.5%.

In one embodiment, the method includes sintering following formation into the green
body but prior to HIP, the green body is subject to sintering to form a sintered body.
Sintering consists of heating a sample under an inert atmosphere at or below the atmospheric
pressure. in au example, sintering is performed in an inert aimosphere. For example,
simtering may be performed in the presence of an inert gas, such as nitrogen or a noble gas. In
particular, a noble gas may include helivm or argon. In an example, sintering is perforimed at
a temperature of at least 100°C. For example, the temperature of sintering may be in a range
of 200°C to 500°C, such as a range of 200°C to 450°C. The siniering is performed at &
pressure, such as a pressure in a range from 0 to 1.5 ksi or can be performed under vacuum,
The sintering may be performed for a period of at least | hour. For example, sintering may be
performed for a period of at least 2 hours, such as a period of at least 3 hours, or even at least
4 hours. Tu an example, sintering is performed for a period not greater than 48 hours, such as

not greater than 24 hours.

A green or sintered body is subjected to HIP process. For examiple, 2 green ora
sintered body may be further processed using HIP without an encapsulant. 1ot isostatic
pressing (HIP) includes heating a0 ariicie in an environment having a pressurc that is greater
than atmospheric pressure, also referred to herein as isostatic heat treatment, In particular, the
present HIP process provides an isostatic pressure dicectly to ihe body absent an intenmediate

encapsulant. The HIP process may be performed at a pressure of at least 3 ksi, such as at least

W

kst For example, the pressure may be at least 10 ksi, such as in a range of 10 ksi to 30 ksi.
In acdition, the HIP process may be performed at a temperature of al least 200°C. For
example, the temperature may be in a range of 200°C to 500°C, such as in a range of 206°C

0 450°C. In a particular example, the HIP process raay be performed at a temperature greater

-5
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than the sintering temperature. Alternatively, the HIP process may be performed at a
temperature approximately the sinfering temperatore or at a temperatore kess than the sintering

temperature.

In a particular embodiment, the sintered body 18 permitied to cool prior to the HIP
process, referred to hierein as the “Sinter-111P” process. For example, the sintered body may
be permitted to cool Lo a temperature less than 200°C, such as a temperatare less than 150°C,
a temperature loss thao 100° C, or even a temperature approximately room teraperature prior

to subsequent HIP process.

Io an allerpative embodiment, {he sintered body s not permitted to substantially cool
prior to the HIP process. For example, hieat treating may be applied to the sintered body when
the sintered body is at a temperatuce of at least 200°C, such as within 10°C of the sintering
temperature. In a particular embodiment, sintering and heat treating under isostatic pressure
may be performed in the same vessel, In such an embodiment, the sintering temperature may
be maintained and the pressure increased to perform the HIP process. [n a further example,
the green body may be sintered within a vessel and subsequently treated with one or more
heat treatmeuts withia the same vessel af temperatures of at Jeast 200°C and pressures of at
Jeast 3 ksi. In a particular exampie, a green body may be sintered at a first temperature at
approximately atmospheric pressure, subsequently heat treated at a second temperatare of at
least 200°C and a second pressure of at feast 3 ksi, followed by one or more subseguent heat
treatments at a third temperature of at least 200°C or s third pressure of at least 3 ksi,
Alterpalively, the green hody may be subjected (o the HIP process withoul sintering, referred

to herein as the “SHIP” process.

Subsequently, the sintered and heat treated body may be cooled to room temperature,
Cooling may be performed at a rate in a range of 5°C/min to 50°C/min, such as arate in a
range of 3°C/mio to 30%C/min, or a range of 10°C/min {o 25°Chuin. Allernatively, the
sintered and heat treated body may be quenched, such as dipping in a Jiquid coolant or

subjected lo a gas coolant.

Optionally, the resulting polymeric component can be treated to additional treatment,
such as annealing. For example, heat treatmeni may be perforined al elevated temperature,
but not pressure, for extending periods. In particular, annealing is performed at a temperature
less than the sintering temperature. To another example, anncaling is performed at a
femperature less thap the hot isostatic pressing temperature. Annealing may reduce stress ot
evaporate mwoisture and volatile compounds from the polyraeric component. The resulting

body may be further processed such as machined, tooled, abraded, polished, or an
8, A p 3 ] > )’

-6



16

20

25

30

WO 2011/035258

contbination thereof. Further, the body may be attached to other components to forra an

article,

In & particular method, a polymeric powder and optional filier can be die pressed to
form a shaped green body. The shaped green body can be subjected to the SHIP process. For
example, the shaped green body can be subjected to the SHIP process to form a net-shape part

that does not utilize forther machining {0 provide the articles contours.

The resulting polymeric component of the asticle may have desirable density and
mechanical properties. For example, the porosity of the polymeric component of the article
can be ool greater than 4%, such as nof grealer than 2.5%, nol greater than 1%, not greater
than 0.8%, or even not greater than 0.5%. in particular, the polymeric component may exhibit
a density change, defined as the percent increase in deusity relative 10 a sintered ariicle
formed of the same non-melt processible polymer at the same temperature, of at least 1%,

such as af least 2.5%, or even at leasi 4%.

In an example, the polymer component has 2 desirable pore size after processing, In
an example, the average pore size is not greater than 1.0 microns, such as not greater than 0.5

microns, or even (1.2 microns as measured using Hg porosimetry.

In an example, the polymer component can hiave a specific gravity of at leasi 1.4,
such as at least 1.41, at lcast 1.42, or cvent at feast 1.43. In addition, the polymer conponent
can have a flexural strength of at feast 140 MPa, suck as at least 145 MPa, at least 150 MPa,
or even af least 152 MPa. Ta particular, the polymer component may exhibit a flexural
performance, defined as the percent increase in flexural strength relative to a sintered
component formed vtilizing the same green body forming conditions and sintering

temperature, of at least 5%, such as at least 10%.

Erabodimeunts of ihe above described racihinds provide desirable techpical advantages.
For example, emabodiments of the above described methods reduce waste associated with
encapsulants and improve product throughput and productivity as a result of reduced process

steps. Embodiments provide articles with improved density and mechanical properties.

In an cxample, the above described method cnables formation of net-shape articles
having low porosity and tree of tool marks. For example, green bodies can be die pressed and
subjected to a SHIP process to form nei-shape articles that do not uiilize forther machining.
As such, at least a portion of the surface of the ariicie ts free of fool marks, such as a

substantial portion of the surface. In particular, such methods can densify die shaped green

PCT/US2010/049523
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bodies to have a specific gravity of at least 1.4, which is not achievable using die pressing
p g Y g i

alone.

In a particular example, the polvmer of the polymer component includes polvimide.
For example, the polyimide may be a product of ODA and PMDA. Further, the polyimide
5  may have a surface area of at least 5 m%y, such as at least 10 m¥/z. [n an example, the
polyimide may be a direct formable polyimide, such as a polyimide selected from the Meldin

7000 series, avatlable from Saint-Gobain Corporation.

In an example, the polyinide polymer component can have a specific gravity of at
least 1.4, sucl as at least .41, at least 1.42, or event at least 1,43, [n addiiion, the polymer
[G  component can have a flexural sirength of at feast 140 MPa, such as at least 145 MPa, at least
150 MPa, or even at least 152 MPa. In particular, the pelvmer component 1ay exhibit a
flexural performance, defined as the percent increase in flexural strength relative 1o a sintered
component formed utilizing the same green body forming conditions and sintering

temperature, of at least 5%, such as at least 10%.
15 EXAMPLES
Example i

Mcldin 7001 polyiraide availabic from Saint-Gobain Corporation is subjected to cold
{room temperature) isostatic pressing (CIF} to form green rods at 10 ksi, 15 ksi, 20 ksi, or 30

st. The green rods are subiected 1o the SHIP process to produce SHIP samples. The SHIP

=

20 process is performed in a furnace, increasing the temperature to 400°C and the pressure to 15
kst simultaneously. The samples are held al 400°C and 15 ksi for 1 hour. The furnace is
subsequently depressurized and cooled 10 room temperature. The specific gravity vahies are

iliustrated in Table 1.

As illustrated, the povosity has a significant influence on the specific gravily. Further,
25  densification of a green part with low porosity (7-8%;) can be achieved by a SHIP process
without using an encapsulani. However, exposing samples wiih porosity values greater than

8% to the SHIP process does not atford an increase in material density.
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TABLE [. Dependence of porosity on 1P processes

Sample CIP Pressure Green Porosity Post SHIP Specific
No. (ksi} {46) Gravity
J 10 20.4 1.12
2 15 13.7 131
3 20 6.5 1.4t
4 30 4.8 1.42

Example 2

Two varieties of Meldin 7001 polyimide, availabic from Saint-Gobain Corporation,
are cold pressed into pucks of 1.25 inches in diameter and 0.20 inches in thickness using a
uniaxizl press at 80 ksi. The polymer samples have identical compasition and molecular
weight, bat have different specific surface area. Sample 1 and Sample 2 represent polyimide
powder with specific surface area values of 60 m™/g and 90 m*/g, respectively. A set of pucks
are sintered in a N atmosphere for 4 hours at 400°C. A set of green pucks and a set of
sinfered puck are subjected to 2 HIP process in presence of Argon gas at 15 ksi and 400°C for
2 hours without an encapsulant (o produce SHIP and Sioter-HIP samoples. The densities of the
materials before the HIP process are compared with densities after the 1P process, as

iliustrated in Table 2.

TABLE 2. Specific Gravity of Polyhmide Samples

Samples Porosity (%) Specific Gravity Flexural Strength (MPa)
Green Simered Sinter-HIP SHIP Sinter-HiP SHIP
1 35 4.5 1.460 1.43 1343 1514
2 4.0 5.9 1.38 1.42 128.3 1515

-9.
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The polyimide sampies {(pucks) are machined into dimensions of 2 x 2.66 x 27 mm
and subjected {0 a 3-point bend test to calculate the flexural strength, approximating ASTM
1D790. The results are tabulated in Table 2. As illustrated, the SHIP sampics exhibit higher
values for specific gravity and flexural strength in comparison o sintered and sinter-HIP

5  samples. The fexoral strength valves are greater than those values reported for other
isostatically molded PMDA/ODA polyimides, such as Meldin 7001 (Saint-Gobain Corp.) or
Vespel SP-1 (DuPont}, which is reported to be about 105 MPa to 110 MPa (Meldin 7000

series product catalogue and Vespel Design Handbook).

The densification of non-melt processible polymers using the cocapsulant free HIP
10 process is unexpected given that varieties of non-melt processibie polymers can exhibit a
decrease in density during sintering. In particalar, a hot isostalic pressing process is
performed in a gaseous cnvironment, abscnt an intermediate material (encapsuiant) between
the gaseous environment and the articie or component. In contrast, prior art utilizes

encapsulants.

15 further, it has been found that the encapsulant free HIP process is particularly
effective when the green body has a porosity of 8% or less. When the green body has a
porosity significantly greater than 8%, liitle densification is observed. However, when the
green body has a porosily of 8% or less, the HIP process can achieve porosities of 0.7% or

lower, such as 0.5% or lower.,

20 In a first crobodiment, a method of preparing an article includes compressing a
polymeric material to form a body having a porosity of less than 8% and hot isostatic pressing
(HIP} the body 10 an inert almosphere at a pressure of at least 3 ksi free of an encapsulant.

The body may be sintered in au inert atinosphere prior to hot isosiatic pressing (HIP).

In an example of the frst embodimert, compressing includes die pressing. Ina
25 funther example of the first embodiment, the bot isostatic pressing (HIP) is performed ou the
body in a hot state resuliing from sintering. In anothier exampie, the sintering and the hot
isestatic pressing {HIP) are performed in the same vessel, The sinfering can be performed ata
temperature of at Jeast 200°C, such as ot a temperature in a range of 200°C to 300°C, ora
range of 200°C to 450°C. In an example, the sintering is performed {or a period of at least 1

30 hour, such as at least 2 hours.

In another example of the first embodiment, the polymeric malerial comprises a non-
melt processible polymer, such as a von-meli processible polymer is selected from the group

consisting of a polyimide, a polyaramid, polybenzimidazoles, polybenzoxazole,

- 10 -
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polybenzovlenchenzimidazole, fluoropolvmer, polyaryletherketone, polyester, or any
combination thereof. In an example, the non-melt processible polymer comprises polyimide,
such as a polyimide derived from ODA and PMDA. In a further example, the non-melt
processible polymer comprises a fluoropolymer, such as polyletraltuoroethylene. The non-

melt processible polymer can have a melt flow index vaiue of not greater than 0.01.

In a finther example, the polymeric material has an average particle size in a range of
U micrometer 1o 1) micromelers. The polymeric material cao have a surface area in a range
of 5 m*/g to 200 m%g, such as a range of 30 m*/g to 120 ni’/g. In another exanple, after hot
isostatic pressing, the polymeric material has an average pore size of nol greater thas .0

microns.

In an additional exaraple, the inert atmosphere inclides an inerl gas selected from the
group consisting of nitrogen, a noble gas, or any combination thereof. The noble gas can be

helium or argon.

In a particular example, the hot isostatic pressing (HIP) is performed at a temperature
of at least 200°C, such as a range of 200°C to S00°C, or even a range of 200°C to 450°C. The
pressure can be at feast 5 ksi, such as ot least 10 ksi, or in a range of 10 ksito 30 ksi. The kot
isostatic pressing (HIP) can be performed for a period of at least 30 minutes, such as at least |
hour. The method can further include annealing al a teroperature lower thag a teraperature of
hot isostatic pressing. The method can further include cooling the body, the body having a
density change relative 1o a sintered article formed of the same non-meli processible polymer

of at least 1%, such as at feast 2.5%, or cven at least 4%.

In a second embodiment, a method of fonming a pelymeric article includes
compressing a non-melt processible polymeric material to form a green body, sintering the
green body in an inert atmosplhiere (o form a sintered body, and hot isostatic pressing (HIP}
the sinfered body in an ipett aimosphere al a pressure of at Jeast 3 ksi fiee of encapsulant. The
fot isostatic pressing (HIP) is performed on the sintered body without substantiaily cooling

the sintered body afier sintering.

In an example of the second embodiment the pressure is at feast 5 ksi. The sintering
can be performed at a temperature of at least 200°C. The kot isostatic pressing (HIP) can be
performed at a temperature of at feast 200°C. In another example, the non-melt processible

polymer has a surface area in a range of § m%g 10 200 m%g.

In a third embodiment, a method of forming a polymer article includes compressing a

non-melt processible polymeric material to form a green body, sintering the green body in an

-11-
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inert atmosphere at a sintering temperature of at least 200°C within a vessel to form a sintered
body, and hot isostatic pressing (HIP} the sintered body in an ineri almosphere at 3 pressure of
Y 5\ } Y

at least 3 ksi and a heat treatment temperature of at feast 200°C within the vesscl.

In an example of the third embodiment, the pressure is at least 5 ksi. The non-meli

. . . . S el 2
5  processible polymeric raatcrial can have a surface area in a range of 5 m™/g to 200 m™/g.

In a fourth embodiment, an article includes a non-mel! processible poivimer. The

article has a specific gravity of at least 1.4 and a fiexural performance of at least 5%.

Inan example of the fourth embodiment, the flexural performance is at least 10%0.
The non~melt processible polymer can have a melt flow index value of not greater than $.01.
£0  Ina further exampie, the non-meit processible polymer is selected from the group &
polyimide, a polyaramid, polybenzinndazoles, polybenzoxazole,
polybenzoylenebenzimidazole, fluoropolymer, polyaryletherketone, polyester, or any

combinaiion thereof,

In another example of the fourth embodiment, the article has a density change relative
15  ioasiotered article formed of {he same non-melt processible polvmer of at least 1%, such as

at least 2.5%, or even at least 4%.

Note that not all of the activiiics described above in the gencral deseriplion or the
examples are required, that a portion of a specific activily may not be required, and that one
or more further aciivities may be performed in addition to those described. Still further, (e

20 order in which activities are lisied are not necessarily the order in which they are performed.

1o the foregoing specification, the concepts have been deseribed with reference to
specific embodunents. However, one of ordinary skifl in the art appreciates that various
modifications and changes can be made without departing from the scope of the invention as
set forth in the claims below. Accordingly, the specification and figures are to be regarded in

25 anillustrative rather than a restrictive sense, and ail such modifications are intended to be

included withio the scope of lovention,

BT LA

includes,” “including,” “has,”

R T

As used herein, the terms “comprises,” “comprising,
“baving” or any other vaciation thereof, are infended to cover a non-exclusive inclusion. For
example, a process, method, article, or apparatus that comprises a list of features is not

30 pecessarily limited only to those features but may inciude other features not expressly listed
or inherent to such process, method, article, or apparatus. Further, unless expressly stated to

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

truc {or present).

$E,,97

Also, the use of “a” or “an” are employed to describe elements and components
deseribed herein. This is done merely for convenience and to give a general sense of the
scope of the invention, This description should be read to include one or at least one and the

singolar also inclodes the plural vuless it is obvious thal it is meant otherwise.

Benefits, other advantages, and solutions 10 problems have been described above with
regard to specific embodiments. However, the benefits, advantages, soluiions to problems,
and any feature(s) thal may cause any benefit, advantage, or solution to occur or become more
pronounced are 1ot to be construed as a critical, required, or essential feature of any ot all the

claims.

After reading the specification, skilled artisans will appreciate that certain fealures
are, for clarity, described herein in the context of separate embodinients, may also be
provided in combination in a single embodiment, Conversely, various features thal are, for
brevity, described in the context of a single erabodiment, may also be provided separately or
n any subcombination. Further, references to values stated in ranges include each and every

value within that ragge.



WHAT IS CLAIMED IS:

1. A method of preparing an article, the methed comprising;
compressing a polymeric material to form a body having a porosity of less than 8%; and
hot isostatic pressing (HIP) the body in an inert atmosphere at a pressure of at least 3 ksi free of

an encapsulant.
2. The method of claim 1, wherein compressing includes die pressing.

3. The method of claim 1, wherein the body is sintered in an inert atmosphere prior to hot

isostatic pressing (HIP).

4. The method of claim 3, wherein the hot isostatic pressing (HIP) is performed on the body in a

hot state resulting from sintering,

5. The method of claim 3, wherein the sintering and the hot isostatic pressing (HIP) are

performed in the same vessel.

6. The method claim 1, wherein the polymeric material comprises a non-melt processible

polymer.

7. The method of claim 6, wherein the non-melt processible polymer is selected from the group
consisting of a polyimide, a polyaramid, polybenzimidazoles, polybenzoxazole,
polybenzoytenebenzimidazole, fluoropolymer, polyaryletherketone, polyester, and any

combination thereof.

8. The method of claim 1, wherein the polymeric material has an average particle size in a range

of 1 micrometer to 100 micrometers.

9. The method of claim 1, wherein the polymeric material has a surface area in a range of 5 m*/g
to 200 m%g.

10. The method of claim 1, wherein, after hot isostatic pressing, the polymeric material has an

average pore size of not greater than 1.0 microns.
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11. The method of claim 1, further comprising annealing at a temperature lower than a

temperature of hot isostatic pressing.

12. The method of claim 1, further comprising cooling the body, the body having a density
change relative to a sintered article formed of the same non-melt processible polymer of at Jeast

1%.

13. A method of forming a polymeric article, the method comprising:

compressing a non-melt processible polymeric material to form a green body;

sintering the green body in an inert atmosphere to form a sintered body; and _

hot isostatic pressing (HIP) the sintered body in an inert atmosphere at a pressure of at least 3 ksi
free of encapsulant, the hot isostatic pressing (HIP) performed on the sintered body without

substantially cooling the sintered body after sintering.

14. The method of claim 13, wherein the non-melt processible polymer has a surface area in a

range of 5 m%g to 200 m¥/g.

15. A method of forming a polymer article, the method comprising:

compressing a non-melt processible polymeric material to form a green body;

sintering the green body in an inert atmosphere at a sintering temperature of at least 200°C within
a vessel to form a sintered body; and

hot isostatie pressing (HIP) the sintered body in an inert atmosphere at a pressure of at least 3 ksi

and a heat treatment temperature of at least 200°C within the vessel.
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