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Additive Processing of Fluoropolysurs

Field
The present disclosure relates 10 additive processing of Tuoropolymers and (o fluoropolyier

articles obtaingd by additive processing.

Background

Flusrapolymers are widely used as raw roaterials for their chemical inevtaess, in particular for
articles requiring Tow friction properties and /or inerthess to chemicals and beat, Perfluorinated polyimers
are particutarly inett,

Fluoropolysers are typically tlassified into thermoplastiss aud slastomers {sometimes also
referred 1o 4y Saororubbers).

Fluorathermoplastics can be processed by conventional melt shaping methods, such #s jection
miolding and extrusion. Fluorothermoplastics ‘ty@icﬁil}f are copolymers of tetrafluorosthylens (TFE) with
ohe of more other perflubrinated, partially fluorinated or non-Mluorinated comsvmers, Copolymers of
TFE and perfiuorinated atkyl or iyl ethers are known in the'art ay PEA’s {perfluorinated altkoxy
polymers). Copalymges of TFE and hiexafluoropropylene (HEP) with or-without other perfluorinated
comohomers are Kiiows in the angs FEP s (uorinated ethylene propylene). Copolymers of TEE, HFP
and vinylidenetluoride (VDF) are known in the artas THV. Other fypes of melt-processable
fluaropolymers are based on vinylidenefluoride omo- or copolymers, known in the art as PYDE,
Copolymers of TFE and ethylene are known as ETFE.

Certain types of thermoplastics, have a very high melt viscosity {low melt flow index (MFI} and
are lermid in the art as “non-roelt processabie”, Non-melt processable fluoropolymers include
homopolymers of TEE or copolymersof TFE with other copolymerizable perfluvrivated monomers,
wheteln the amount of comonomers is limited to lesgthan 1 %wt. Such TFE home-and copolymers are
referred 1o in the art as PTFE. PTRE has such a high melt viscosity that it caunot be processed by
conventional melt processing technigues such ag extrysion, injection molding or blow molding.
Homopolyimers of tetrafluswoethylene (TFE) or copotymers of TEE with other copolymerizable

perfluorinated monomers, wherein the amount of comonomnsers is Hmited to lessthan | %o by weight based
o the weight of the polymer, are reforred to in the art us polytetrafiuoroethylene (PTEE). PTEE and other
comonomers of tetrafluoroethylene with a comparable high meltviscosity (lny il flow rite) Cannot ba
shaped by conventional melt processing sechuiques such as exirusion, injection molding or blow molding.
PTFE articles typicaily are fietned by rant extrosion, or by press-shfering PTFE pdmcIC\ inte billets that
ate then machined into the desived shape. Thess are subtractive methods where material is removed to
shape articles,

T WO2007/133912 &2 an additive manufacturing process forspecial thermoplastio
flucropolymers (PYDE and PCTE) are deseribed but examples are not provided, In ONI3T08737 A and

CN 105711104 A methods for 3D printing are deseribad where the use of PTFE is mentioned. The
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roaterials are provessed by irradiating a polymer powder with infrared or fasers and melting the powder in

selected areas exposed to the IR- or laser irsadiation. These methods are known in the art of 3D-printing

-
Fs

sy laser melting or laser sintering. In US 7,569,273 B2 a different niethed is described that is reported to
he suitable for PYDFE. Examples are also not provided. The method described it US 7,569,273 B2
particulate material. The ariculate material becomes adhesive apon contact with the fuid and thus is
reported 1o create an article by distributing the fluid on selected areas.

There is & need for providing alternative methods of provessing Quorepolymers by additive
processing and in particular there isa need for processing flustopolymers of the now-mell processible

type.

Bumimary

Inn one aspect there is provided a method of producing a fluoropolymer article comprising
subjecting a composition comprising fuoropolvimer particles to additive pm@e&:sing in.an additive
processing device containing at least one energy source wherein the composition comprises-at leastong
hinder waterial capable of binding the fluoropolyiner particles fo foem a laver ina pant of the composition
that hug been exposed 1o the ensrgy sowrce of the additive procsssing device and the method comprises
subjecting a part of the coniposition to exposure ot the energy source to form s layer and wheretn the
binder matérial is polvmidrizable and solidifies through polymerization upon exposure of the composition
to-the energy sowrce of the additive processing device.

In another aspect there is provided a composition for producing an article by additive procgssing,
said composition comprising fuoropolymer particles and comptising a polymerizable hinder material
capable of binding flusropolyiner particles by polymerizing and selidifying to bind fluoropolymer particles
upon exposure of the composition to energy from an energy source of anadditive processing deviow

In & further aspect thers is provided the wse of the composition in additive processing.

In anothir aspect there ix provided a 3D-printed fluoropolymer, wherein the 3D-printed
ﬁugrapgi}v‘;ﬁe[‘ has a-density of more than 2,00 gem?® andlor a void content (Voi) of less than 200 %e,
preferably between 1 %o and 183 %o, move prefirably fess than 20 %, most preferably betwees 1% and
13 Yo, anid whersin the Rueropolymer has a melt flow index at 372°C and § kg foud (MFLIT2/5) of fess
than S0 @ 710 min, preferably less than 1 g ¢ 10 min, more preferably tess than 9.4 g/ 10 ik

In vet another aspect there is provided an article comprising the 3 Drprinted fusropolymer,

Brief Description of Figures
Figaee | shows a deswing ofa flucropolymer article to be prepared by additive processing
according iy the present disclobure,
Figure 2 is an illustrative drawing showing the determination of the diameter of the articles
produced because the articles produced were not symumetric.

Figurs 340 30 are photographs of fluoropolymer articles at various stages of their production.
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Detailed Deseription

Before any embodiments of this disclosure are explained i detail, i is to be understood thal the
disclosure is not Hmited in its application to the details of construction and the arrangement of
components st forth in the following description, Also, it is to be understood that the phrassology and
terminology used herein is for the purpose of deseription, Contrary to the use of “eonsisting”, the use of
“ineluding,” “containing”, “comprising,” or “having” and variations therecf is meant to ensompass the
items listed thereaffer and equivalents therent as well as additional tems. The uss'of “a” o “gn™ is meant
to encompass “one or more”. Any numerisal range recited herein deseribing a physical parameteror
amiunts and concentrationof ingredisnts {5 intended to include all values from the lower value o the
upper value of that range and including its endpoints: For example, 3 concentration range of from 1% fo
50% is intended to be an abbreviation and to expressly disclose the values between the 1% and $0%, such
a5, for example, 2%, 409, 1026, 30%., L.5%, 3.9 % and o torth,

Al references cited herein ave incorporated by reference unless stated otherwise.

Unless specified otherwise, cited norms (s:g. DIN, ASTM, 180 etc} are the versions in forge in
Janunary 1, 2016, I case a nornt had expired before January 1, 2016 the most recent active version is
nieas,

ID-printed fluoropalymers and Haorapolymer articles can be prepated by additive processing of
compositions comyprising fluoropolymers, in particular nos-melt processable fluoropolymers.

The flvoropolymers are provided #s a composition that is suitable for additive procassing. The
composition can then be processed into i three dimensional article by additive processing inoan gdditive
processing device. Such 3D-printable compositions contain the Rugropelymer and a reactive material

comprising a polymerizable binder material that is vapable of binding the fluoropelymer particles into a

volume clement upon exposure o an energy source, typically that of the additive processing devise.
Although teferred to herein as “hinder™ material, no {ormation of a chemical bond (e.g., to the
fluoropolymer niaterial) has to vecur. The interagtion may be physical or chemical or both, but shoald be
stfficient 10 keep the fluoropolynier particles ina defined position by the polymerized binder material.
Fluorbpolyiner containing layvers may be created successively to form a three-dimensional articls,
After the creation of the anticle in the additive processing device, the polymerized binder material
may be removed. Typically, this can be achieved by heat treatment, which may include degradation o
sombustion of the polymerized binder material. As an alternative, or as an addition, the polymerized
binder matersal suay be'extracted with asolvent, for example with liquid €Oy After vemoval of the binder
material or paraliel to the removal of the hinder material, the article nay be subjected i a further heat
treatiient step, for example to sintering. The heal rsatinent steps can be carried out at ambient pressure {
baryand no inereased pressure has to be applied (0 prepare the atticls (although if advantageous, it may
be}.,
An advantage of the methods and conipositions provided herein is that not only prototypes. of

fluoropelymer artinles can be produced at fow costs, but also that fluoropolymer articles, in pasticular

i
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PTEE articles, of conplex shape and design may be created that miay tot be available through
conventional fluoropolymer processing or only at higher costs,

Angther advantage of the methods and compositions provided heretn is that shaped

fluoropolyiess, in particidar PTRE, may be prepared without applving incrensed pressuse and forees.

Therefore, a shaped fluoropolymer and articles can be prepared that are more isotropic, for example

shaped fluoropalymer with a low degree of oriensation,

Diespite using a binder the shaped fluoropslymess. in particular PTFE, may have s high density
and/or a fow void condent,

Another advantage of the methods and compositions provided herein is that fluoropolymer
articles, in particalar PTEE articles, can be prepared that are of sy wall dimension and have complex
structures.

A further advantags of the present methods and compositions is that integral flucropolymer

articles, i particular PTFE articles, of complex structure can be prepared.

Yeta foither advantage of the methods provided herein is that these methods are less wasteful
than prior art methody of “Sc-uiptin ¢ blocks of material, because in the present mathods, there is less {for
stance, 1F articles are printed to so-called “ngar net shape™ and then sculpted to a final form} or even no
wasted material (for instance, if fnal shapes are diteetly formed) to sculpt away from the final shaped
drticle, and unreacted 3D printable compositions may be reused in o next 30 print run.

Anothier advantage of the present methods is that the degres of porosity of the flucropelymer

aiticle, in particutar FYFE articles, can be controlled to create article of low or bigh porosity.

Additive processing

Additive processing, also known as “3D printing,” or “additive manufacturing (AM}” refers to a
pracess o greale a threesdimensional object typically by sequential deposition of matedials in defined
areas, typically by generating suceessive lavers of material. The object is tvpitally produced under
computer control from a 3D mode! or other electronie data soures by an additive printing device typically
referred o asa 3D printer. The term "3 prister™ anyd “additive provessing deviee” are used bevein
interchangeably and generally refer to a devies by which additive processing can becarried oul, The
termis “3D-printing” and *3D-printable” are used likewise aud moean additive processing and suitable for
gdditive processing,

Additive protessing devices are devices by which sequential deposition of materiad in defined
areas-can be achieved, typically by deg{a’sit%an.nf vohime elements, such as layers. Successive layers are
Further typicatly, the device creates the object based on an electronic image (blueprint) of the sbject to be
created. The 3D printer contains an energy source that applies energy to a localised area ina 3D-printable
coinposition. The energy applied may be, for example, heat ot frradiation or both, The energy source ny
include a light source, for instance a light source emitting non-visible Hight, ¢.g. sltraviolet light {UY

light), a laser, e-boam generators, migrowave generator and other sourcing capable of focussing Energy to
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defined areas of the 3D-printable composition. The energy source-may be moved to defined arcas over the
surface of the 3D printable comnposition, or the printable corspogition may be moved fn g defined way
towards and away from the saergy souree, tvpically all under computer control.

Oine or even several energy sources may be used, arranged at different positions in the additive
processing device, Typically, the additive p}*ii.ytzing devige containg 4 platforn onto which the printable
material is provided. The platforin, forexample, can bemoved towards the snergy souree oraway from it
typically, by the distance of the lavers 1o be formed on the platform. Typically this is alse done under
computer control: The device fay fustlier contals a dévice such asa wiper blade or an injection nozzle by
which new printable material is provided and can be appl iod over the layer forted for sacoessive fayer-
on-layer building. Support structures may be ysed and later removed in case the objeet to by created fs
complex or requives structural support during its creation. Additive printing devises as knowat and that are
commercially available can be used for the methods provided hersin, ‘

Agcording to the present disclosure, the vislunie elements or layers are formed by using.a i

printable composition containing fusropolywaer particles and a reactive material comprising a
polymerizable bifder inatérial. Exposure 0  the composition 1o the energy source of the device, or more
precisely, to the energy emitted from the energy source, causes the polymerizable binder material to
polymerize: Typically, the matertal's viscosity increases. i sol fidifies in the areas exposed fo the energy
sourze through mhmenmmm Atypical example of this type of additive manufacturing technique i3
katonwrn it the art as “stereolithography” -{S‘L}.m‘ ‘yat polymerization (VP although other 3D printing
metheds may be used, THIS type of additive snanufactusing process works by tocussing electromagnetic
irradiation (including, for example Uy iw t‘} on to.a vayof 31 printable composition containing

polymerizable maserial. The 30 printable composition is typically a Hquid. With the belp of computer

aided manufacturing or computer aided design software (CAM/CAD), the iradiation is used to draw a
pre-programimed design or shape on to the surface of the 30-printable comsposition. Becanse a3l
printable contposition is reactive to the irradiation, the composition becowmes more viseous; solidified or
gels and forms a single layer of the desired 3D object on the areas exposed 10 the rradiation. This progess
is repeated Tor each layer of the design until the 3D object is complete, Typically, the 3D printer used for
stereolithography contains an elevator platform that descends e distancs equal to the thickness of a single
fayer of the design {t}-’p fcally 0.03 mm to .15 mm, or .00 1mm to 8,15 mm) nto the vat containing the
3D printable composition before a new layer is formied by irvadiation. A blade filled with new privtable
Ver,

material may sweep actoss 4 cross section of the layer; re-coating it with fresh material. Alternatively a

nozzie may be used or other devives of providing tew printable material, The sebsequent layer is raced,
joining the previous laver. A complete 3D object.can be formed using this process: Depending on the
destgn of the additive prosessing device another typieal method raises or lvwers ihe build plagform further
than one layér or volume element so that the-printable material is able to flow sasily pver the preévious
layerivohume element. Up returiing to the desired step heightthe previous layer is uniformiy covered.
The subsequesnt i3 traced joining the previous layer. Although described in greater detail for

stereolithography, the 3D printable compositions may be used in other 30 pr inting methods as well. For

A% )
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example, 3D printable compositions according to the present disclosurg that are viscous compositions or

extrudable pastes can be processed by extrudi ing the composition through an extruder on the selected
location of 3 build platform, The encrgy source may be placed on the exit of the extruder or efsewhere
and the material extruded on the platform is ircadiated ot the selected location to cause the binder material
o polymerize and to form a volume element. This step s repeatsd until an object is formed.

Preferably, irradiation with light {preferably UY 1§\ht) is used and the polvmerizable binder
material Used in the 30 printable composition is reactive to light, or LIV tight, oris reattive to initiators
that gre activated by light or UV Hight as the case may be. However, irradiation with other wavelengths
sy also be tsed, for example fromt the visible of fnvisible light (e.g. 'E.R;} and ngluding X- ~rays and e~
beanis. I that case & polymierizable material I8 chosen that is reactive to such irradiation or that is reactive
to polymerization initiaters that are avtivated by such trradiation.

Conditions for effective irvadiation may vary depending on the type of irradiation used and the
typs of polyimerizable materials chossh, Polymerizable materiats and pﬂlmlcrmﬁmn initiators may be
selected that are responsive to varies types of irradiation for example to frradiation with visible gr
invisible lights. Foresample irradiation with light of wavelengths from 1 to 18 D00 ny, for example but
got timited to 10 10 1,000 nim may beosed. The irradiation may be monschromatic or polychronatic

depending vn the reactivity of the polymerizable system chosen.

LY irradiation typisally includes iradiation with a wavelength between 10 and 410 nm, UV
irradiation may by generated from a LIV soures, like o laser, @ mercury lamp or UV LEDs. UV LEDs
{light emitting diodes, LED}Y are commersiatly available that produce monechromatic irradiation at wave
tenath of 365 0, 385 nim and 405 nm within an errormargin of -+~ 10 nmy

fnfrared irradiation typicatly includes irradiation with elestromagaetic waves of a wave length
from b anny to 750 nm. lrradiation with visible light typieally ncludes hreadiation with a wave leagth
betweent 410 and 760 sm,

Depending on the complexity of the articke design supporting structuves may be attached 1o the
elevator platform to prevent-deflection or delamination due to gravity and to-hold Sross sections i place
in order to resist fateral pressure from the resinefilled blade,

The methods provided herein can be carvied oat in known and commercially available additive
printing devices for stereclithography or vat polymerization. Typieal known methods and thielr 31 printer
have been deseribed, for example, in “Additive Processing of Polymers™ by B, Wendel et al tn Mocromol,
Meatter, Eng. 2008, 293, 299809, Exaniples of commercially available 31 prinsers includg, but arg not
limited to 3D printers from ARIGA, Anaheim, California, LSA forvat polymerization printing. However,
also other 3D printing methiods may be used. For example the 3D-printable compesitions may be
exirided ax pastes through ongor more nozziss and subjested 1o the engrgy SOUCR upon which the binder
polvmerizes. Examples tuclude printers from Hyrel 3D, Noveross, GA 30071, such as Hyrel Systen: 30M
printer with extrusion heads. In such printers the 3 3Dprintably compositions ave adjusted by their

compositions 1o have the requived viscosity, for example by increasing the polymer content.

&
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3D-printable compositions

The composilions provided in the present disclosure comiprise ong or more fluoropelymer, a
reactive material comptising one or more polymerizable binder materials and ong or more optional
ingredients, The compositions may be dispersions of the fluoropolymer by a liquid medivm, ov juy the
pofymerizable binder material, The compositions are preferably Hiquid compositions, mioie preferably
agquecus compositions. [n one embodiment, the compositions are extrudable compositions, such as pastes.
The compositions are suitable for additive processing, Therefors, the compositions are also referved to
herein as “3D-printable compositions.” The conaposilions and their ingredients will be described in

greater detail below,

Flusropolymers

The 3D printable compositions of the present disclosure countain fluotopolymers.
Suitable fluoropolymers include homopolymers of terrafhioraethylene (PTFE) and copolymers of
perfluorinated alpha olefins and perfluvrinated alpha olefin ethers, .. olefing whers the carbon-carbon

double bond is in a terminal position,
Perfluorinated alpha olefins include compounds according to the formuia:
RLCK*CXIXE

whetein X5 X2 X are sithier all For tivoof X!, Xt and X are Fand one is LR is a linear or branched
alkyl radical of 1-12 carbon stoms and of which all bydrogen atoms have been replaced by Buorine

atoms, Bxamples inelode hexafluoropropyiene (HEP) and, chiorotrifluoreethylene ({CTFE).
Examples of perfluorinated alpba olefin include ethers of the formula
RLQHCE jo-CF=CFa,

whergiin n reprasents 1, in which case the compounds are referred to as-atlyl ethers, or 0, 1t 'which case the
compounds are referred to as vinyl ethers, R' represents a Hiear or branched, eyelic or acyehc
perfluorinated alkyl residue containing at least one-catenary oxygen atom (in the context of this
application, unless specified otherwise oe implied by otherwise by the context, catenary atom mgansan
ether-oxygen stom). R may contain up to §, preterably, orup o6 carhon atoss, suchas 1,2, 3,4, 5 and
& carbow atoms. Typical examples of R include Hncar or branched alkyl residues intervupted by one
oxygen atom, and lineat or bravched alkyl residues containing 2, 3, 4 or § catenary ether oxygsns. Further

examples of RY include residues containing one or more of the following units and combinations thereof:
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HCE0), {CFCF10), (~O-CF3 ), A O-CFCF, “CRCE ) ~CHCECE ), -O-CF(CF ), -O-
CR(CROF ) ~CECF -0, ~CRCFCF -0

Further examples of RY include but are hot limited to:

ACF-0-05F

LCF ) -0-0F

ACF - 0-CFy.

“{Cf,z"{}}y'fil‘;

H{CF-O)- ks,
{(CEr D3 UFs,
S(CFUF-Op-Cily
ACECF-n-Cals,
H{CFXCF-0)s-CFs,

wherein r]and 1 represent 1, 2, 3, 4, or 5, r2 and 82 represent 1, 2,3, 4, 3 or 6, 13 and 53 represent 1, 2,

34,5, 600 7oth represents | or 2712 and 3 reprosent f.2ord,

Specific sxamples of suitable perfluorinated alky! vinyl ether comonomers include

FysCFORCFs

FC=CR0-CoFs

FaC=CR0O Ot

FCsCF O CR R O-{UE)-F,
PO CFaOC RO OF) -8,
FaCoCE-O-CF-O-{CF2) 5+F,
EsC=CF-0-CF-O4(CFa) T,
FaC=CF-O-(CFy) »OCEs
FiC=CF-O-{CF2) +OCFy,
FACRCF-O{CF2) -OCEs
FAC=CR-O4CF) +{OCF ) o,
FAC=CF-O-CF-(OCF:) +-CFs
PC=CF-0-CRa(OCFs) #CFs
FrO=CROLCF01-0CF;,
Bl =R OO -00F
FCaCR-O(CFR0)-O0F:

Speeific exanples of suitable perfluorinated alkyl allyl ether comonomers inchyde:

FomCF-CFO-CFs
F‘{v“‘f(d .G %ﬂ‘vi) —('_af 5
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BiC=CP-CFa-0-CaFs
FaC=CPCReO-CF - O-(CF 1,
FrC=CP-CE-O-CF-OCF ) »-F,
FyCSCR-CF-0-CF -0 CF) 3T,
FaU=CR-CF-0-CE-O-(CF) oy
Fa=CR-CR-O-(CF 1) -0CF;
HCSCRCR DM CF ) -0CFs,
FaC=CR-CF-O4(CF) +-0CHs,
FyC=CR-CR-O-CF2) -(0CE ) o F,
FiC=CF-CPy- - OCF ) a-CFs,
FAC=CF-CFaOCF{O0F) +:CFs,
FiCsCF-CF O CRi0- 00T,
FiCs CF-CF O CR0-0CF:
F.CoCFCF O CRe-OCEs.

Particular examples of perflucrinated alky! alivl ether (PAAE's) include unsaturated ethers

according to the genstal formala:
CF=CF-CF-OR'

wheretn R represents a lingar or branched, cyelic oracyelic perfluorinated alkyl residue. R may contain
up to 10 carbon atoms, g 1,2, 3.4, 5,6, 7, 8.9 or 10 carhon atoms. Preferably RY contains up to 8, more
preferably up to & carbon atoms and most pr eferably 3 or 4 carbon atoms, R may be lincar, branched and
it may contain or Bot contain a-cyclic unit, Specific examples of R include perfluoromethyt (CF3),
perflucroethyl (CsFs), perfluoropropyl (C5F-) and perflusrobutyl (Cabo), preterably Usla Gy or Gty In
s particular embodiment R is linear and is selected from CaF; or CiFs.

Iry addition to using one comonomer with TFE, the present description also contemiplates the nse
of a combination of the above corhonomers.

Perflurinated alkyl ally! sthers and alkyl vinyl ethers as described above are either conmercially
available, for example from Anles Lid, St Peterburg, Russia or can be prepared dccording to methods
described in 1.5, Pat. Mo, 4,349,650 (Krespan) ot international patent application o, WO 01446107
(Worm st al) or in Moder Fluoropolymers, 1 Scheirs, Wiley 1997 and the references eited thereni or by
modifications thereof a8 Known to the skilled persan.

The comotiuines coutent of perfhicrinated somonomers, in particular in case of HEP or CTPE as
combnomers, may be up 1o 20% by weight, or upio 1255 by weight. It one embodiment the content of
perflutrinated comonomersis 1 % b\ weight or less. Preferably the fluoropolymers contain 8% by weight
of comonamers other than the perfiuerinated comonomers, Inone cmbodiment the polymers contain less

than 2% by weight, preforably less than 136 by weight of copolymers other than the perifyorinated
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comonomers, Polvmers of tetrafluorcetliylene and perflusrinated comonomets and no-other comonomers
are referred to herein as “perfluorinated” polyaers

In g preferved embodiment the fluorepolymer s acopolyiner of TFE and orie ot motre perflunrinated
contohomers, preférahly selected from HFP, CTFE, a perfluoroalkyt vinyl ether of a perfluoro alkyi ally
etheror combinations thereof. The amountof the perfluorinated comonomers uay be ap 1o 12 %6 by weight
based on the lotal weight of the flucropalymes, preferably up to 1% of roore preferably up to 0.1% by
weight, Préferably the copolymier fs prefluovinmied (e 1t doss not contain any other comonoimers )

in ane embodiment the Nuoropolymer containg TFE and ong of muote perfluctoalkyl vinyd ether
comoiiomer and o other comonomer. I gnother embodinient the flworo polymer contains TFE and one or
more perflaoroalkyl allyl ether comonomer and no other comonomer. I vet another embodiment the
fluoropolymer containg a combination of PAVE and PAAE comonomers and ne other comonomers.
Typically, the amount of the comonomsts is up to 2 Wik or upto 1 wids orup to 0.1 wile. Typical amounts
tnclude, for example, fromabout 0.1 10 2, or from 0.1 0 1 percent by weight or from 8.3 o 1 percent by
weight (all based on the total weight of the polyier).

Typically such funropolymer as deseribed above bave a low meli-flow index, t.ea high melt
viscosity. Thevefors, such polymers are referred to herein as “not nelt-processable™or “non-melt-
processable™ #s they caniot be processed like ordinary thermoplastic polymers.

Jg one embodinient of the present disclonire the fluoropnlymers include those having a melt flow
index (MFlyof L0 g/ 10 minor lesaat 372°C using a 5 ke load (MFL 37275 of less than 1.0 g /10 min),
preferably a melt flow index (372/5) 0f 0.1 g /10 minutes or fess,

Typically, the flucropolymers of the present disclosure have a melting point of at least 3007,

e
i

preferably at feast 315°C and t\picdi\ within the range of 327 +-10 °C, In some embodiments, the
fluoropolymers have 1 melting point of at least 317°C, preferably at least 319°C and more prefevably at
least 321°C. The melting point of ot melt-processable fluoropolymers differs when the material is molien
for the first time and afierwards, After the material has been mollen coce the meting point in subsequent
netting remains constant. Therefore, the melting point as referred to herein i3 the melting of the once wiolten
materfal (e, the material iz brounght to themelt, is cooled below its melting point and then molten agalin),

The non-melt-processable fuoropolymers may have a standard specific gravity (85G) of between
213 and 223 glony asy measured according to ASTM 4895, The S8G is a meawsre for the molecuiar weight
of the polymer. The higher the SSG, the lower the molecular weight, In one smbediment ultm—high
molecutar weight PTEEs are used in the present disclosure, which means PTFE polyners having an 858G
of less than 2.17 glowy, for example an SSG of betwesn 2.14 and 2.16. Such PTFE polymers and their
preparation is described, for example, in WOR0THI39R07.

The von-melt:progess cable fluoropolymers may have different potymer architectures and can be, far
example core-shell polymers, random polymers or polymers prepared under continuous and constant
polyimerization conditions.

Fium"{}p{}i\fxm‘:_rs with.a melt How index {MEDof 1.0 g/ 10 min o less at 372°C using 8 5 kg foad

(MF1 372/5 of less than 1.0 g /10 min}, preferably z mels flow index (372/5) of ¢ g /16 minutes or less,

i
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have such a high melt viscosity that they retain their shape despite being as temperaturs above their meliing
poings. This is advantageous for removing binder material by heat treatment and to provide dense
{lvoropolymer articles,

However, also “meit p'm@ess‘;ab.i_é" fluoropolymers may be ussd in the methods of the present
disclosure, Such fluoropolymers include copolymers of TEE. The same comonomers and sombinations of
comonomers as described above cmi be used. In addition ethylene or propylens tan be used as additions]
somonomers, Melt-processable fuoropolyners include copolymers of TFE with perfluorinated, partially
fuorinated or non-fluorinated comonummers, whirein the comonomer content js greater than 1% wit, ov
greater than 3% by weight and may be up to 30% wit {as used herginabove and below the weight percentages
are based on total weight of the polymer -~ unless spacified otherwise) Meli-processable flnaropolymers
{also referred to as “thermep fasts™ or “thermoplastics™ include but ave not limited to: FEP (copolymets of
TEE, HEP and other optional amounts of perfluorinated vimyl ethers); THY (copolymers of TEE, VIF and
HEP), PFA {cﬂp@iy‘mé:x% of TFE and perfluore alkyl vinyl etherss andior perfluoro atkyl allyt etbers)
homonomers and copolymers of VOF (FVDIFS and home- and copolymers of chiorriflvorogthylens (CTFE)
and copolymers of TRE and ethylene (ETFE})

Flunrothermoplasts-are described, for example, in SFluoropelymer, Organic™ in Ulhmann’s
Encyelopedia of industrial chemisty, 7 edition, 2013, Wiley-VCUH Verlag Chemie, Weinhein, Germany.

Preferred melt-processable fluorothermoplasts inelude fluoropolymers with a melting poist
. i . FIFQROI g

batwesn 260 and 313°C, preferably 280°C to 315%C

The melt-processable fluorothermoplasts have a melt flow index of greater thap 1.0 ¢/ 10 min
(MFI (372°C/5ke)) and preferably from 1.1 ta 50.g/H min, more preferably from [ to 200r 1108 ‘;.-*’i‘f)
NINULES.

in one embodiment the melt pricessable fucrothermoplasts are PFAs. PFAs are copolymers of
THE and at least one perfluore alkyl vinyl ethers (PAVE™S), perfluoro alkyl allyl ethers (PAAL) and
corsbinations therent, Typical amounts of copolymers range from 1.7 % to 10% wi. Preferably, the PEAs
have & nyelting point between 288 SC and 315°C, for example between 2R0°C and 300°C.,

Fluorathermoplast with MFUs greater than 59 g/ 10 min {MF1372/5) may also be used inthe
methods of the present disclosure, For polymers with greater MFI's may also be used by the present
methods. Yo one embodiment, fluar othermoplasts with MEs greater than 80 g S O oin (MFL372/5)
andfor with melting points below 300°C vr 280°C, or below 200°C may be used, for exumple
fluorsthermoplasts with -n':iﬁit‘in_g_ pointy between | 0°C and 280°C. 1t is believed that these
fluoropolymers requine a milder heat treatment in the work-up procedure to avaid structural stability, The
hinder material may be removed not thermatly bug, for example, by solvent extraction, or binder material
rtay e chusen that can be removed at low teraperatures. Such materials may also preferably be processed
as pastes and the 3D printable compositions may contain no water or oty low amounts of water. This

would avoid or reduce the heat freatment necessary to remove residual water inthe work-up provedute,

1
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The fuorothstmoplasts may be linear or branched, for example in case they contain branched
comonomers like HFE. Longer branches may be created by using branching modifiers i the polymerization
as described, for example in WO2008/140914 A1,

Favourably, the fluorinated polymers are dispersed in the 3D-pintable compositions, Preforably,
the fluorinated polymers have a small paticle size to allow for a homogenous dispersion, Typically, the
particle size corresponds to particles sizes obtaived by preparing fluoropolymers in an aqusous smulsion
polymerization as knows in the art. The fluoropstyraers typically have a particle sizes of less than 2,000
rism. Preferibly, the fuotopolymer particles have an average particle size {Dsy of frone 50 10 500 nim, or
from 70 ta 350 nin. Using fuoropolymers of small particle sizes, for example paiticle sizes typically
obtained by emulsion polymerisation of fluoropnlymers, where the resulting fluoropolymers have an
average particle size (Ds) of from 3¢ to 500 nmy, or from 7010 350 nm, may favour the creation of dense
flucropolvimer articles, for example shaped £ soropolymers with « high density and/or low void content,
However, in application where 8o dense articles but rather porous article are desired, larger particle size
or different heat trestmient o sintering schemes can be applied. The porosity of the resulting shaped
article miay be controlled this way.

in the 3D-printable compositions the Hucropotymers may be dispersed in the binder material or in

o dispstsing medium, for example water ora solvent ora-combination thereof. Preferably, the 3D-printable

compositions gre aqueous compositions, In a convenient way (o prepare homogeneous 3ID-printabie
compositions, an agueous dispersion of the fluoropolymers is provided to which the other ingredients are
added. Extrudable compositions niay be created from dispersions that may then be upeoneentrated, for
example by removing water content through evaporation or thermal treatment. Another way of making
extrudable pastes includss suspending or dispersing coagulated fluoropolymers in suiable solvents and
combining them with the binders or other optional ingredients,

The fluoropolvmers deseribed herein and the aqueous flucropolymer dispersions van be
copveniently prepared by aqueous emulsion polymerization as described, for sxample, in U8 2,965,595,
EP 1,533,325 and EP 0,969,027, However, the fluoropolymers may also be obtained by saspension
polymerization.

Various grades of fluoropolymers fluoropolymer dispersions as describied hersin are
conmmeraially available, for example from Dynedu GribH, Burgkitchen Germany and frony.other
flueropalymer producers,

Generally, the amount of Tluoropolirerss, i particalarly nat melt-processable flugropolymers, in
the 3D-printabls compositions muay includy butare not limited to from about 2570 %, 30~ 50%. 25 to
6%, 40-55% or from about 30 to 50% or frontabout 31 10 45 % (percent by weight, based o the total
weight of the composition). The optimum concentration may-depend on the type and amounts of the othet
tgredients, for example the binder material and the type of 3D printer used. Too high concentrations of
flucropolymer may lead to the formation of viscous compositions that may be diffivalt to process in some
types of 3D printers, for example VAT polymerization of stercolithography. Ia that case, the

fluoropulymer concentration conld be fowered or the composition ¢can be diluted, for éxample by adding

i
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water, solvent or another dispersing miedivm, Othier 3D-printing methdds requirs more viscous
compositions such as pastes, for example printers operating with paste extrusions,

“The ﬂu{)mp@{ym&:frﬁ‘ used in the 3D-printable compositions are preferably prepaved by aquecus
entulston polymerization. Preferably, they are provided as agueous dispersions. The polymerization is
typically carried out with fluorinated emulsifiess. The fluorinated srulsifiers stabilise the fuoropolyviner

dispersion, Typical emulsifiers melude those that sorepond o the formala
Q-RLZ-M

wherein Q represents h\dwt*ch. Clor F, wherehy Q may be present in a terminal position of pot, R
represents a lisar or eyclis of branched perfluorinated or partially fuorinated alkylene having 4 t0 15
ciatbon ﬂtem& Z presents an acid a,niicm,, such as (E,‘Ci.(}“ ar SO and M repr’ésents a cation inchuding an
059 342 EP 712 88’2, EP 752 432, BP 86 397, US 6,025,307, US 6, 16’3.:343, U.S 6,-_126,3&& us
5229480, US 5,763,552; US 5,688,884, 1J5 5,700,858 50, LS 5,895,799, WOOH/22002 and WOUH/ 71590,

-.»

Fypicil eﬁ:&:‘:amh‘le:»*-'i'nc!ude'hut.,&:“e‘ not Hmited to emulsifiers of the general formaula:
o E t
[REQ-L-COOIXS

wherein L. represents a lineas or branched or cyelic, partially ov fully Suorinated atkylene group oran
aliphatic hydrocarbon group, R represents a linear or branched, partially or fully fluorinated aliphatic
group o 3 Hinear or branched partially or fully Ruorinated group interrupted once orimore than onee with
an oxygen atowy, i represents acation having the valencs { and {is 1, 2and 3. In case the emulsifier
contains partially fluorinated aliphatic group it is referred to as a partially Buorinated emulsifier.
Preferably, the molecular weight of the emulsifier is less than 1,000 gémale:

Specific examples are described in, for example, US Pat, Publ. 20070015937 (Hintzeretal).
Exemplary emulsifiers include: CECFROURCROCFCO0H, CHE(CE:C00H, CR{CF )} COOH,
CROCEOCHCEICOOH, OFCRCHOCEUHOCERCO0H, CROICEROCHECECOOH,
CEOCEHOCE:CO0N, CF(CFRUHCERRCHEURCFCO0H, € lﬁ';{CFz}}gCH HOFRCOOH,
CE{CFCO0H, CRYCEIAOCECENCHYOCFICFICOOH, CF(CEIHOCECE hCCHCFHCOUH,
CRCROCECEORCHCO0H, and their salts.

Therefire, in one embodiment, the 3D-printable compesitions may contain one or more fluorinated
erulsifiers. Typically, theiramount is fow (100 ppm or fess or 50 ppm or less hased on the weight of the
composition inany évent as low as 10 ppm, 5 ppm, oreven low ennugh to be below the detection limits af
the available analytical methods (therefore nominaily 0 ppay, O ppb, ov 0 ppt, depending ve the limits of the
chosen methad)) becanse the fluorinated emulsifiers may be removed inthe work up procedure, for example

as described in WOO3/05 1988,

s
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may ke fluorinated or non-fluorinated and preferably are non-flearinated. Typically they are non-towic or
amphoteric, Preferred are emulsifiers that provide sufficient shiar stability 10 the Buoropolymier dispersion
bot degrade or evaporate at the heat process in the work up procedure.

in one embodiment the 3D:printable compositions provided berein may <ontain one or more
stabilizing stulsifiers. Optimum amounts may vary and depend oo the birder material and ratio of binder
material to fluoropolyiner, foaming properties of surfactants, compatibil ity of the surfﬁgtam‘s with theather
ingredionts, surfac-activity 'of the surfatiants and fomming properties of the surfactants betause too muck
foaming may not be suitable, Typical amounts of stabilizing emulsifiers ase 4.5 10 12 % by weight based
an the weight of the 3D-printable composition,

Exanmples of stabihizing erulaifiers include butare not Hmited to ethoxylated alcohols, amine oxide

surfactants and sthiovated amine surfactanss as will be deseribed i greuter desail below.

Ethoxylated dloahol switactanis

Examples bf non-ionic surfastants can he selected from the group Gfa-iikyE;iﬁ_‘géipo'iyeﬂmx;y aleobhols
{although not preferred), polvoxyalkyiens atkyl sther surfactants, and alkoxylated acetyvienic diols,
pre-ﬁaraﬁ‘@ ethoxylated acetylenic diols, and mixtures of such surfactants,

corresponds to the general formustas
RIG-X-R

whetein RY represents a linear or branched aliphatic or avomatic hydrocarbon group that may contain ong
ar miote catenary oxygen atoms and having at least & carbon atoms, preferably 8 to 18 carbon ators, fn g
preferted embodiment. the residue R corresponds 1o a residue (R7HR7)C~ wherein R and R are the
same or different, Hnear, branched or cvelicalkyl groups, R represents hydrogen ora Cr-Gratkyl group.
X represents a plarality of ethoxy units that can also contain ong or more propoxy unit, For example, X

may repressnt « [CHiCHO - [R¥ 0w R? reprosents an alkylene having 3 carbon atoms, nhas a vahie of O
to 440, m has a valee of 0 to 40 and the surm of nem s at foast 2 and the units indexed by n and i ay be
arranged at random. Also mixtures of the above emulsificrs may be used. Commercially available non-
ionic surfactants or mixtures of non-onit suripetants nchide those avaifable front Clatiant GmbH ander
the trade designation GENAPOL such as GENAPOL X-080 and GENAPOL PFA0. Furthsr suitable non-
fonic surfactants that ave commercially available include those of the trade designation Tergitol TMIN 6,

Tergito! TMN 100X and Tergitol TMN 10 from Dow Chemisal Company.

Amine oxide surfadtants
i one embodiment the 3-printable composition may comprise one or more ‘amine oxide

surfactants. Such emulsifiers arg described, for sxample, in US Patent No, 8,097,673 82,

14
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The amine oxide surfactants may sorrespond 1o the formula:
(RORRIN-O

wherein R is radical of the formula:

5 wherein RY s a saturated or unsaturated, branched or unbranched, eyelicor acyehic; alkyl, h}e‘dr-ax;gaik}ri,
ether of hydroxyether radical having 1 to 20 carbor atoms, X is an O, NH or NRY, 2 and b are G or 1 with
the proviso that a+b=1, and o is 248
whisrein R and RYare independently selected from satwrated or unsaturated, branched or unbranched,
eyclic or aoyelic, aR«"\i ydroxyalkyl, ether or hydroxyether radical having 1 to 1 carbon atoms

W0 optionally substituted with halogeny
RY s selected from saturated or unsatrated, branched or unbranched, cyclic oracyelis, alkyl,
hydroxyalksl, ether or hydroxyether radical having 1 1o 10 carbon stoms optionally substituted with
halogen or an N-oxylaming group; and

wherein that K and R raay be joined by a chemical bond to formeaning,

e
L9

If RY, R RYand R7 have halogen substitutions, preferably halogen substitutions are limited such
that no move than about 70% of the atoms attached to-carbon atoms of the radics! are halogen atoms,
more preferably no more than-about S0% are halogen atoms. Most preferably, RY, R RYand R ars not
h aiogen substitated,

IF RS s substituted with N-oxylamino, groups bonded to the nitrogen atom preferably have 1 to 10

200 carbon atoms,

In preferred surfactants, RY s aradical of {he formula:

i3
e+ ]

whersin R comprises atky! having 120 carbon atomis, X is NH, a and b are 0'or 1 with the proviso that

a+b={, andn 1524

In more preferred surfactants, R1 s a radival of the formula:

R {0220) KA OO Y CH o
30 wherein R comprises atkyl aving 5-20 carbon atoms, X is WH, 2 and bare 0 or 1 with the proviso that

atbl, and o is ¥

R*and R inthe formula:

(ROHRIHEOIN-O

Lol
LA

may be independently selected from saturated or unsaturated, branched or unbranched, cychicoracyelic,

alkvt orhydroxyalkyd radical having 1 to 4 carbon atoms.

P
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In onie embodiment R2and R in the formula above are eack independently selected from atkyt or
hyehroxvalkyt radicaly having 1 to 2 carbon atoms,
Specific examples include cocoamidopropyl dimethyl amine oxids, Ewﬁa‘tﬁ}‘-“ihexﬂarﬂid‘apmpyi
dimethy! amine oxide. and actylamidopropyl dimethy! amive oxide,
Aminoxide surfactants are commercially availably, for example, under the trade designation

GENAMINOX from Clariand.

Ethoxylated amine surfactants
I another embodiment the 3D-printable compositions may containone or mere sthoxylated
amine surfactants, Amine oxide surfactants are deseribed, for example, in US Pat. No, 4,605,773,

Ethoxyvlated amine surfactants may covrespond to the formula:

RIR*NCHCHO)H
or

[(‘ HaCHOweH
RN e, OO

with R, R* and R being @ non-podar residue, such as being independent from each other a branched,
Hnearor eyelic alkyl, alkyloxy or polyoxy alkyl residue. Each non polar residue may comprise,
independit from each other, 4 or more, 6 or more, & or more and less than 30, more preferably more than
10 and less than 20, most preferably between 6 and 18 € atoms. Tn some embodiments one or more of the
residues Ry, R or R may be alkyl-substituted (preferably with a methy! or ethy) group} in the 1-position
(that is, the position adjacens to the N-atom  or di-alkyl-substituted o the [-position.

hi both formutae above n and mrepresent an integerand being independently from each other 1,2,
3,4,8,6,7.8,9, 10, 11,12, Borldor 1 to 10, 1 taGor 104, Preferably, the sumeof vand m may be less
than 30, more preferably tess than 25, most preferably less than 20, The sure of nand m may alse bel, 3,

1,12, 2000 28,

The total number of C-atoms in the molecule may be less thas 50 or less than 40 or less tan 20.

i cne-smhoedinent one or more résidues of the tertiary am i Hinked to the Neatow may
correspond to the tonmnala;

R-(OCHCRH)-

with R being hydeogen, a branched, linear or cyelic alkyl or aryl residue and. &' being hydrogen oran
alky] grotp including, for example, a methyl, ethyl, propyl, isopropyl. or butyl group. Preferably, R™ isa
methyl. ethyl, propyl or isopropy! gmu@;;‘
X represents an integerof from 1,2, 3, 0r 110 10, I dor o d

In another embodinent, X is sn integer from 1 to 10, R is H or CHz and R is selected from the
growp consisting of H o straight or branched alkyls. such as methyl, ethyl, propyl, isopropyl ete.

Examples of readily available ethoxylated amines includs but are not himited to those marketed

ander the tradename TRITON RW-Sgries by Dow Chemical Company, Midland, ML, USA, such as for
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example TRITON RW20, RW-50, RW-70, RW-100, RW-150, or under the trade designation GENAMIN
from Claviant, Basel, Switzerland.

Other emulsifiers comterplated as suitable include suganbased surfactants, such as glycoside
surfactants and polysarbates such as deseribed, for example, In WO20L/014713AZ (Zipplies etal).

As an alternitive to using agueous fluoropolynier dispersions, fluoropolymer coagulated from such
dispersions may be used. The coagulated polymer particles may be dispersed in 4 solvent, typicaily an
organic solvent,

Atternatively, fuotopolymers obtained by suspension polymerization may be used, Typically the
resulting particles have a particle sitze that gan be greater thaw SO0 g,

The preferred particle size of the fuoropolymer particles in the 3D-printable compesition is 500
wim or less, preferably 50w and less, more preferably § pmoand less. In any event, practical
manufactaring limits may dictate that such particles have a size of 0.1 povor favger, 0.5 pm or largse or
gven T pm or larger, Tn other words, the presest description inclides the ranges beginning a1 0.1, 0.5, or |

.

wm and up 1o S, 50, 00 560 pm (as determined by z-average particle si

»):
G

Fluoropolymer Blends

i one snibodiiment, the 3D-printable contpositions comprises mixtures of fluornpolymers. For
example i one embodiment the composition comprises mixtures of ditferent non-melt processable
fluoropolymers, for example polymers of differont molecular welght, In one embodiment the composition
somprise a mixture of ohe of More nen mel-processable fluoropolymer as deseribed above with one or
mate PTFE micropowders, PYFE micropowders have the same molecslar composition and similar melting
points as PTFE s as described above but have a much lower molecular weight and melt viscosity, They
have an MFL{372/8) of greater than 0.1 g/l O mins, PTFE micropowders are commercially available and
are tvpisally prepared by radiation degradation of high maotecular-weight FTFE folfowed by milling:
Mictopowders are also commercially available, for example from Dyneon Ginbl, Buggkirchen Germany
or other fluoropolymer producers.

Ir another embodiment the 3D-printable compositions comptise 8 blend of one or giore non~melt
processable fueropotymer and one or more melt-processable tuoropolymer. The weight ratio of melt
processable fluorothermoplasts to non-meli-processable tluoropolymers may be frowmy Lol &0 L1000 0
from 11210 11100, The presence of melt processable fluoropolymers in blends with non-mielt processable
fleoropolymers may lead to a more rapid fitlling of voids credted by the removal of the binder material.
This may be advantageous ss it may lead to-more dense articles after or during o thermal removal of the
binder material from the article.

i one smbodiment the fluorothermoplasts ased in the blends ave PFAs. PFAs are copolymers of

TFE and at least vne perfluore alkyl vinyl ethers {PAVE’s), perfluore atkyt allyl ethers {(PAAE) and
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combinations thereof, Typical amounts of eopolymers range from 1.7 % w0 10% wi. Preferably, the PRAs
have & melting point betwsen 280 °C and 315°C, for example betwesn 280°C and 300°C,

The ﬂuor'ot‘hernmp}as‘;ta.may be lingar or branched, for example in vase they contain HEP, or they
may contain longer branches created by using branching modifiers in the polymerization ss deseribed, for
example in WO2008/140914 AL

Rlends of fuoropolyinets may be conveniently prepared by providing the polymers in the forse of
aguenis dispersions and theiy blending the depersions. The resulting dispersion may be upconcentrated 1o
remove water if niscessary by thevinal evaporation, wlirafilteation or other methods knows in the art, The
other ingredients of the 3D-printable composition may be added to the dispersion containing the

flustopotyimer blends to provide this final 30-prinsable composirion,
Begetive niagerial

Polymerizable binder

The reactive material of the 3 D-printable composition comprises ¢ polymerizable binder material.
The polvmerizable binder material is matched to the energy source of the 3D printer, ot in case a
potymerization initiatar is used 1o the polymerization initiator, or both, The polymerization initiater may
be-activated by the energy source and in turn initiates the polymerization of the polymerizable binder
roaterial, The polvimerizable binder material is satehed to the energy source of the additive processing
device (3D printer) o polymerization initistor, such that exposure of the 31 printable composition to the
energy emitted from the energy source allows polymerization to proceed at appropriate speed in'the pirt
of the compasition that has been expused to the energy emitted from the energy source of the 31 printer.
Forexamgple, if the energy sowce i3 UV light, the polymerizable binder has reactive groups that are
activated by jrradiation with UV-light to start the polymerization. Altereatively or additionally, the
composition may contain a photoinitiator that is reactive to UV irradiation and the activatad photoinitiator
then activates the reactive groups i the polymerizable bindet 1o setoft the polymerization,

The structure and nature of the polymerizable binder material is not particularty Hmited anless the
desired result cannot be achieved. Upon polymerization the polymerizable binder forms a network with the
dispersed Nuoropolymer particles resulting in wsolidified or getlad compasition with the fluoropolymer
particles contained in the polymerized binder network. This composition alteady hs the three-dimensional
shape of the final article but raay contais fiquid, frexamplewater, and i3 referred to gs “green body”. The
pptiroum amount and type of polymerizable binder material may be determined taking into account the
following: the amount of binder material preferably is high enough such that it allows to solidity in the
areas where the layers are to be created, Le. it is preferably present in an effective amount 1o allow the
forntation of solidified layers of the desired dimensions, Secondly, the amount of polymerized binder may
be minimised with respect tothe Auoropolymer content tominintise or avoid shrinking of the article during
the working up process. Alse the formation of voids i the finished aticles ereated during the removal of

the polymerized hinder material may be minimised or even avoided: Also the stability of the Muotopolymer
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dispersion has 16 be constdered aid too high amdunts of binder material iy lead to premangre coagulation
of the fluoropolymer dispersion or solution, The binder material is vapable to polymerize to forma solid or
gel of sufficient strength to retain dimensional stability throughout the creation of the sreated object.
Howgver, the polvmerized binder material should not be :we'sp@tlsibie for the dimensional .si‘abiﬁtﬁy of the
finished article and can be removed thermally during the work up procedure without the article becoming
dimensionally unstable. The polvinerizable binder material desirably polymerizes fust under the conditions
in the additive processing machine,

Further, the polymerized binder thermally degrades at temperatures below the melting stroctore of
the Huoropolymer, preferably it can be combusted at such conditions.

Preferably, the polymerizable binder material is dissolved or dispersed in the 3D printable
composition, Tn one embodiment, the polymerizable binder material i liquid, To dissolve or disperse the
binder material vreanic solvents or dispstsants may be osed or an agueous medium fike water may be
used. The organic solvents or dispersants are preferably inert and donot polymerize or react with the
binder ar polymerization nniatorn.

A suitable polyioerizable binder material includes monowers, oligomers or polymers witly
polymerizable groups, preferably eind groups, that preferably are Higquid or that can be dispstsed or dissolved
i a liquid, for example water. The polymerizable end groups include groups reactive o electromagnetic
ireadiation by polyiierization or that pelymerize upon activation by polymerization. infistors of @
combination thereof.

Builable polymerizable hinder materials lnclude compornds with polymerizable groups comprising
one Or more olefinic unsaturation. Examples inchwde compounds with end or side groups Somprising one
or move sthylenic unit, fe. a carbon-carbon unsaturation, Examples inchide end groups comprising one or

groups (&n. HO=CX-

more of the groups selected from vimyl groups {eig., FLU=0X- groups), allyl

CXIXNY, vinylether groups (&8, H:O=CX-0-), alivl sther groups g (HE SARCXINA04), and acrylate

proups (e.g, HaO=UX-C0s) and combinations therenf. X7 represents H, methyl, halogen (F, CL Br. 1) of

nitrife and 20 and XY gach independently represents B, methyl, halogen (E. O, Br, Iy or witrite. In one

embodiment one of X3 or X* is methyl and one is H and alve 3% {s H; In a preferred embodiment X, X* and

Xhare all B, X reprosents Hor CHa. Examples include butare not timited to etliviene groups, vinyl groups,
allyl groups, Suitable polymerizable groups inchude but are not limited to end and side groups comprising

ane or more wiits corresponding 16 the general formula (VI

HiC=C (X {4
FC=CX0-0- (R
HaOsCEXRCH-0- (1
HAC=CXR)AE=0)- {IV)
HC=CX-Che (V)
H:C=OUX 00O (VD
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Examples of polvietizable binder waterials include mono acrylates and mono methacrylates, o,

compounds with ongend of side group comprising an acrylate group or methacrylate group {s.g, an

HC=CXC 0~ group where X iv H or CHy). Another example inchudes poly acrvlates or poly methyl
aseylates, Lo, compounds having more than one endand/or side groups comprising an acrylate ve
methacrylate group, Yet other examples include 'mmmmer:i'c.,_c):i;‘igmnerijc and polyvmenic aorylates.
Oligomeric acrylates comprise from Lup 1o 23 repeating nonomeric units, Polymerie actylates comprise
more thin 25 repeating units. Further, these compatnds comprise at least one acrylate end or side group
to gualtfy as polymerizsable atrylates. Examples of repeating snits of such monomeris, oligomeric or
polymericacnylates include but are not Himited to ethoxy (~CH:CH-U-) units and propoxy (+~CiHaO-)
faits ax wedl as acrvlate units and combinations thercof. Acrylates comprising an ethoxy unit e referred
t0 also a3 “ethoxylated avrylates™.

Specific examples include ethoxylated or polysthoxylated sorylates, for exampls polysthylene
glyeols having one, two or thees acrylic end or side groups. Other examples include aerylates having one
ov move than one acrylate proup Hnked to an alkyl or alkylene chain that may be interrupted mice or more
than once by oxygen atoms. Actvlates include butare not limited to monoacrylates, diacrylates and
triacrylates and combinations thereof including their methacrylic equivalents, Specific examples include
but are not limited 1o exthoxylated triacrylates and diacrylales and the corresponding methacrylates.
Specific examples include eshoxylated trimethylol propans triacrylates (SR415); polyethyiene glycol
dimethaerylate (SR2573, polysthylene glyeo! dlacrylate (SR344), ethoxylated bisphenyl A dimethucrylate
(RRUG3I6A), ethoxylated bispheny! A dimsthacrylate {(SR9038) all eommercially available from Sartomer
Americas, Exton, PA, USA,

In one embodiment of the present disclosure the binder niaterial corprises a polyetbylene glycol
di- or triaerlvate or a combination of polylethlyene glycol di- and triacrylates.

The overall composition of the: polymerizable material may be selected so that the polymerized
material is Tiguid, ov isscluble fn a solvent or dispersing seedium used in the 3 D-printable composition, e.g.
water, Further, the overall composition of the polymerizable miterial can beswlected 19 adj ustcompatibility

with the other ingredients of the 3D-printable composition o 1o adjust the strength, flexibility, and

upiformity of the potymerized material, Stiil further, the overall composition of the polymerizable matetial

can be selected to adjust the burneut characteristios of the polymerized material prior to sintering. Various

combinations of binder materials may be possible and are available to the person ski lied in theart. Mixtures
of different polymerizabie binder matena Is may be used. For example bi- or polyfunctional polymerizable
binder materials raay b incloded that generate wcross-tinked network, A successtul build typically requires
a certain lovel of green body gel strength as well as shape resolution. A crosslinked approach often times
altonws Tor greater green b‘ody gel strenyth to be realized at a lower energy dose since the polymerizstion
oreates a stronger network. The presence of mosoemers having a plurality of polymerizable groups tonds 1o
enhance the strength of the gel composition formed when the printing sol is polymerized. The amount of
the monomer with a phuality of the polymerizable groups can be used to adjust the flexibility and the

strengtic of the green body, and indirectly optimize the green bady resolution and final article resolution,
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in the following, sxemplary binder materials arg contemplated as betng useful as an alternative to
the materials deseribed above ovin combination with thent.

Examples include but are not Himited 1o acrylie acid, methacrytic acid, beta-carboxyethyl aceylate,
and mono-2-(methacryvloxyethyhsuccinate. Exemplary polymerization hydroxyl-Contaming monomers for
use a5 binder or Tor prepaving binder compositions include hydroxyethyl acrylate, hydroxyethyl
methacrylate, hydroxypropyl acrylats, hydroxyvpropyl methaceylate, hydroxyl butyl acrylate, dnd
hydroxybetyl methacrylate: Acryloxy and methaeryloxy functicaal polvethylene oxide, and
palypropylene oxide may also be nsed as the polymerizable hydroxyl-containing monomets.

An exemplary radically polvinerizable binder muterial comnprises mond-
{methacryloxypolyethyleneglycol} suceinate.

Another example of a tadically ;miunertmb ¢ binder material (activitatted by a photoinitiatar) is
a polymerizable silane. Exemplary polymerizable silanes ihelude methacevlosyalkytrialkoxysilanes, or
acrvloxyalkyltrialkoxysilanes (e.g., 3-methacryloxypropylirimethoxysilane, 3-acryloxypropyitrimethoxy-
sifane, and 3-{methacryloxy)propyliiviethoxysilane; as -;%?-{.metka,(::s'_},«‘i:m:\‘i}-ﬁ}pmpyhmﬂwiﬁinwtfm‘xysii&ne,
and I-(acrvloxypropyDmethy idimethoxysilane): methacryloxyatkyldialkyla ko*{\‘aii'mn S.of

propyldimethylethoxysilane);

mercaptoatkyltrialkoxyisilanes (.., 3-mercaptopropyitrimethoxysilane); aryitriatkoxysilanes (e.g.,
s:tytryii:thyitr"t'm:eti}i)xi\;:siiaﬂ&:}i vinylsilanes {;g vinylmethyidiacetoxysilane, vinyldimethylethoxysilan,
vinyhmethyldiethoxysitane, vinvitrimethoxysitane, vinyRriethoxysilang, vinyitriacstoxysilane,
v.’myiiriisﬂprap%ys‘"ii"a.ﬂ'fe_, vinyltrimethoxys ilane, and vinylty s{2- methoxyethoxy’ ysame)

Exemplaty monsmers with two (mr‘eﬂf}aﬂ;:mlcwl groups inchude 1,2-ethanediol diacrylate, 1.3
propasediol diacrylate, 1.9-nonanediol diacryiate, 1, 12-dodecanediof discrylate, 1 4-butanediol
diasrylats, 1,6-hexanediol diacrylate, butylene glyeol digerylate, bisphenot A dincrylate; diethylene glvent
diactylate, triethylens glycol diacrylate, te&-rae:{.hyim@ glveol diacrylate, tripropylene glycol diacryviate,
patyethyltene glyveel dincryiate, polypropylene glyeol diaerylate, polyethylene/polvpropylene copolymer
diacrylate, polybutadiens di(methacrylate, pz\'}@_o;s;}-"la{ed yeetin trifmeth)acrylate, and neapentylgiveol
hydroxypivalate diacrylate modified caprolactone.

Exemplary monomers with three or four (methjacryloy! groups fnclude, but are vot limited to,
irimethylolprapane triacrylate (e.g., commercially svailable ander the trade designation TMPTAN front
Cytee Industries, Inc, (Smyma, GA, USAJ and under the trade designation SR-351 from Sartomer (Exton,
PA, USAY, pentacryihritol triacrylate (.g. commercially available under the trade designation SRe444
from Sartomer}, sthoxylated (3} trimethylolpropane t.riaw::r}}‘l“ate (&8s Comm,es‘cial‘iy available under the
trade designation SR-434 fron Sartomer); ethoxylated { 43 pentagryvthritol tetrascrylate (e.g.,

commercially available under the trade designation SR-494 from Sartomer), tris{Z-
hvdroxyethylisocyanuarate) triacrvlate (e.g., commercially availahle under ibe trade designation SR-368
from Sartomer), a mixture of pen{aﬁzggrytﬁrimi triacrylate and pentservthritol tetrancrylate {e.g.
commercially available from Cytec Industries, ne., under the trade designation PETIA with an

approximately 111 ratio of tetraacrylate to triserylate and under the trade designation PETA-K withan
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approximately 3:1 ratio of tettaderylate to triacrylate), pentaerythritol tetrascrylate (e, g commercially
available under the trads designation SR-295 from Sartomer], and distrimethvlolpropans tetraacrylate
fe.g., commercially available under the trade designation SR-355 trom Sartomer}.

Exemplary monomers with five or six {methjacryloyl groups include, but are not Tisaied to,

dipentaerythritol pentaacrylate {e.g., commercially available under the trade designation SR-399 from

Sartomer) and a hexa-functional urethase acrvlate (/g conunercially available under the trade

designation CN9TS frony Sartonier),

Exeinplary mononsers for use as polynterizable binders include atkyl (meth)asrylates that have an
alky! group with a Hnear, branched, or eyelie stracture. Examples of suitable atkyl (methjacrylates
include, butarenot [tnvited to, methyd {methlacrylate, ethyl {methiacrylate, n-propy! {methlacrylate,
isopropy! (methyacrylate, n-butyl (_me;tﬁ:)am‘".}-iiate, isobutyl (meth)acrylate, n-penty! (meth)acrylate, 2-
sethylbutyl { (metiacryiate, n-hexyl {":‘;ixeth‘z}‘acm-time* evelohexyl {methiacrylate, dumethyi-2-pentyl
(methlacrviate, 2-ethythexyl {riet ﬂm,mate ..-mg.th\hm\\i\meth)acw ate, n-oetyl (methiaerylate,
isouctyl (methlserylate, 2-octyl {methacryiate, isonony! {methjacrylate, issamyl {meth)aerylate, 3,35+
teimethyloveld mxxi (rmthhgrxlak: nachegyl (mctMas.n late, isodecyl (methjacrylate, isobornyt
{methyacrylate, 2 pm‘p\!hq}r\l imeth)mn ate, isotridecyt {methjacrylate, sostearyl {methjacrylate,
octadesvl (meth‘»}am'via{e,-,:-ns:iy!dec}:fl {meth)acrylate, d‘od@cyi {methiacrylate, lauryd {meth)acrylale, and
heptadecanyt (methiacrylate.

Optinwm amounts of hinder material may be adapted 1o the specific system wsed, Generally,
suitable amounts of polymerizable binder are from 1 o 50%, or from 2 10 25%, or from 10 fo 20% (weight
per cents based on the total weight of the compositions) The polymerized binder may have to be removed
duwing the worksup provedure so the binder material should not be used in 8 great excess over the
fluoropolvmer particies as this may cause a structural failure of the article, Uptimum ratios of flucropolymer
to polvimerizable binder material depend on the type and nature of the binder nraterial but sy t’}*pilc:aiiy
include, hut are not limited to, weight ratios of fucrepolymer to polymerizable binder naterial of from 5:1
to 113, preferably from 4:1 to 131

In some-applications, it can be advantageous to minimize the weight ratio of polymerizable binder
material to fluoropolymer particles in the feaction mixture, This tends to reduce the amount of
decomposition products of organic material that needs 1o be burnid out prior to formation of the sintered
avticle. The amount of binder may also depend on the speed at which the flaoropolymer particles sinter. It
the sintering proceeds fast the corbustion gasss front the bindet material get trapped inside the article,

which can lead to a reduced density or to surface defects. In this case exidation catalysts may be used or

the amount binder may be reduced.

Preferably, the polymierizable binder material has a weight of Trom 106 10 3,000 g/mole or
comptises polvmerizable monoiners or oligomers having a molecular weight from 10010 5,000 gimaole,
This Tacilitates the formation of 8 3D-printable composition of a favourably low viscosity. Also lower
molecitlar weight polvmerizable binder material may be better soluble in an aqueous dispersion than high

molscular weight material.
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Other exemplary polymerizable binder materials contemplated herein incl ude materials with
polyimerizable groups including but not limited to epoxides, silanes and reactive components that can

golymerize to form polyvurethanes (g ¢ hydroxyl groups, ester groups, isocyanate groups.
Other additives:

Polymerization initiators

One or more polymerization initiators that inftiate polymerization of the polymerizable binder
material may be present in the 3D-printable composition. The polymerization initiator gats activated upon
sxposurs to the endrgy source, for example, upon exposure 10 13V irradiation or e-beam irradiation, or heal.
initiators that are activated by irradiation with visible or invisible light are referred to as photeinitistors.
Polymerizaoin initistors may be organic or inorganic. Polymerization fnitiators ave kawa in the art and
sre commtercially available. Preferably, the following classes of photoinitiator{s) can be wsed: a) two-
component system where d radical is generated through abstraction of a hydrogen atorn form a donor
compound; b} one component system where twa radicals are gencrated by cleavage.

Examples of photoinitiators acoording to type () typically contain & moiety selected from
berzophenosne, xanthone or quinone in combination with an aliphatic amine.

Exsmples of photoinitiators according to type (b) typically contain a moiety selected form
henzoin ether, acstophenon, benzoy! oxime or acyl phosphine.

Exemplary UV initiators include {-hydroxyeyclohexyl benzophenone {available, for examptle,
wnder the trade destgnation "IRGACURE 1847 from Ciba Specialty Cheinicals Conp., Tarrgtown, NYY 4
{2-hydroxyethoxy }phgml {-hydroxy-2-propyt) ketone (available, for example, under the tr ade
desiguation “IRGACURE 25297 from Ciba Specialty Chemicals Corp ) 2-hydroxy-
methylpropiophenone (available, for example, under the trade designation "DAROGCURE DL from
Ciba Specialty Chemicals Corp, and bis(24.6-r} mr;:’thyi‘():ei'lmyl}—phanyk‘}@ﬁﬂﬁi‘x@@?ﬁidé { availabig, for
example, under the trade designation “IRGACURE 8197 from Ciba pr“:‘cialt}f" Chiemieals (m‘p}

In one embodiment of the present disclosare a polymerization lnitiator is used with a
polymerizable hinder material selected from acrylates. Typically the polymerization initiatoris a
photoinitintor, which is activated by irradiation with visible or invisible light, preferably by UV
irractiation. The optimum amounts of initiator depend on the system used. Typical amounts include but
are not limited to amounts of 1 to (003 tives the weight of 'the‘pciwrmwiz&bi@ bi‘mier nsecl.
materizl. Typical anmcants of photain itiamr('s} i‘fxc.i.;:dﬁ_'hut. arenol Ll:_i:m-i-teﬂ oy the f_olioxs,amg amounts; Lt}\wr
awvount: at least 0.01 orat leawt 0.1 orat loast 0.5 wi~%: Upper amount: at. most 0.5 or at most 1.5 o at
et 3 wt-%: Ravtge: from 0.01 t0.3 or from 0,5 to L8 wii-%5 w2 with respect to the weight of the 3D-

printable composition.

ta)
ok o



Lih

Eury

i

n

iia
28y

WO 2017/127561 PCT/US2017/014156

Jnstead of polymerization initiators that are activated by visible or invisihle fight, like UV
irradiation, it i3 also possible to use initators that are activated thernally or by actinic frradiation. Jn sueh

case, the energy source s appropriately selected o allow activation of the mitiators.

Polymerization inhibitors

Keeping the polymerization réaction focalized o the artas that have been sxposed to the exergy souree of
the additive processing maching. Such polyimerization inhibitors slow down the polymerization reaction or
terminate it for example by acting as radical scavangers. {ohibitors for polymerization with irradiation
through Heht, ncluding UV light are known in the art as “photoinhibitons™ and inciude conmercially
avaitabie miaterials such as '}23{3-6i.—té;rt.-hu,tﬁ—iieme{h_}dpham;ilb-m-'aiiﬂhﬁe-f’mz-‘n Sigma-Aldrich, 8t Louts, M@,
USA. Optimum amouiits of inhibitors depend on the system of polymerizable binder material, initiators
and energy source used. Typical amounts of inhibitors inclade but are not {imited 1o amousts of from 0.9

to 0.001 times the amount of polymerization initiator (by weight),

Fillers, pigments, UV enhancers and oxidation catalysts

The 3D-printable compositions may further comprise {i liers, pigments or dyes if compatible with
the 31 printer ased and the thermal work up treatment. Fillers may inclade but are not imited to stficon
carbide, borornitride, molyhdenum sulfide, aluminam oxides, carbon particles, such as graphite or
carbon black, garbon fibers, carbon nanotubes. The filler content van beoptimized to the system used and
may typically be behween (.01 10 10 %o or apie 30 % or evernrup o SO % by weight based on the total
weight of the composition depending on the fluoropolymer and binder materials used. The fillers should
be in particulate form and fave sufficiently small particle size to allow fora homogsneous dispersionin
the 3De-printable compuosition, To be compatible with the 3D-printable composition the filler particles
Hm.

Pigments have to be heat-stable at the lemperatures applied in the thermal work up procedures,
1.2, at feast the melting temperature of the nonsmelt processable fhoropolymer.

Ingredients that increase the irradistion energy from the shergy may also beiteluded inthe 30
printable composition. For example; by activation tiwough UY frvadiation UV enhancers (“optical
hrighteners™) may be included in the corvposition, Thesé dre chemical compounds that absorb light inthe
ultraviolet and violet region (usually 340-370 nmy) of thie, aud resemit light in the blue region (ypically
420-470 nm) by fluorescence. A usefid O‘pti.clﬂ brightener is Benetex OB-M1. Lakefield ct. Suwanes, GA
30024, This UV brighteners may also help fo linsit the penetration of the frradiation frony the energy
sotfce through the 3D-printable compusition sad to control the polymerization to localized areas.

Oxidation catalvsts may also be included i the 3D-printable composition to accelerate the
combustion of binder during the thermal work up procedure. This may help o create a smoother surface

and to avoid the formation of surface defects, Tt is believed that whey the combustion of the binder material
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is hot comipleted when the surface particles fuse during @ sintering step trapped combustion gases may lead
to Tormation of microbubbles or miero cracks on the surface of the sintersd articks: The oxidation catalyst
miay aceelerate the combustion such that the combastion gases have evaporated before the flacropolymer

particles on the surface fuse. Oxidation catalysts wre described for example in US Pat. No 4,1‘2{}_\6{18.31@

include ceviunt oxides or other metal oxides. Cerium oxide is commercially available from Nyaeod Mano

Technologies Ine. This might reduee seattering effects front the US source.

Additive provessing of the 3D-printable compuosition

The 3D printable conposition preferably is.a solution oria dispersion containing the
fluoropolymer particles, The pavticles may be dispersed in an inert organic solvent or i water or i the
polymerizable binder material or a corobination thereof. Prefesably the fluoropolymer particles are
dispersed in an aqueous medium and the 3D printable composition comprises an aqueous dispersion of
fluoropolymer patticles, The flusropolymer content of the compositions 18 preferably as high as possible
but may be limited by stability of the dispersion {coagulation or precipitation of fluorpolymers) or the
dispersions may convert into pastes and polymertzation might proceed oo slowly to ereate solidified
Jayers. Generally, tongentrations of pon-melt processable flusropolvmers may include but are not limited
1y concentrations from bbbt 25t 60%, fronrabeut 30 1o 0% or from about 31 10 45 % wi, based on the
tatal sweight of the compuosition.

The composition is entered into the additive processing machine (30 printer), for example those
deseribed for stereolithography or vat polymerization, and is subjected to additive processing fo creale a
three-dimensional object, also referred to as “green bady™. When an agueous dispersion is used as 31-
srintable composition the green body typieally is i the form of an aqua gel and has to be subjected to
diving to remove the water. In ather compositions not using water as dispersing agent, the dispetsing
agent il have to be temaved from the polymerized (solidifind or gelled) structure. The green body is
removed from the 3D printer and is separated from the unreacted composition, The unreacted
composition may be discarded or reused in another additive proeessing,

The resulting green body is subjected to drying to remove solvent of dispersion mediuny if used.

The drying should be-carried out to ensure that the entirety of the green body dries as uniform as possible.

Dirving is proferably carried out sfowly to avold the formation of cracks or 1ilts in the object. Typieally,
the drying can be carried out ot room temperatire for 12 or 3d hours, or by wsinga vacuum ovesn {for
exanyple using temperatures front 30 0 80°C, or 40 10 TO°C and pressures between 760 and 1 x 107 Tordd,
Drving undsr sontrofled humidity for example ander 50 10 90 %% humidity, may also be carried out. The
aptiman trestment may dependent on the 3D printable conposition used and gn size and geometry of the
article gencrated.

The polymerized bindsr material soay be removed from the green body ina separats or paraliel
heating regime. Conveniently this is carded out by a heat treatment to degrade (for example by
o¥idization oF combustion) and/or evaporate the polymerized material. The temperatarss are typically

chossh such that the Suorapohvmer article does not melt or gets destroyed, although in particular for

25
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fluoropolyniers with low MFI, and tn particalar for “non-melt processable™ fluoroplymers Sintering may
be used where heating above the melting point miay be cartied out. However, pref’ézbiy, sintering is carried
ot ift a separate subsequent heat fraatment. Typically, the article tums black duting the combgstion step
of the heat treatment. Inan additional heating step the temperatuge may be raised to the melting

S jomperature of the non-nislt-progessable flaoropalymer or above (“sinterd ng”). Atsuch temperatures the
fhsoropotyier particles will fuse but because of the extremely high melt-viscosity of these polymers, they
will vetain theis shiipe. Throtgh this sintering step the density of the article can be further incorsased. In the
sintering step the article 18 subjected to teitiperatures at orabove the melting temperatire of the
flucropolymer, in particilar the noh mele-processable flsoropolymer, but below its degradation

10 remperatuve, The heat treatment may depend onthe metlt flow index of the fluoropatymer used. Heat

treatment of up to 20°C, wp to 4% or even ap {0:607C above the melting point of the flucropolymer, in
particular for nonsmelt p;*@eesssbls--i‘i worapolymers may be carried out i the sintering step. The
rettaining binder material buris off at the sintering step and the article tums white. However, the:
sintering can be controlied such that the binder material does not completely burn off and residual

ameusts remain in the article, which may be desired for some applications. The presence of residual

w.,
wh

degraded binder material myay add some propertics to the article that may be desivable for particular
applications,
The finat article typically hay the same shape as the green body, although some shrinking
eompared to the green body may be observed. By doing controls.and test runs the amount of shrinking
20 caw be taken into acesunt when programiming the additive processing machine. Shrinking may e
winintised by maxinizing the fluotopolymer content of the 3D printable-composition; A higher
comonomer content in the TFE copolymer, in particular PAVE or PAAE content, may also lead to g
reduced shrinking
The fluoropolymer article obtained after sinfering has surprisingly few voids. Without being
25 bownd by theory, it is believed that during the sintering step the fluorapolymer particles have fused
together thus eliminating voids created by removing the binder, Shaped fﬁiu{arf:‘}pﬁlys‘ner& caft be obtaiped
that have a void content of less than 20 % (200 %), preferably loss than 10 % (100 %o ) o less than 2%
{20 %o). For example, shaped Huoropolyvmers can be provided having a void coitent between 0.1 and 1.3
U (1 and 15 %o), hetween 2.2t 5.5 % (22 and 53 %e) , between 6.0 to 12.0 % {60 to 120 %) or hetween
300 125 t0 185 % (125 to 185 %) Tiv one embodiment the ﬂu‘m‘rta;miy:ncr has a void comtent {Vai) of from 1
o 10 55 %o). }t is alvo belisved that the small particle size of the fluovopolymers in the 3D-printable
compositions is beaefitial for creating such derise shaped Thiptopolymers as characterized by a low void
sonient,

It is contemplated that shaped Rucropolyters may be obtained that have streteh void index (SV1)

e
T

at an elongation of 200% or 100% of less than 200, or less than 100 or even less than 9,

Flnoropolymer articles, and in particular PTFE articles, where the fluoigpolyimer basa density of

sore than 2.00, for example between 2.05 and 2.11 g/em? may by obtained by the processes disclosed

ferein. In one embodiment the fluoropolymer article has a density of from 2,13 10 2.17 glen®. Such

26
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densities and void contents may be reached with sintering at ambient pressare (1 bar), Sintering may be
carried out at temperatires of 10 to 40°C or between 30 °C and 60°C above the mehing point of the
fhuorepolyreer but below the degradation temperature of the polymer. The polymer particles fuse
{conlesce) under such conditions but the overall strutture of the polyner article is1 maintaingd begause of
the high melt viseosity of the polymers. I the temperature is set 100 ligh or too long the article niay

deform. Tn such case a lower teimperature or shorter time period should be wsed.

Articles

The ‘lu{\ropoivmem deseribed ahove can beshaped into articles by the methods provided in the
present disclosure. Thi shaped fluoropolymers ate articles and ave also referred to herein ag
“fluoropolymer articles™. The fluorpolynier articles may also be componsnts of other anticles.

The shaped, tluoropolymers may contain one or more fillers or aneor more other Ingredients. Tn
ane embodiment the shaped flusropolymers comprise from 50 4 100% of the fluaropolymers, inone
embodiment the shaped fhm-rgpoiymer COMPrises oie OF mMors fillerand the ameunt of fitlers may be up
fo 1%, or up t 10%% oreven up 1o 5096 by weight based on the weight of the fluoropolymer article,

It is an advantage of the methods and comppaitions of the present disclosure that not melte
processable fuoropelymers can be shaped into articles having geometries and designs that could not be
produced by machining with shaping tools. This includes integral articlas comprising an essentially
hollow structare, Hollow structures can he-prepared by muachining ‘nut_ only to some extent, Usually
Hollow structures are prepared in several steps and sepavate parts are joingd, for example by welding, This
leaves a seam (for example 2 weld seamy) or a bond Jine visible to the naked eye: “Integral articles™ as

used herein donot have joint p:ﬂ 8o an _int&;faw where two o more p_a,:."t&%.ha\-“a been ;}"b‘xﬁt together. They

ﬂ“ua:s.re:s,pmi\;mervarﬁicl'ss. wit‘h reumpla;x gmnwiries can be ;‘31?@}3-?1,*‘6@, E.}ial'npiﬁ&i ii.i@hldt‘- but are aot limited to
integral and essentially hollow fluoropolymer srticles. “Essentially hollonw articles” as used heretn are
articles that comprise a hollow structure or 2 hollow component, for example, but not imited to, & hollow
sphere, a sylinder, a eube, ora pyramid that has a continuous or as eisentially contindons stvface. An
Sessentiafly continuous surface™ as used herein coftains one or more aperines penetrating the suetace,
Preferably, less than 40% or less than 30%, more preferably less than 1096 or less than 1% of the surface
ares of the contingous surface is intervupted by ane of mMors apertures peratrating through the surface into
the hollow part, Other structires that are difficult or even impossible 1o produce by conventional
machining include honeycomb structives w thout weld seams. Fuither examples nclude integral articles
with one of tove wndercuts, for example integral avticles having one or more opening ot aperture but
fusther contain dhe of more indercuts at the laner side of the opening or aperture or behind the apening or
aperture,

Fheoropolymer artisles of bigand small dimensions can be produced. Only the size of the additive
provessing device may set a Hmitation to the size-of the articles that ¢an be produced. Anticles of small

dimensions may also be conveniently produced by the methods deseribed herein. An aiticle comprisiiig a

12
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shaped fluoropolymer can be prepared having a longest axis (asthe case miay be this wmay also bea
diameter) that s smaller than 1.0 envor @ven smaller than 07w, Inone embodi fment swiall
fluoropetymer articles may be produced having o longestaxis or diameter of from about 0.01 to about 1.0
mim, or from 8.7 t0 1.5 em: In another embodiment articles may be produced, for example articles baviag
4 smallest axis or dlaweter of af least 11 max

The Ruoropolymer articles can'be produced by the additive processing as deseribed hersin having
mechanical properticy comparable to fluoropolymer articles prepared by conventional machining. For
example shaped flyoropolymers, in particular don melprocessable Buoropelymers, can be produced by
the method of the present disclosure having a tensile swength of fremm at least 5 MPa, for example but not
Jimited to from 12 o 24 MPa {DIN BN SO 12086-2). The shaped, fluoropolyimers, in partioutar shaped
non meltprocessable fluoropolymers may have an elongation at break of at least 100% for example, but
not Himited to, an elongation at break of 150 10 400 % (DIN EN IS0 120862 with-a pulling rate of 50
nuRARE).

Shaped, fluoropolymers and atticles can be produced with the mathods and compositions of the
present diselosure that have a specific density of more than 2 2 {}5 it without applying any preasure, Le.
at minbient pressure (1 bar) or gven at reduced pressurs. Asa -r:e-sult the shaped, fluoropalymers are mot
oriented and are easentially isotropic, at least in two of the thres spatial directions). This presents another

advantage of the methods and compositions provided herein. Fluoropolymers with a low MF, for

exampla bilow $0 &/10 min (ME} 372/5) and in particularly the so-called non melt-processable
fluoropiiymers have been conveniently shaped so far by subjecting the fluoropolvmer to forees under

high pressure (and temperatares). As a result the shaped Ruotopalymer is oriented {anisotropic) and the
shaped flusropolymer may have different mechanical properties at differens spatial coordinates (e.g.
different properties in the longitudinal and transverse divection).

With the compositions and methods of the present disclosure shaped Huoropolymers can be
prepared that are essentiatly isotropic. Forexample, shaped fluoropolymers can be prepared by the 3D-
psrinting methods provided herein, that have a degree of ovientation of tess than 20%, or evert less than
1% or even less than 5% {as determined by polarized Hight microscopy),

Irvone ervbodiment a shaped fluoropolvater may be provided that is essentially isotropic

regarding its tensile strength and/or elongation at break, which means the fhioropolymer has gssentially
the same properties in af least two of all three spatial m‘i.e:";mticms{ Xey Yo and z-direction, x being the
fongitudinal direction, v being the transversal direction and « being perpendicalar to'the xand ¥
direction), or the properties deviate by less than 58% or less than 209, preferably less than | %, mote

-

preferably less than 5% and most -pm-f‘erabiiv fess than 196,
shaped fuoropol _};-*i-:}_e‘ri DAt ht::iabmi ped that have s tensile stiren,gﬁ; r;!f at ia_as_i? 5 MPa andforan ele’mgat-‘im
of at least 50%, preferably at least 100%,

The fluoropslymery, in particelar non mel-processable fluoropolymers, tan beshaped into

articles that have af least one element or part of a defined peometrical shiape, Defined geometrical shapes
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include Bt are not Hmited o circles, senticireles, ellipses, half-spherag, squares, rectangiss, cubss,
pofygons (including but not lintited fo triangles hexagons, pentagons, dnd octagons) and polyhedrons. The
shapes may be three-dimensional and inclade pyramids, cubeids, cobss, cylinders, half-eylinders, spheres,
half-spheres). The shapes also include shapes composed of different shapes like diamonds {combination
of two triangles). For example, a honeycomb structuse contains several hexagons ay geometrical

elements. In one embodiment the geometrical shape has'an axis or diameter of at least 0.5 millimetrss, of
at feast one millimetre orat least 2 millimettes or at least one centimeter,

For the avoidance of doubt the shaped fluoropalymers donot include coatings. Coatings are
coatings of any kind and inchide butave not fimited o spriy coatings, roto molding, dip coating, bar
coating, solvent casting, paste coating:

Thi shaped flooropolymers are preferably sintered fluoropolymers, Le. the notmelt-processable
fluoropolymers have beey subjected to sintering,

The shaped flsoropolymers obtaingd by the 3D printing methods provided hersin also differ from
those shaped by conventional methods in that their surface does not show any marks from shaping tools.

As another advantage of the methods and corpositions provided herein is that shaped
fluoropolymers miay by prepaved that contain fil Jers and that are cssentially isotropie with respect to the
distribution of the fillers. Fillerof niot spherical shape may get oriented when shaping not melt-
processable uroopelymers with conventional shaping methods, With the method provided herein such
fitlers may not gggm-ifmgted'bmt may be distributed randomly in the fluoropolymer conposition. Examples
of such fillers inglude but are niot limited to carbon fibers, plass fibers, cxvamic fibers, polvaramide fibers,
Boron nitride, stuminum oxides and alaminum oxide containing fillers and graphite, carbon and carbon
nanotubes. The distribution of fillers can be determined by optical or electronic microscopy of samples.

Asanother ad;vam‘age‘of’-th;: methods and compositions provided herein is that shaped
fluoropolymers may b prepared that are essentially isotropic with regard 10 their elestronically
conduetive properties. Such fluoropolymer articles contain one or more electronically conductive filler,
including, for example, graphite and carbon navotubes. Electrical Conductivity and electrical volume
sesistivity can be measured, for example, in accordance with ASTM F84 - 98 as published in November
1998,

As another advantage of the methods and compositions provided herein is that shaped
fluoropolymers may be prepavad that are isotropic with respeet to therm al conductivity. Such
fluoropolymer articles contain filler that are therially conductive and inchide, for example, graphite and
haron mtride, Thermal condugtivity and thermal resistivity can be determined, forexample, according to
ASTM Bi461 - 13 {published inDotober 20133

Lt one etbodiment of the present disclosure a fluoropalymerarticls is produced containing
shaped flucropolymer that is @ “green body™. in such embodimens, the article comprises from 1010 50%
by weight of a polymerized binder material, for exampls a binder taterial obtained by the polymerization

of the polymerizable binder material deseribed hersin.

29



R 1

H

20

¥
o4

30

g
525

WO 2017/127561 PCT/US2017/014156

i another embodiment of the present disclosure a fluoropolymier article iy praduced containing o

shaped flaoropolymer that is 2 “grecn body™. Tn such ebodiment, the article comprises from 1 ¢ 25 %

by weiiht of a reastion product of a combustion reaction of polymerized binder matevial, forexample g
binder material obtained by the polymerization of the polymerizable binder material deseribed herein,
Fluoropolymer articles of different shipes, designs and functions may be obtained. Also articles

comprising the fluoropolymer atticles of different designs and fenctions may be obtained. Exanples of
articles and fluoropolvmer articles nclude but are not imited to-bearings, for example friction bearings or
piston bearings, gaskets, shaft seals, ring lip seals, washer scals, Q-rings, grooved seals, valves and valve
seats, sonnectors, Hds and containers.. The article may be medical 'i':‘m}kmts, chemicalreastors, serews,
cogwheels, joints, bolts, pumps, electrodes. hoat exchangers, mixers, hubings, slectrical transformers,
slectvical msulators, exruders of the articles may be components of other artisles including the above
articles. The articles may beused in application where resistance to awids, bases, fuels, hydrogarbons s
required, where non-stick properties are roquired, where heat resistance is required and combinations
thereof.

Praferably, theartickes of components thereot contain the shaped fluoropotymer wherein the
fluctopalyawi has been shaped into structures that contain one oF piore than-one channels, perforations,

honeyeomb structures, sssentially holiow structures and combinations thereof, Such structures may be

flat, curved or spiierical, Preferably, the articles are not tubes or sheets because such materials may be

more convenisntly prepared by the extrasion processes used for non-melt processable finoropotymers of

the art.

Listof particular embodimeats
The following lists of exemplary embodiment are provided to further Hlustrate the present

disclosare without intending to Hmit the disclosure to the spegific embodiments Hated.

List |
[, Anasticle comprising a shaped fluoropolymer whrein the shaped fluoropelymer is a
homopolymer of tetrafluoroethene (TFE) ot a copolymer of TFE and up to and inchiding 20% by
weight based on the weight of the flucropolymer of oie ot more alpha olefins corresponding to

the formula

RLCXW=CXIK?

wherein 30, X8 X ave either ail For at least one of X', X% and X is F and the other(s) being Cl,
RYis a Hnear oo hranched alkyl sadical of 1-12, preferably 1-3, carbon atoms which alkyl chain
may be interrapted onee or more than ooce by an oxygen atom and of which all hydrogen atoms
have been replaced by flaorine atoss and wherein the fluoropolymer is easentiallyv isotropic and

has avoid contens of less than 20 84, preferably less than 10 %, or fesy than 2%,
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The asticle of embodiment 1 wherein ihe flucropolymer is a copolymer of tetratluoroethylens and
one or more tomonomers selected from hexafluoropropens, oneior more perfliorinated alpha

olefin ethers corvesponding 1o the formvula

REOH{OF e CF=CEs,
whergin n represents 1, or 0 and R represents a linesr or branched, oyelic or acyclic
pevfluerinated atkyl residue containing at least one catenary oxygen-atm, and a combination of

sush comonontars:

The article of any one of the preceding embodiments, wherein the flucropolymer isa
homopolviier of TRE ora copolysaer of tetraflucrocthylene and up to 1 % by weight based on the

weight of the fluoropaiymer of vae or more alpha olefing corresponding to the fhemula
Rf_{:x?:{: X i X.Q:

wherein X1, X3 X% arc either all F or two of X', X¥ and X7 are ¥ and one being {1, Rty a tinear
or branched alkyl radical of 112, preferably 1-3, carbon atoms which alkyl ehain'may be
interrapted once or more thag onee by an oxygen atoni and of which ali hytragen atos bave

been replaced by fluoring atoms.

The article of any one of the preceding embodiments wherein the fluoropolymer has a void

gontent between 0, Land 1.5 %

The atticle of auy one of the preceding embodiments wherein the fuoropolyiner hasa void

content of between 2.2 to 5.5 %,

The article of any one of the preceding smbodiments wherein the fluoropolymer has o melting

point ol at least 317°C,

The article of sy one of the preceding ernbodiments wherein the fluoropotymer has a melting

point i the rangs of 327°C +- 10°C.

The asticle of any ooe of the preceding embodiments wherein the flasopolymer has a melting

poing in the range of 330°C +~ 7°C.
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9. Thearticle of any one of the preceding embuodiments wherein the Busropolvmer has amelt flow

midex at 372°C and 5 kg boad of 10 g/ H minutes or fess:

10, The anticle of any one of the preceding smbodiments wherein the shaped fluoropolymer has a
tensile strength of at least MPa and wheteln tensile stéerigth does not differ or anly differ by {ess
than 20%6 in the X, v xnd 2~ direction.

1. The atticle of any one of the preceding smbodiments wheretn the shaped Duoropolymer fias an
elongation at break of at least 100% andd wherein the ¢longstion at does not differ or only differ

by fess than 20% i the x, y and z-direstion.

12, The article of anv one of the preceding embodiments wherein the flucropolymer has a

gravimetie density of from about 2,13 10 223 glend’,

Ynas
Lt

. The artigle of any one of the preceding embodiments wherein the article has & gravimetric density
of from abotr 2,13 to 2.23 glem’,

14, The article of any one of the preceding embodiments wherein the fluoropolymer comprisgs an

electronically conductive filler and wherein the electronieal conductivity differs by tess than 20%

inthe x, voand 2 «dirgetion.

15, The asticle of any one of the preceding embodiments wherein the fluoropplymer comprises a
thermally conductive filler and whersin the thermal conductivity differs by less thas 20% in the

8,y and z-direction,

16. Thearticle of any ong of the preceding embodiments comprising from 38 o 100% of the
Aucropohvimer and from 0% up to 30% of polymerized Binder material and From 0% upto §0 of
POV ¥ Py B
filler, wherein the percentages gre weight pereentages based on the total sveight of the asticle

which fs {00%.

17, The artisle of any one of the preceding embodiments bing selected from the group cousisting of
bearings, gaskets, scals, valves, valve seats, comnectors, Jids, containers: medienl inplants,
chemital reactors, screws, dogwhagly, jomts, boits, PUmps, electrodes, heat exchangers, mixers,

iurbines, electrical transformers, electrical nsulators, switches and exiruders.

18 The article of any ong of the preceding embodiments being selected tromi a component of an
article selected from the group consisting of bearfugs, gashets, seals, valves, valve seats,

connactors, lids, containers; medical implants, chemical reactirs, sorews, coswheels, joints; bolts

Lk
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pumips, slectrodes, heat exchangers, misers, turbines, electrical frangformers, electrical msulatorsg

and extruders,

19, The articte of any one &f the preceding embodiménts whetein the Tuorapolyier is shaped to
contain one or more channels, ong or more uadercuts, obe ormore than one perforations, and
gombinations theteofl

7. The articie of any ong of the preceding essbodiments being an integral article.

to

21, The article of any one of the preceding émbodiments wherein the flueropolymer is shaped to

comprise structures selected honeyocomb structures and essentially hollow structures,

The article 6f any oue of the preceding embodiments wharein the flucropolymer is shaped to

Bad
il

struGtures selected honeyoomb structures and essentially hollow structures that or flat, eurved or

sphierical,

o=
[

. Thearticle of any one of the preceding embodinents wherein the shaped fluoropolymer is obtained

by 3D-<printing.

(533
s

. The asticle of any one of the preceding embodiments being obtained by 3D-printing,

b
(7

The article of any one of the preceding embodiments having a longest axis including a diameter of

up o S.em.

26, The wticle of any vne of the preceding embodiments having a longest axis including & diameter of

apto bon,

2
-3

. The agticle of any one of the preceding embodiments obtained by 3D printing.

28, An article comprising a shaped fluoropalymier wherein the article has a longest axis or diameter
having a lenmth of upio | om and whetels the fluoropelymse whrei the shaped fluoropolymer
is & homopolymer of tetrafleorocthene (TFE) ora vopolymer of TFE and up to and including
20% by weight based on the weight of the fluoropolymer of one or more alpha olefing

corresponding o the formula

RECX=CXIX?

1
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wherein X!, X, X are eitherall ¥ or at least ong of XU, X7 and 3 are Fwith the rest being CL RE
is a linear or branched atkyl radicat of §-12 carbon atoms which alkyl chain wiay be intertupted
onge or more thih citce by an oxvegen atom and of which all hydrogen atoms have beew replaced

by fltorine aloms.

29, The article of embodiment 28 wherein the fluoropolymer is a copolymer of tetrafluoroethylene
and one of mare cobhomers selected from hexafluoropropene, one or mors pertluorinated alpha
olefin ethers cofresponding o the fornia

RUO-{(CFw-CF=CFy,
whersin n represents 1, or 8 and R repressnts @ linear or branched, eyelic or acyclic
perfluorinated alkvl residue containing at feast one catenary oxygen atom, and a combination of

stch COMONOMErs,

. The mrticle of embodiments 28 or 29 , wherein the fluoropelymer is a homopolyimer of TEE ora

Lk
foms]

copolymer of tetrafluoroethylene and up to 1 % by weight based on the weight of the

fluorepolymer of one o more alpha olefing corresponding to the formula

whersin X1, X2 30 are either all F or at least one of X', X% and XV is F and the other one(s) being
Ol RYis a linear or branched alkyl radical of 1-12, preferably 1+3, carbon atoms which alkyt chain
may he interrupted once or more than once by an oxygen atom and of wiich all fredrozin atoms.

fave heen replaced by fluoring atoms.

31, The article of embodiments 28 to 30 wherein the anticie has i longestaxis including a diameter that

is smaller than 0.5 cou

12, Thewticle of embodiments 28 0 31 baving a viad content of less than 20 9%, preferably favs than

10 %, o logs than 3%,

e
e

3. The article ofembodiments 28 to 32 wherein the fuoropolymer is essentially isotropic.

34, The article of embodiments 28 16 33 being selected frony the group consisting of bearings,
gaskets, seals, valves, valve seats, connectors, Hds, containers; medical unplants, chemical
reactors, screws, cogwheels, joings, holts, pumps, clectrodes, Heat exchangers, misers, turbines,

clectrical wranstormers, electrical insulators and extenders,
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The aiticle of embodiments 28 to 34 being selected from a component of an article wherein the
article is selected from the group consisting of bearings, gaskets: seals, valves, valve seats,
sonnectors, Hids, containersy medical impi ants, chernioal roactors, serews, cogwhels, joints, bolts,
pumps, ¢lectrodes, beat exchangers, myixers, torbines, dleetrical transformers, electrical insufators

and extrudses.

The anicle of esibodiments 28 16 3% whertin the flo urf_moh THEr i5 »;hemcd Ty contain one.of nore

channels, ose or more undercuts, one or more thas one perforations, and combinations thereof.

. Fhe article of embodimenss 28 to 36 bc*na an integral articie,

. The article of embodiments 28 1o 37 wherein the flyoropolymer is shaped fo comprise strustares

sefected hoveycomb structures and essentiaily hollow structures.

. Thewrticle of embodiments 28 to 38 wherein the fluoropolymer is shaped to contain structures

selected Honeycomb structares aud essentialfy hollow structures that or flat, curved or spherical.

The article of ernbodiments 2§ to 39 wherein the shaped tluoropalymer is obtained by 3D-printing.

The article of embodinients 28 to 46 being obtained by 3D-printing.

. A composition for producing an article by additive processing, said composition comprising

fluoropolymer particles and & reactive material comprising a polymerizable binder material
capable of polymerizing and forming a network containing the fluoropalymer particles upon
exposure of the reactive material &y energy from an energy souree, wherein the fluoropolymer has

a melt flow index at 372°C and 5 kg load of 1.0 g/ 10 minates or fesn,

3. The composition of embodiment 42 wherein the fluotopelymer has a melt Dow index at 372°C

and 3 kg load of 0.1 ¢/ 10 minutes or fess:

4. The composition of any one of the preceding embodiments 42 and 43 wherein the fluoropolymer

has a melting point of at teast 300°C, preferably in the range of 3 IPPC H 1050

Th somposition of any one of the preceding embodiments 42 to 44 wherein the fluoropolymer

has an SSG deénsity of fromabout 213 t0 223 g/lem?,

e
(¥ 8
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46, The composition of any one of the preceding embodiments 42 to 45 wherein the fluoropolymer s
a copolymier of tetraflucrosthylene and one or mote comonomers selected from 'per'ﬂﬂarinated
alpha olefing or alpha olefin ethers and w ‘herein the content of the comonomers is 0209 by

weight based of the weight of the copolysmer or fess.

47. The composition ofany onte of the preceding embodiments 42 to 46 wherein the fluoropolymer s
a copiyiier of tefrafluorogthylens and one or mote comonomers seleted fronw perfinorinated

alpha olefins corresponding to the formula
10 RLCX=CXIX®

wherein X5, X5, XV are either all F or twoof X', X? and X' are Fand one s CL R is a lingar or
branched alkyl radical of 1-3 carbon atoms of which all hydrogen atoms have been replaced by
fluorine atoms, and whersin the content of the comonemers 15,20 % by weight hased on the

I35 welghtof the copolymer or less.

48. The composition of any one of the precedisg embodiments 42 t0.47 whereln the flucropolymer is
a copalyimer of telr afluoroethylene and oie or more comonumers selected from perfluorinated
alpha olefin ethers vortesponding to the formsla

20

RUCHCF - CF=CFy,

whereit n vepresents 1, or 0 and R’ vepresents a Hoear or branched, cychic oracyclic
perfluorinated alkyl rexidue 'c:c;ﬂ-‘l-t‘;ﬁmng at feast one catenary axygen atom, and wherein the

25 content of the comonomers is 3% by weight based on the weight of the copolymer ot less.

49, The composition of any one of the preceding embediments 4210 48 wherein the fluoropolymer is
a copolymer of tetraflusroethylene and one or more comanomers selected from perflucrinated

alpha niefin sthers corresponding to the formula
RAO{CF - CF=CEy,

wherein n represents 1, or O wnd R représents a linear o branched, eyelic or agyelic

parfliorinatedt atkyl residue wnlmmng at lgast one catenary oxygen stom, and wherein the

’.,;'z

content of the somonomers 18 1% by weight based ou the weight of the copolymer or less,

50, The composition of any one of the preveding embodiments 42 to 49 wherein the theoropolymer

particles have an average particle size (Do) of from 50 to 500 nm,
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. The composition of any oue of the preceding embodiments 42 to 50 being ¢ dispersion and the

fluoropolymer particles being dispersed.

. The compasition of any oue of the preceding embodiments 42 fo 51 beinga dispersion and the

flvorapolymer particles being dispersed in the polymerizable binder naterial.

. The compesition of any one of the preceding embodiments 4210 52 being af aqueous dispersion,

. The composition of any one of the preceding esibodiments 42 to 53 whergin the reactive material

comprises one of more polymerization injtiators capable of indtiating the polymerization of the

poelvinerizable binder material,

_The composition of any one of the prceding embodiments 42 1 54 wherein, the reactive material

comprises-one or more polyinerization initiators capable of inttlating the polymerization of the
Py § 434 P}

polymerizable binder material that are veactive to wradiation by UV Hght.

56, The composition of any ong of the preceding ersbodiments 42 to 55 wherein the polyruerizable

binder material comprises polymerizable unsaturated bongds,

7. The composition of any one of the preceding smbodiments 42 to 56 whesein the polymerizable

binder material conyprises polymerizable acrylate and methacrylate groups.and combinations

therent

. The composition of any one of the preceding embodiments 42 10 57 wherein the polymerizable

binder material comprises polymerizable acrylates and methacrylates selected from diacrylates,
dimethacryiates, trigerylates, trimethacrylates, acrviates baving four or inore acrylate groups,

methacrylates having four or more methacrylate groups and combinations thereof,

. The composition of any ane of the preceding embodiments 42 to 58 wherein the polymerizabls

binder material has a molecular weight of lesy than 5,000 g/mole.

The composition of any one of the preceding essbodiments 42 to 39 wherein the. polvierizable

binder material is soluble or dispersable in water,

The contposition of any one of the preceding embodiments 42 10 60 turther compeising cne or

more nsn-tonic emulsifiers.

Ak
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62, The somposition of any ong of the preceding embodinuents 42 1o 61 further comprising one o
more non-ionic emtisifiers selected from sthoxvlated aleohols, sthoxylated amings, aming pxides

and actmbiation thereef

Hy
e
Lad

. The composition of any one of the preceding embodiments 42 to 62 further comprising one or

miore oxidation catalysts,

84, The composition of any one of the preceding embodiments 42 1 63 further comprising one or

more palymerization inhibitors.

10

65, Thedom p@siﬂmx of anty one of the proceding embodiments 42 10 64 c«‘::‘mpr'is.ing from 510750 %
by weight of polynerizable binder niaterial, from 10 t0'6 % by weight of fluoropolymer
particles and from 81073 % by weight of water, whers the amounts are selected to give atotal
amount of ingredients of 100% (all percentages are weight perceniages based on the total weight

i3 of the shaped fluorapolymer).

66. "The comprsition of sy one of the preceding embodiments 42 1o 85 comprising fluoropolymer
pasticles and polymerizable binder material fn a weight ratio of Trom $:1 to 115, preferably from
$lwo bl

20

67. The composition any one of the preceding embodiments 42 to 66 further comprising a
thermoplastic fuoropotymer with a melting point between 260 and 315°C and a melt flow index
of greater than 1.0 g/ 10 min (MET372°C/Skyd) and preferably from L to 50 ¢/10 min and
whersin the weight ratio of thermoplastic pelymer to not melt-grocessable fluoropolymer is from

25 Pl 1 1000,

68. A method of producing an article according to embodiments 1 1o 28 by additive processing
comprising
{i) providing a composition comprising fluoropalynier particles and a reactive material

30 comprising a polymerizable binder material capable of polymerizing and fornting a
nefwork contdining the Husropolvmer particles upon exposure of the rezretive material to
energy from an energy sourcs, wherein the fleoropolymer has a melt flow index at 372°C
and 5 kg load of 1.0 ¢/ 10 minutes or kess.

{id) i recting energy from the energy source to @ selected location of the composition and
3% CHUSING the‘-;:se:)iyf-neriia-blze binder to polvmerize in the selected location;

(i) repeating steps (1) and (i} to form multiple layers and create an actichs.
69, The method of embuodiment 68 wherein the energy I8 UV irradiation from a UV light sowree.

38
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78, The method of anv one of the preceding embodiments 68 or 69 further comprising removing the

potymerized binder material,

. The method of any one of the preecding embodiments 68 to 70 Turther comprising removing the

polymerized binder material by heat treatment.or by solvent-extraction,

. The method of any ong of the preceding erabodiments 68 to 71 forther comprising subjecting the

artick to sintering,

Another list of illustrative embodiments (Hist 2) inchudes the following exemplary smbodiments,

which are alsd nos meant to limis the disclostre to the embodiment exemplified:

st 2

¥

i

R

Method of producing a Buoropolymer article comprising subjecting & composition comprising
fluoropolymer particles to additive processing in an additive processing deviee containing at least

T CRETEY Jowve.

The msthod of embodiment 1 whereiy the composition comprises at least-one binder material
capable of binding the Thioropolymer particles to form & layer in a part of the commposition that
his besn exposed 1o the SREIYY SHUrcE: of the additive processing device and the method

comprisss subjetting apart of the composition to exposure of the energy souree 1o form a layer.

The method of any one of the preceding embodiments wherein the conposition comprises at least
one binder material capable of binding the fluoropelymer particles to for a layer Hia part of the
composition that has been exposed to the energy source of the additive processing device and
whetein the binder material is polymerizable and solidifics through polymerization spon
expossre of the composition to the energy sowree of the additive processing device and wherein
the method comprises subjecting a part of the coiposition fo-exposure of the suergy source

form a layer

The method of any one of the preceding eémbudiments wherein: the compusition comprises at feast
one binder material capable of binding the fluoropolymer particles to form a layer ina part of the
composition that has been exposed to the énergy source of the addilive processing device and
wherein the binder material 'i_”s-g}'@l}p’meyizab-ie _a‘n;i solidifies through polymerization upon
exposure of the eomposition to the energy souree of the additive processing device and whérein
the method comprises subjecting a past of the composition fo exposare of the energy source 10

forny & Javer and whevein the encrgy source is selected from ele crromagnetie irtadiation.
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The method of any one of the preceding embodiments wherein the consposition comprises at least
one hinder material capable of binding the fluoropolymer particles to form & layer in & partof the

camposition that has been exposed to the ensrgy soutce of the additive processing device and

oy

wherein the binder material is polymerizable and solidifies throngh polymerization upon
exposure of the composition to the ¢nergy soutcr of the additive processing device and wherein
the method coroprises subjecting a part of the composition to-exposure of the energy source 10
forat a laver and wherein the energy source is electromagnetic srradiation having single or

multiple wavelengths between 10 nnvand 100D nox.

6. The methid of any one of the preceding embodiments wherein the composition comprises at feast
one binder material capable of binding the fluoropolymer particles to form a layer v a part of the
composition that has been exposed to the energy source of the additive processing device and

wherein the binder inaterial s polyimerizable and solidifies through polymerization upon

s
T

exposure of the composition to the energy source of the additive processing deviee and wherein
the method comprises subjecting a part of the composition to exposure of the energy souree to

fornt a Jayer and wherein the epergy source comprises UV irradiation,

The method of any one of the preceding embodiments wherein the composition comprises at least

26 one binder material capable of binding the fleoropolymer particles to form a layer o a part of the
somposition that has been exposed to the snergy source of the additive processing devive and
wherein the binder material is polymerizable and solidifies through po lyinsrization upon
exposure of the composition to the energy source of the additive processing device and wherein
she method comprises subjecting a part of the compaosition to exposure of the energy source o

25 form a layer and wherein the composition further comprises at least one polymerization initiator

that is initiated by exposure to the energy source of the additive processing devics.

g The methad of any one of the preceding embodiments wherein the binder material comprises
palymerizable unsaturated bonds.

9. The method of any one of the preceding embodiments wherein the binder material comprises

X,
&

polymerizable groups selected from acrylates and methacrylates.

10, The method of any one of the preceding smbodiments wherein the binder raterial comprises
35 polymerizable scrylates and methacrylates selected from diacrylate, dimethacrylates, triacrylates,
trimethacrylstes, acryviates having four or more actylate groups, methacrylates having four or

more methascryiate groups and combinations thereof,
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11. The method of any one of the preceding srubodiments wherein the composition comprises s

aqueous dispersion of flucropolymer particles,

12, The method o any one of the preceding embodiments wherein the Composition comprises

funropotvimer particles having a digmeter from about S0to 500 am.

13. The method of any 'one of the preceding esibodiments whereln the composition comprises
flasropolymer particles having an average particle size (Z-average} of from about 30 10 about 500

HOL

14, The method of any one of the preceding embodinients wherein the somposition comprises at least
one binder material capableof binding fluoropalymer particles to form a layer in g part of the
composition that has heen exposed to the engrgy source by meiting_.u'pf;m--ex_;:‘er;}sme‘ol" the
composition to the energy souree of the additive processing device, and wherein the method

gomprises subjecting a past of the compusition to exposure of the energy source to form a layer.

15, The method of any ong of the preceding embodiments whereinthe Buoropolymer is non-meit

processable fluoropolymer.

16. The method of any oneof the preceding embodiments fusther comprising at least ong heat

greatment 1o remove the binder material,

y_a
e

- The method of any one of the preceding embodiments whergin the composition comprises at least
ane binder muterfal capable of binding fluoropolymer particles to form 4 layer in an area exposed
to theenergy source of the additive processing device and wherein the method further comypuises

subjecting the article to a heat treatment to remove binder material by evaporation,

I8, Themsthod of any oneof the preceding embodiments whereln the composition comprises af Jeast
ong hinder materiad capable of binding fworopolymer particles o form a layer in an area exposed
to the encrey source of the addisive processing device wid wherein the method comprises

subjecting the article to & heat treatment to remove binder by theymal degradation.

9. Fluoropolymer article obtained by additive processing, for example by-any one of the methods of

embodiments Tt 18,

20, The article of embodiment 19 comprising from 0.1 to 309 by weight of one ot mwore filler,

=
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The article of any one of the preceding smbodiments 19 or 20 wherein the Huoropelyner is a non

meli-processable Huoropotymer.

The atticle of any one of the preceding embodiments 19 to 21 wherein the flucropolymer s a non

melisprocessable fluoropolymer having an SSG density of from abont 2.43 0 2.23 glem?®,

. An article-comprising & cosaponent, wherein the eomponeat is a flueropolymer article obtaied

by additive pricessing.

24, The article of embodiment 23 wherein the fluoropelymerarticle is by addifive processing

aceording to any one of embodiments 1 to 18,

. 3D-printable fluoropolymer camposition for 3D printing with irradiation as energy source, the

compasition comprising Thotopolymer particles, a polymerizable binder material wherein the

polvinerizable binder material solidifies upon exposure of the composition to the energy source.

. The 3D printsble composition of embodiment 25, wherein the composition comprises a

dispersion of flaoropolymer particles.

7. The 3D printable composition of embodiments 25 or 26 whergin the compuosition futher

comprises a polymerization initiator that initiates polymerization upon exposure 1o the energy
POy et oy ;

ROWLE,

. The 3D printable composition of embediment 25 1027, wherein the ¢om position is Hauid

composition, for example 8 liquid dispersion.

Another list of ilustrative embodiments (list 3} includes the ollowing exemplary embadiments,

whtich are also not meanit to Hmit the distlosure to'the embodiment exemplitied:
Listd
1. Method of producing a fleerepolymer articks comprising subjectinga somposition comprising

fluoropolymer particles to addisive processing inan additive processing device containing at least
o eriergy source whetein the composition comprises at feast one binder material capalle of
binding she fuoropolymer particles to form a layer ina part of the composition that has been
esposed to the energy source of the additive processing device and the roethod comprises
subjecting a part of the composition to exposure of the energy source to form g layer dnd wherein
the binder material is polymerizahle and solidifies through polymerization upan exposure of the

composition to the energy source of the additive processing device.

o
o
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2. The method of embodiment | wherein the energy source is selected from electromagnetic
irradiation:
3. The method of any one of embodiseny T or 2 wherein the compasition comprises flucropolymer

patticles having an dverage particly size from about 50 to 500 nin (Z-sverage}.

4. Themethod of any one of embodiments 1 to 3 whierein thie composition eomprises an agueous

dispetsion of fluorapolymer particles.

Sy

The method of any oneof espbodiments 1 to-4 whersin the conposition is an extrudable paste.

6. The method of any one of embodiments 1 to § wherein the *'hmfopoi\;uer is selected from the
group consisting of tetratluorosthene homopolymers, tetraflucrogthent copolynters contatning up
fo 196 by weight of perfluorinated alpha-olefin comonomers, and tetraftuoioethens copolymers
costaining more than 1% by weight and up to 30% by weight based on the weight of the polymer
of perfluorinated comonomors, partially flaorinated comonomers and non-fluorinated

CIHNORDTRETS,

7. The method of any one of embodiments 1 to & wherein the flooropotymer hava melt fow index
at 372°C and 5 kg load (MFI372/5) of less than 1 ¢/10 min.
8. The method of any one of embodiments 1 to 7wherein the Bucropolynser has @ melt flow index

at 3737C and S kg foai (MFT 372455 of fess than 0.1 g7 10 min,
Q. The method of any one of embodiments 1 1o 8 wherein the flaoropolymer has a melt flow index

At 372°C and S kg load (MF 372/5) of from 1 1o 30 ¢/ 10 min.

10, The method of avy one of embodiments { to @ wherein the fluoropolymer is-a fetratluoroethens
copolymer sontaining move thar 19 by weight and up to 30% by weight based on the weight of
the potymer of perfluorinated comonsmors, partially fluorinated comonomers and non-
fuorinated comanomers and wherein the flucropolymer has 3 melting point Between 260°C and

ILEC,

11, The méthod ofany mié of embodiments | 1o 10 wherein the binder ssaterial comprises

polymierizable unsaturated bonds,
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12, The method of any one of embodiments 1o 11 wherein the binder material comprises

polymerizable groups selected from acrylates and methacrylates,

13, The method of any-one of embodiments [t 12 wherein the binder material has a molecular

3 weight of less than 3,000 gimole:
14, The method of anv one of embodiments 1 to 13 wherein the composition firther comprises other
ingredients.

19 15, The method any one of embodiments 1to 14 further comprising at least one heat treatment to
refove the binder material, preferably incloding sintering of the Ruoropolymer.

16, The method of any one of ensbodiments 1 to 15 comprising the steps:
(i) providing the composition containing the fluorgpolyirer particles and the binder naterial and
i8 aptioially other fngredients;

{11 gausing the binder material to polymerize and solidify 1o bind fluoropolymer
particles by either {a): directing energy from the energy source of the additive
manufacturing device to a selgoted focation of the 3D printable composition and
causing the binder material to polymerize and solidify 10 bind fluoropolymer

20 particles; or (h): directing a selected location of the 3D pristable compasttion to

the energy source and cavsing the binder material to polymerize and sohidify to
bind flupropolymer patticles, or a combination of {a) and (b);

(i directing either {¢) the energy souree away from the 3D printable cositposition or
{d} divecting the 3D printable composition away from the energy sotiree o both,

25 to aveid the binder material polvsnerizing in the non-selected locations, ora

combination of (¢} and {(d;

{(ivi  repeating steps (i) and (iit), and if necessary also step (i), to forny multiple laysss
and Create an article.

30 17, A composition for producing an article by additive processing. said composition comprising
fluotopolymer particles and somprising a polymerizable binder material capable of binding
fusropolymer particles by polymerizing and solidifying to bind flupropolymer particles upon
expusure of the composition fo energy from an energy source of an additive processing dev ice:

35 1§. The composition of embudiment 17 wherein the composition comprises an aqueous dispersion of

flusropotymer particles,
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The composition of any one of embodiment 17 or 18 wherein the campositioh conmprises

fluoropolymer particles having én average particle size from about 50to SO0 nm{Z-average).

The cotposition of any one of embodiment 17 10 19 whergin the composition is an extrudable

paste,

The composition of any oie of ambodinent 17 to 20 whersin the eiigrgy souree is
PO LN B

electromagnetic Iiradiation,

. The composition of atiy one of embodiment 17 1o 21 whereln the flusropolymer is selected from
! S iy -

the group consisting of tetrafluorosthene homopotymers, tetrafluoroethene copolvmers containing
up to 19 by weight of perffuoninated alpha-olefin comonomers, aud tetrafhuoroethens
conolymers contalming tiore than I%.:b:y weight and apio 30% by weight based on the weightof
the patymer of }'tsn::rfhmriﬂaiéd comnonors, pastially fluotinated comonomers and non-

Rudrmated combngmers,

. Thecomposition of asy oneof embodiment 17 to 22 wherein the fluoropolymer has a melt flow

index at 372°C and 5 ka load (MF1372/5) of less than | /10 min,

The compesition of any one of embodiment 17 to 27 wherein the fluoropolyimer Bas 3 melt tlow

index at 372°C and § kg load (MEL 37275 of less than 0.1 g/ 10 min.

_ The compusition of any one of embadiment 17 10 22 wherein the fluoropolymer has amelt tlow

index 8t 372°C and 5 kg load {MF] 3735 of from 110 50 g/ 10 min,

The composition of any one of embodiment 17 1o 25 wherein the fluoropolymer 1s 4
terafinorosthene copolymer containing more than 1% by weight and up to 30% by weigh{ based
on the weight of the polymer of perfluorinated comanomors, partially fluorinated comonomers
and non-fluorinated comuonomers and wherein the fluoropolyingr has a melting point between

260°C and 315°C.

. The composition of any oue of embodinent 17 1026 wherein the binder material comprises

polymerizable unsaturated bonds.

. The composition-of any one of embodiment 17 s 27 wherein the binder matetial comprises

palyinerizable groups selected from aceylates and methacrylates.
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The composition of any one of embodiment 17 fo 28 wherein the binder material has a molecular

weight of fess thun 3,000 ghmole,

. The composition of any one of embodiment 17 to 29 further comprising other ingredients.
. Uise of the.composition of any one of embodiment 17 16 30 in additive processing.

> A 3D-printed flueropotymer, wherein the 3Dsprinted flucropolymer has a density of more than

2.00 glom® andVor a veid content (Voi) of less than 200 %, preferably betwess 1 %o and 185 %,
more preferably less than 20 %, most preferably between 1 %o and 13 %o, and whersin the
fluoropotymer has o melt flow index at 372°C and 5 ke load (MF1372/5) of less than 30 g /10

min, preferably less than 1 g/ 10 min, more preferably less than 0.1 g/ 10 min.

The 3D«printed fluoropotymer embodiment 32 wherein the 3D~printed Huoropolymer has a
degres-of orientation in at least one plane orientation as measured by polarized light microscopy

of not greater than 20%; preferably not greater than 0%

P,

. The 3D-printed flworopolymer of any one of embodiment 32 0r 33 w vherein the 3D-printed

fluoropolymer has an anisetropy in an X-y plane of less than 50%, preferably less than 20% as

determined by the ratio of the SVT indices in the % and y direction of that plane.

. The 3D-printed flueropolymer of any one of embodiment 32 1034 wherein the 3D-printed

fluorepotymer has elongation at bregk of at Jeast 100% and/or & tensile strength of at feast S Mba

The 3D-printed thiovopolymer of any ane of embodiment 32 to 35 whercin the fluoropolymer is
selected trom the group consisting of tetrafluoroethene homopolymers, tetrafluorosthene
copolyiners containing up to 1% fl}}-‘-'vce-igﬁt of perfluorinated alphasolefin comonomers, and
tetraflaorosthene copolymers containing wote than 196 by weightand apio 30% by weight based
o the weight of the polymer of perfluorinated comonomers, partally flaorinated comonamers

and non-fluorinated comonomers.

. The 3D-printed fluoropolymer any une of smbodiment 32 1 36 being oblainalle by the method

of any one of embodiments 1 to 16,

An article comprising the 3D-printed fluoropolymer of any oae of enbodiment 32 10 37

39, The article of embodiment 38 being an integral articla.

46
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40, The article of any one of embodiments 38 or 39 sclected from the group consisting of bearings,
saskets, sealy, valves, valve seals, connettors, Hids, containiers; medical aplants, chemical
Feactors, screws, togwhﬂezi 5. joluts, bolts, pumps, electrodes, heat exchangers, mixers, turbines,

elecirical trapsformers, electrical insulitors and extruders OF comnponents.

175

41, The article of any one of embodiments 38 to 40 wherein the fluoropolynier is shaped to contain
ane or more chansiels, one or niare wndercuts, one or more than one }3ci‘.f£3'¥"?lti€3!ﬂ$, and

combmations thergef,

10 42, The articke of any one of embodiments 38 to 41 being an integral article and wheretn the shaped
flnoropolymer Comprises one ot more structines selestad from honeycomb structures and

essentially hollow sirtietures.

43, The article of any ons of embadinenss 38 to 42 belng obtainable by the method of any one of

smbodiments Tio 16

(¥ 4]

The disclosure will now be further Hlustrated by sxamples and test roethod without intending the

disclosure 1o bé Hmited to the tests abd exdmiples below.
20 Test Procedures

Melt Flow Index (MFL:
Melt flow index can be measured with a melt indexer (from Gotefert, Werkstoffpriifimaschinen
GmbH, Germany) according to DIN BN SO 1133 using 2 5 kg load and 2 temperaturs of 372 °C (MFi

Averdge Partigle Size!
Average particle size of polymer particles in a dispersion can be measured by electronic tight
scattering using a Malvern Autosizer 2¢ in accordance with 1SO 13321, This method assumes a spherical

30 partical size. The average particle sizes are measured as the Z-average:

Whersin 8, is the scattered intensity of particle § and Dy is the diameter of particle . This equation

]
Lh

typically corresponds 1o the equation;
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i the dismeter range of the particles used hergin. The average particle size of the population Is expressed

as Dy value (median).

5 Selid Conwent:
The solid sontent (Huoropniymer content) of the dispersions can be determined gravimetrically
according to ISO {2086, A correction for non~volatile inorganic salts was aot earried out,
Melring point.
10 Melting points can be determined by DSC (a FPerkin Elmer differential scanning calorimster Pyris

1) according 1o ASTM D 45891, 5 mg samples are beated st a controlled fate of 10%C/min to a temperature

of 380°C by which the first melting tempersture is recorded. The samples are then covled ata rate of
H°Chmin to a temperature of 300°C and then reheated at F0PChnin 1o a femperature at 380°C. The
melting point observed at the second heating peried is referred to herein as the melting point of the

15 polymer {mslting point of the once molten material).

Densire of fluorapolymers:
For fluoropolymers osed as raw saterials (Le, unsingered flusropolymers, the 835G density was
determined following the procedure of ASTM D489S-15; and method & of D4895-15)

20 For shaped fluoropolymers and fuoropolymer articles the standard specific gravity {88G) was
measured following ASTM D4895+15 hut not following the sintering procedure. Therefore, anly the
density termination aceording 1o ASTM D792-13 to which A STV D48YS-18 velfers was used and the 556
density corresponds to the densityrof ASTM D792-13 {also referred to hevein as “density” or

Seravimetrical density™y ASTM D792-13 method A was used but using n-butyl avetate instead of water

25 {and sccordingly for the ¢aleuiation the density of n-butyl geetate at 23°C was used instead of the density
of waterat 23°C) The method was applied to shaped {and sintered) fluoropolymers. Symples were taken
as obtained, or samiples were cutout frov an article:

Elowguition at breok and tonsile strength at break:

30 Rlongation at break and tensile strength at break can be determined aceording to DIN EN SO
5271 using a Zwick Tensile Tester: Test specimen ave elongated at a speed of 56 mm/gun at roont
temperature {2290 +4-3°C).

Samples may be used as cut out. For mticles that are of smaller size than feqisired. by the norm,
sraalier testspecimen can be used, The specimen have the same shape but reduced dimensions, The length

35 may bea minimum of 0.5 ma and minimum thickness of 0,123

48



WO 2017/127561 PCT/US2017/014156

Vaid coritent,
The void content (Voi) indicates the volume taken up by voids in a test sample and is therefore an
indication of ow well the fluoropolymer particles have coalesced. The lower the void content the better

the coaleseence, The void content is expressed in % it oan be caloulated according to the equation:
Voi (e s HIB0 x(Tdy'din),

witerein d; is the gravimetrical density of the sample and dip Is the infrared densiy of the sample, The
gravimetrical density can bé détermined by displacement as described in ASTM D792 -13, (referred to in
10 ASTM D792-13 as “deénsity™). Preferably method A of ASTM 792-13 15 followed wsing n-butyl acetate
{and-the density ca't."n--eb“t}-ﬁ avetate) as liguid mediom in method AL Although ASTM D792-13 requires a
sample weight 6f 1o 50 ¢ also samples with a'smaller weight, can be used measured according to this
method, The infraved density (D) can be determined following a method deseribed in US patent number
3,835,191 to Doughty et al, incorporated herein by reference. Although, the method is described in US
15 3,855,191 to measure coagulated fluaropolymer powders it ean be used inmodified form for shaped
articles. Accordingly, a tést specimen can be prepared by cutting a test probe having a thickness of abost.
0.5 mun thickness {043 o 6. 89 ), for example using a microtome as known in theart. To determine
the dge the test specimen can be examined by IR spectrometry measuring the absorbance at 778 ot and

2353 emv’. The percentage (by weighty of amorphous content is then caleulated ascording to the equation:

Wi % (amorphous) = 3026 x AsvfAna + LI3 s (A

A straight tine is deawn of density (g/om’} over amorphous content {wi %) using the following end
points: a density of 1.966g/km’ for 106 wi% amorphous content and a density of 2340 glom? tor 0%
25 amorphous content (100% crystaltinity). The infrared density of the sample can then be determined by
finding the corresponding density for the given value of W% (amorphous), gither graphicalfy by locating
the Y-value in the strasght line or by caleutating it using the slope of the straight lise.

The same lest specimen s then measwred to determing its gravimewric specific density (dg)

{accarding to ASTM D792-13, method A) in buty! acetate and the void content is the caleitated.
30
Strsteh Vald Index {8V
This method compares the speeific density of a Duoropolyvimer sample under force. The method is
deseribed in BN 150 12086-2-2006 (D). The SV1 is caleulated by the difference of the specific density of
sample in unstretched form and stistehed form multiptied by one thousand. A test sample is prepared from
15 thearticle. Thesample can have the dog-bone shape and dimensions as deseribed in EN SO 12086-2-2006

(D). The dog-bone tist strip according to the norm has a minimarn length of 38 mm. For smaller samples,
.o, from asticles having & length of fess than 1 om, sainples of the same shape but of a sxivimum length of

iy sam or 5 wwn or 0.5 mm oan be prepaved and the widih is then adjusted accordingly to give adog-bone
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shape, The thickness of the sample can be between §.125 and 1.5 mm a8 described in the nomm. The sample
is used as iy, sintering as described in the nornt is not garried vat.

The density of the test sample s determined in bustyl scetate as deseribed above.

The test sample is then streiched (slongated) in a‘tensils tester by 50%, 100%, preferably 200% a
aspeed of § mme+- Lmmyd i Thisn the density of the stretched sample is determined as described above

and the SVEHs calcolated. SVE= {dy-dismades) ¥ 1000,
While the S¥1 values ditfer depending on the elongation {(stretching) of the sample, the ratio of
SVIv/SVix of the swmples remained constans over the degree of stretching (stretching between 50% and

4409 at speed of 5.0 mmfmin) and was thus independent from the degree of strelching. SViy is the SVI

measursd fron samples cut in the v-dirsction, i.e, across the extrusion direction, SVix is the SVI

determined from samples sut in the x-direction, 1.¢; along the extruston direction, The SViv and SVIx
samples were faken from the same piroduct sample ~just et in X or Y direction of the sample; i
orthogonatl to cach other). The ftio of SVIVRVIX ratio foran ideal isotropic material would be 1.08. The
deviation frome this value corresponds to the %6 of anisotropy of the sample: For exanple,a SVY/SVIX

ratio of 112 corresponds (o an anisotropy of 12%.

Degree of oriestation (Folarised Hight microscopyl
Test sampley were analyzed for the degree of otiented structure present nthe samples by wmeans
of polarized light microscopy. Herein, the light transiission of the sample being placed at different
angles to the polarization plane of the incident Hight was quantified, For this purpose, a Universal
Axioplan microscope (frofm Carl Zeiss Microscopy GmibH, Oberkoches, Germany) was used in

transmitied light mode (2.5 magnification), the instrument was further equipped with a polarization filter

and & with Tambda plate (serial part #453656 from Carl Zeiss Microscopy GmbH). Color images were

taken by g digital camera (Sony MC3250P 3CCD Colir Video Cam) and an fmage software (AxioVs40
from Carl-Zeiss Vision) was utilized, Test samples had thicknesses of from 50 am o 1,600 um. Results
appeared 10 be independent of the sample thickuess as long as the sample was still translucent enough to

allow transmission of light for taking measurements, The fixed samples were rotated clockwise by
8 & } . _

rotating the sample plate in zdirection by awangular step size of 10° such that the sample was placed at
g et N 8 ; :

different angles with respect to the polarized light and images were taken at each 107 step until a full
revolufion was completed (sample: rotation by 360%).

The degres of transmission was indicated by the brightness of the microscope images tecorded al
different angles to the polarization plane of the incident light, To quantify the brightivess, the colored
images were analvzed for the ROB (red, green, blug) value (ROB standard) of each pictire. In the RUB
standurd each of the primary color red; Blue and green is given by a value in between 0 dnd 255; wherein
{ indicates the feast intensity and 255 the highest intensity. For example, the RGR of 0/0/0 represents the

255 vepresants the hrightest white. Thewolored imagss were

colar black and the RGB ot 25
analyzed for the RGB codes using the Image processing software provided by the instrument supplier

{AxioVs40 from Carl Zeiss Vision). Alternatively, any other commercial grapbic processing software can

56



WO 2017/127561 PCT/US2017/014156

be used {e.g. Covel Photo-Paint X5 from Corel Curporation; Ottawa, Canada), The RGB values for each
image wers added up 1o give a single number. For example if the RGB value for an image obtained at a
specific angle is (SO/100/233), the added RGB value {405 (30+1 00+2:\:) This procedure was conducted
for all images taken at an t’v_if:s;' between ( and 360° of sample rotation i the zplane.

& In cass of samples being highly orieritated, discernible differeuces in the brightiess of the
tranamitted polarized Heht (s.um &f the RGB values) ave oheerved fn the micrascope pictures recorded at
different angles. The highest added RGR value (v 13) and the lowest added RGB value (vL) were
determined, and the ratio of vB/VL was e-alc-uiate‘dz. The bri gh‘-tneﬁss gontrast betweew the im:avges was

I contrastis i‘ndh:a‘ii&-"e‘ fm' an orientation within the sample. The d‘eg;:'ae of orientation was quantiflﬁsd by the

brightness contrastgiven by the ratio of vB/vL.. A value of vBAVL = 110 represents an anisotropy of 16 %
or & degrer of oriented material in the sample of 106, Ou the other hand, & brightness contrast befng close
to vB/AVL = 1.00 is indicative for the absence of optical anisotropy within the sample. For such a material

with no orientation, the degree of oriented materials 150,

s
Ly

Examyples

Frample |
A fluorapelymer article was prodused by stereolithography (vat polymerization) usinga PICO 2
20 3D printer” (energy sousce: 385 nm LED} from ASIGA Ansheim Hills, California, USA. The default
settings were use.d. exsept forthe following settings: Slice thickness = 30 jm, Burnela Layers = 2.
Separatiog Velocity = 3 nuw/s, Slides per Layer =2, BurneIn Exposusre Time =20.08, Normal 'I*E;;?-‘;posur'e
Time = 8.000 5

The agticle shown i figure 1 was created Divan electronie [ile in a format readable by the 313 printer,

g
e

The device iy shownin Figure 1,

A fluoropolymer dispersion weas prepared as follows: 10 g delonized water was added to 4t g
PTFE disparsion (PTFE with-a comonomer content of §,(3%wt HFP), salid content S3% wi, average
pasticle size; 190 na, fuorinated emulsifier below 50 ppra, 6% based on FTFE content of non-iogic
aliphatic stabilizing emulsifier) followed by adding ander gentle stiring 7 ¢ acrylic tesin as bindes
36 (SARTOMER SR 415, frof Sartomer Americas, Exton, PA, USAyand 0.38 g of photoinitiator
(IRGACURE RISDW, avatlable from BASE, Charlitte, NG, LIS}\)S 0.4175g of inhibitor {2,6-Di-tert-butyi-
d-methyiphenol, (BHT) product #3475, aval itable from ‘n&,m&-&lén«;i &t Lowis, MO, USAY. The
dispersion was placed i the polymerization vat and subjected to 3D printing inthe 3D printer,

After completion of this processing step the article was rinsed with deionized water. The resulting

»

article fs showst in Figure 3A was obtained. This “green body™ was then subjected t0 drying at room

i
o

tesyperature for 24 hours.
The dried anticle (shown in figure 3B} was then subjected o heating 1o remove the binder resin.

The heating was casried out in an oven using the following sequence: samip from room femperature 10 320°C

1
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for & hoursy ramp 0 330°C for 6 howrs, hotd at 330°C for 36 hours, ramg to 346°C for 8 ht}urs, ramp o
370°C for § Bours, hold at 370°C for 4 hours, allow to reach roow temperatute. Barly iv the heating proce

the article turned black as shown in ﬁgﬂrﬁ('?‘iguxe 3C), Atthe end of the catire heating cvele the resulting
article was white again (Figure 3D). There was only little sheinking snd when inspected by the naked eye
the final article was not povous. It had a density of 2.1 5 glem® which is comparable to that of flutropolymer
articles phtained by conventional subtractive shaping techmgues. This shows voids that imay have been
¢reated by buming off the binder wete filled by tosed puivmef particles formed during the heating. Articles
of the sarme shape but of différént sizes were prodused by the methods described herein as shown in Figure
3D Their size (“diameter™) can be determined using a caliper as showa i Figere 2. The smallest article

obtained had a “diatieter™ ay measused by the caliper of about 7.7 mim.

Exampley 23-2d
Thg polymer compasition of example | was compared with 3 polymer compaosition having o
figher comonemer content, Various 3D+printable compositions 2a-2d of the following compaositions were

prepared with the ingredients as shown intable 1 o the santeway as described in example 1

Table }

23

2b

2¢

2d

SRALS (T

SR415(10g)

SRATE ()

SR41S (10g)

SR344 (7g)

SR344 (10g)

SR344 (7g)

SR344 (10g)

D water (208)

D water (14)

DI water (20g)

Dt water (14g)

Fluoropalymer

Fluoropolymer

Fluoropolymer

Fluoropolymer

dispersion | (B0g) dispersion 1 (80g) | dispersion 2 {30g) dispetsion 2 {:,g.{;g)
{gracure 8190W igracure B19DW toracure $19DW Tgracure 190W
(0.288g) {0.288%) {0.288¢) (0.2880)
BHT (0.1152¢ BHT {011 Yo BHT (0.1152¢)

) BHT (0.1152¢)

T Ob-M1 (005765 | Ob-M1(0.01152)

Ob-M1 {fh@S?fig)

Ob-Mi {(0.0115g)

Fluoropolymer dispersion 2 was the dispersion used in sxample 1. Flaoropalymer dispersion 1
contained & modifiad PTFE (PPYE as comonomer (007 % by weight based on weight of polymer), MF]
(373/5) of < 0,1g/18 minutes, particle size 190 nm (D) fludrinated emalsifier below content 30 ppm,
6% wi. based on PTFE content of non-lonic, aliphatic stabilizing emvulsifier. The 3D-printable
compositions wers subjected to 3D-printing as described in example |

Cylinders were privited o have final d':i-ineﬁsio.hs-ﬂfS i thickaess and §am dlameter, so the
4 isotropic shrinkage throughout drying and

CAD model was svaled by 1.47 to account for the

sintering,

The sintering conditions were as folfows:
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12 fbur ramp 60353070, 72 hours hold at 350°C, 12 hour ramp 1o 406°C, 24 fours hold a1 400°C,
eout to roons tentp (no active cooling).

Thé article prepared from composition 24 showed do surface defects that were visible'to the
naked eve, The anicle privted fFom composition 2b showed some surlace defects and showed bumps
behieved to be dud to trapped combustion gases,

The article prepated from compasition 2¢ and 2d also showed some surface defocts and differed
from fluoropolymer consposition by its contomener content. It is believed that the higher comonmmer
content-of fuoropolymer conposition 1 allows better and more compact fusion of the polymer particles.
Yaids generated by combusted binder uaterial may be easier fitled by fused particles which overall leads
to less or more controlled hrmladg
targe‘{ed dismeter of 8.0 som and 2 thickuess of 3.0 muni wias pmpamd a) from a sintered PTFE block by
machining, and b) by 3D-grinting with compositian 2a).

Table 2 shows a comparison of the dimensions of the eylinders obtained (l eylinders were

produced by both methods), Table 2 shows the dimensional sceuracy of the 3D-printing racthod.

Table 2,

Machined ‘ Printed
Diameter (mn) | Thickaess (mm) Driameter (imm) Thickness {rm)
7.9 301 799 306
8.04 306 807 2.96
801 R ERE go0 103
8.02 3.03 1754 ' 3.0

Example 3: physical properties of 31 printed articles versus non 3D-printed articles.

Example 3A: extruded material

A PTFE composition {PTFE composition 2 of example 2), primary particle size 190 am (Do) was
coagulated and agglomerated to give a fine powder that is suitable for paste extrusion. The obtained fine
powder had a particle size (secondary particles) of 180 i (D). The fine powder was mixed with
18, 7witvs ShellSol T from Shell Chemicals, which serves ag lubricant for extrusion. Mixing was carried
qut for 30 min with & tumbling mixer. The mixture was then aged inan pven at 30°C for 15h. A
eylindrical prefori was pressed with a iydrindic press and subsequently extruded 1 a paste extruder.
Paste extrusion of a rod wag carried out with a paste extruder made by Keichsr Engineering AG, Uloy
gsing a die with a smallest diameter of 11.2 mm. The reduction ratio, 1.e. the ratio of the ¢ross sectional
area of the extrusion ¢ylinder and the cross sectional area of the extrusion die was 32,

The extruded rod was subsequently calendered to various sheets of different thickness: 50,

100 p, 300 pr and 1600 o by calendering with a two-rol} calender.
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The extruded sheets were dried 1o remove the Tubricant at 150°C for 12h and subsequently

sintered with the following sintering procedurs: initial temperatore: RT, yate of heating: 60°Cihi to H00°C,
hold temperature: 1007C, hold time: 48 h, rate of heating: 120°CH to 260°C, hold temperature: 260°C,

hold time: 24 b, heating rate: 120°C/h 1o 380°C, hold time: 26 h, cooling rate: 60°C/h.

To deterniine the 5V tensile specirens were cut from sheet samples Having a thickness of 300
v and 1606 pm prodaced by the method above using a microtensile die described tn EN IS0 12086-2
and the ratio of AVIySVIx was determined. Tost specimens were strained at constant rate of 5.0 mm/min
until anelongation at break of 440% or until the Sam-p'ie breaks if sarlier. Minimum elongation was abouy
50%. The vatio of SVIy/SVIx was founid 16 be 1.6, Thersfore, the stretehing void index was direetion-
dependent and thus the anisotropy of the material was 60%. Unlike the -SVT the ratio of SVIR/SVIn was
found to be independent of the thickness of the samples,

The anisotrapy of the extruded and calendared sheet were determined by polarized microscopy
Wwis 48%6 (the ratio of e maximunt and minimum added RGB values was 1.48), The result was the same
independent of the thickness of the samples, Samiple sheets with thicknesses of 50, 100 and 360 pm were

useih

Example 38 (3D-privted shests)

The dispersion of fluoropolymer composition 2 was used to prepare a sheet by 3D-printing
anatogue to the procedure described in example 1, The fluoropolymer article was produced by
stereolithography (vat polymerization) using & 830 73D printer™ {energy sonrce: 405 nsy LEDY from
Rapid Shape GmbH, Germany.

The printed sheet was heatstreated with the following procedure: initial temperaturer RT, rate of
heating: 60°C/ to 100°C, hold temperature: 100°C, hold time: 48 b, rate of heating: 120°C/Hh to 260°C,
hold teniperatare: 260°C, hold tine: 24 b, heating rate: 120°C/ 1o 380°C, bold time: 26 h, cooling rate:
6O°Ch. Rample thicknses after heat-treatment was about 1 mn The material had a density of 2170 glen?
and g void-index of 6 v/o0.

Characterization of the material by streteling void index (8V1) measivernents carried cutas

discribed in example 3A gave a ratio of SY1y/SVix of 1.2 corresponding lo au anisotropy of 20%. No

differences in colors of the polarized light mucroscope pictures sould be observed for the primed sheet,
Thus, the anisotropy is neglizible, Quantimtive measurement by polarized light microspeopy gave a Fatio

of the maximum and minimun added RGE values of 1,03, corresponding fo an anisatrapy ot 3%,

Example 3C (coagulated and sintered PTEE)

506 mi of flunropolymer dispersion 2 {(but with solid content of 20% and without stabilizing nons
ionic emulsifier) was coagulated atroom emperature: with'a 10 W% oxalic acid solution (10 ), The tatex
coagulated as extremely fine particles; the particles tied slowly at the bottom of a flagk. The water was
carefulty decanted, The polymer laver was put into ALLUMINOX pans (@ 7 em) and were deied and

sintersd as deseribed inexample 3 A, From pisces of the sintered material the density was measured as

[
ey



T

La

WO 2017/127561 PCT/US2017/014156

2,005 glem?; the veésulling void content by medsuring the amotphous content'was! 76 {o/o0). Exanople 3C
shisws that the sgme material processed by the same stntering conditions had a fower density and & higher
void content than g material that was 3D printed according to 8 method avcording o the present

disclosurg,

Example 4 Paste Extrusion
Iny this example a PTFE paste was extruded via & syringe extrader 3D printer to form a pact, The

paste was formulated from the following composition:

Table 3.

Material | Weight{e) | Weight %
PTFE dispersion 2 of { 20 $9 4%

example 2

TMEK

Ly
-3
)

18.2%

SR 414 1,75 1 6.1%
SR 344 175 6.1%
frgacure 819DW 0.050 0.2%

MEK (methvi ety ketone) and acrylates were mixed to form a clear solution and were then
transferred to the PTFE dispersion containing the photoinitiator. The mixture beeame paste upow sixing.
The paste was printed o a HyRel 3I¥s Svstemt 308 using the VOD-25 extruder head swant for

pastes (Hyrel 3D, Norsross, GA 30071), The paste was carefolly Toaded into the syringe and some material

was manuglly extruded to ensure majority of the entrapped air is removed. A 2Zmm nozzle was used and

UV LEDs attached to the base of the extruder emit light ata wavelength of 365nm. In addition to the
mounted LED's, a UV LED strip containing 50+ 4mW 365nm LED’s was also used in order to inereise
the light intensity on the printed article.

Simple prisms were made for this example. Settings on the printer were adjusted to achieve the
appropriate laver thickness, line spacing, and structure fidelity. For example, the adjistiments from the
standard settings fora typical print could ber laver height = 0.5mm, Random seamt position, 100% rectilinear

fill, 10 mm/s move speed, 2.5mm extrusion width, and an extrusion sultiplier of 3.5,

A
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CLAIMS

e

iz

8.

&

Method of producing a fluoropolymer article corprising subjecting a compuosition comprising

flusropolymer particles to additive prodessing in an additive pracessing device containing at least
one eigrgy souree wherein the coniposition comprises at least one binder material capable of
binding the Huoropolvingr particles to form'a layer ina past of the composition that has been
exposed 1o the energy source of the additive processing device and the method comprises
subjecting a part of the composition 10 exposure-of ‘the Eneriny Source 16 form a laver and whergin
the binder material is polymerizable and solidifies through polymetization upon exposure of the
composition fo the snergy sourse of the additive processing deviee.

The method of elaim { wherein the energy souree is selected from electromagnetic irradiation,

The method of claim § wherein the composition comprises fluoropelymer particles having an 2-

average patticle size from-about 30 1o 300 am,

The method of claim | wherein the composition comprises an aqueous dispersion of

Huoropolymer partticles.

The method of claim 1 whereln the composition is an extrudable paste.

The method of claim 1 wherein the fuoropolymer is selected from the group consisting of
tetrafluoroethens homopolymers, tenafluoroethene copolyrers contatming ap to 1% by weight of
194 by welght and up o 30% by weight based on the weight of the polvmer of perflugrinated

cotnonomors, pactially florinated eomonomers and now-fluorinated comonaormers,

The method of elaim 1 whersin the fluoropolymer has a swelt flow index at 372°C and 5 kg load

of less than 1 g/ 10 nyin,

The method of claim 1 Whevein the fluoropolyier has a melt How index at 372°C and 3 kg load

of tess than €.1 g/ 10 min,

The method of claim wherein the Huoropolymer has a pielt fow index at 372°C and S kg foad of

o

from 1o S0 ¢/ 10 min.

. The'method of elaim | wherein the ﬂubi'opai}-filﬁef’ is-n tetraflusroethene copolvmer containing

sore than 19% by weight and up to 30% by weight based on the weight of the polymerof
perfluorinated comonatmors; partiatly fluosinated comonomers and pon-fluorinated comonomers
and wherein the fluoropolymer has a melting point between 2607°C and 313°C,
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. The method of ¢laim 1 wherein the binder material comprises polymerizable unssturated bonds.

. The method of claim | wherein the binder material comprises polymerizable groups sslected

fronst acryvlates and methacrylates,

. The method of claim 1 wherein the binder material has a molecular weight of less than 5,000

g/mole.

. The method oficlaim | wherein the composition further comprises uther ingredients.

. The method of clainy | further comprising at least one heat treatment to vemove the binder

material, preferably including sintering of the fluoropolymer.

. Themethod of claim I comprising the steps:

{1y providing the composition containing the fluoropolymer particies and the binder materia and
optionally other ingredients;

{v3 causing the binder material fo polymerize and solidify to bind Quoropelymer
patticles by gither {a): directing energy from the energy source of the additive
manutacturing device toa selected location of the 3T¥ printable compusition and
gausing the binder material to polymerize and solidify to bind Quorepolvimer
particles; or (h): dirgcting @ selected tocation of the 313 printable compuosition to
the energy source and cansing the binder material to polymerize and solidify to
bind Huoropolyvmer particles, or 4 combination of {a) and {by;

(v} directing either () the cuergy source away from the 3D p:*i;i‘table composition or
(3) diresting the 3D printable composifion away from the energy souree ot both,
to avoid the binder material polvmerizing in the noneselected locations, ora
combinaticn of (¢} and (d)

{vit) repeating steps (ifyamd (i’:i'i'};, and i necessary also step (1), to form muitiple layers

and credte anaricle.

17, A compaosition for producing an article by additive processing, said composition comprising

fluorapolymer particles and comprising a polymerizable binder material capable of binding
Hluorapolymer particles by polymerizing and solidifying to bind fluoropolyimer particles upon

expasure of the cotaposition 1o energy from an encrgy source of an additive progessing devics,

18, The composition of ¢claim 17 wherein the compesition comprises an agueous dispersion of

fluoropolymer particles.

¥
3
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9. The composition of claim 17 wherein the compositioy comprises fluoropolymer particles having

an average particle size from about 3 to 500 am (Z-average).

20, The composition of claim 17 wherein the compasition s an extrudable paste.

5
21. The composition of clainy 17 whereln the energy souree Is electromaguetic irradiation.
22, The composition of claim 17 wherein the fluorapolymer is selected from the group consisting of
tetrafluoroethene homopolyimers, tetrafluornethene copolymers containing up 1o 1% by weight of
H} perfluerinated alphasolefin comononiers, and tetrafluoroethens copolvmers containing more than
1% by weight and wp to 30% by weight based on the weight of the polymer of perflucrinated
gomonomors, pactially fluorinated comonomers and non-Nuorinated comonomers,
23, The composition of claim 17 wherein the fluoropolviner has & melt flow indexat 372°C and 5-kg
{5 lpad of less than 1 ¢/10 min.
24. The contposition of claim 17 whersin the fluoropolymer has & mglt flow index at 372°C and S kg
foad of Jess than Q.1 g/ 10 min,
20 25. The compuosition of elaim 17 wherein the fluorapolymer basa melt flow index at 372°C and S kg
foad of from 1 to S0¢ & 10 min.
26. The composition ofelaim 17 wherein the fluoropolymet is s wiratlusroethiene copolymer
containing more than 1% by waight and up 10 30% by weight based on the weight of the polymer
25 aof perflucrinated comonomors, partiatly fluorinated comonomers and non-fluorinated
comonomers-and wherein the fluoropolymer has a melmm point between 260°C and 315°C,
27. The composition of claim 17 wherein the binder material comprises polymerizable unsaturated
bonds,
3
28. The composition of claim 17 wherein the binder material comprises polymerizable groups
selected: from: gerviates and methaerylates.
29, The composition of claim 17 wherein the binder material hasa molecular weight of fess thas
38 5,000 g/mole.

30: The conyposition of claim 17 fusther comprising other ingredients.

31 Use of the composition of elaim 17 in additive processing.

38
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32. A 3D-printed flucropolymer, wherein the 3D-printed fluoropolymer has a density of more than
2.00 plem? andior a void content of lese than 200 %5, preferably between | % and 185 %, more
& F 3 :

preferably less than 20 %, most preferably between T % and 15 %, and wherein the

3 flusropolymer has a melt fow index at 372°C and 3 kg Joad of less than S0 g /10 nvin, preferably
tess than 1 g/ 10 min, more preferably less than'G.1 g/ 10 min.

33, The 3D-printed fluoropslyiver of claim 32 wherein the 3D-printed fluoropolymer has a degree of
orientation in at least tne plane orientation as measured by polarized fight microscopy of ot

1 greater than 20%, preferably not greater than 105,

34, The 3Dprinted fluoroppivmer of clainy 32 wherein the 3D-printed fusropotyvimer has an
anisotropy 1 an x5y plane of fess than S0, preferably less than 20% as determined by the ratio
of the SV indices in the x and v direction of that plans.

135

35. The 3D-printed thuoropolymer of claim 32 wherein the 3D-printed fluoropolymer has elongation
at break of at feast 100% andior a tensife strenigth of at least 5 MPa.

36. The 3D-printed flaoropolymer of clatm 32 wherein the fluoropolymer is selected from the group

2 consisting of tetrafluorosthene homopolvmers, tetrafluorocthene copolymers containing up to 1%
by weight of perfluorinated alpha-olefin comonomers, and tetrafluoroethens copolymers
containing mare than 1% by weight and up to 30% by weight based on the weight of the pulymer
of perflucrinated comonomars, partially fluorinated comonapmers and non-flugrinated
COMIOMRES.

23

17, The 3D-printed fluoropolymer of clafin 32 being obtainable by the method of claim 1.

38, Av article comprising the 3-printed fluoropolyiner of ¢laim 32,

38 39, The grticle of claim 38 being an integral article.

40, The articls of claim 38 being selected from the group consisting of beavings, gaskets, svals,
valves, valve seats, connectors, Hids, conainers; medical implants, chemical reactors, Serews,
cogwhesls, joints, bolts, pumps. electrodes, heat exchangers, mixers, turbines, electrical

335 transfornisrs, electrical insulators and extruders or composents.

A1, The articls of claim 38 wherein the fluoropolymer is shaped to contain ane or mors channels,

one or more undercuts, oneor more tha ong perforations. and combinations thergof,

9.0
o
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42, The article of claim 38 being an integral article and wherein the shaped Busropolymer omprises

one o more stractares selected from honeveomb structures and essentially hollow stractures.

43, Thearticle of claim 38 being obtainable by the method of claim 1,

60
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