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polyphenylsulfone using a solvent-induced crystallization method. An additive manufacturing method utilizing particles of the semi-
crystalline polyphenylsulfone is described.
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SEMICRYSTALLINE POLYPHENYLSULFONE AND ASSOCIATED METHOD OF
MAKING AND METHOD OF ADDITIVE MANUFACTURING

BACKGROUND OF THE INVENTION

[0001] Polyphenylsulfones are high-performance polymers exhibiting a desirable
combination of heat resistance, chemical resistance, and transparency. As commercially
supplied, polyphenylsulfones are amorphous polymers, lacking any crystallinity. For this
reason, they cannot be used in applications that require a semicrystalline polvmer. Such
applications include, for example, the selective laser sintering and jet fusion methods of additive
manufacturing.

[0002] A method of preparing semicrystalline polyphenvisulfone has been reported in
U.S. Patent No. 6,197 924 to Takekosh, issucd 6 March 2001, However, in Takekoshi's
method, the product semicrystalline polyphenylsulfone is hydroxyvi-terminated and thercfore
vulnerable to oxidation, crystallization of the polyphenyisuifone occurs in a polymerization
reaction mixture, and crystallization of the polyphenvlsulfone preferably utilizes a halogenated
aromatic solvent, such as orfho~dichlorobenzene. There is a desire for a method of preparing
semicrystalline polvphenvisulfone that 1s independent of polymerization conditions, does not
require halogenated aromatic solvents, and vields a semicrvstathing polyphenvisuifone with a

low content of hydroxyl groups.

BRIEF SUMMARY OF EMBODIMENTS OF THE INVENTION
[0003] One embodiment 1s a semicrystalline polyphenyisulfone, wherein the

semicrystalline polyphenvisulfone has the structure

&
wherein nis, on average, 30 to 200, and cach occurrence of R is independently Ci-Crp alloyl or

S

Cs-Cig arvl, and wherein the semicrystalline polyphenyisulfone exhibits a crystalline melting
pomt m a range of 215 to 270 °C, determined according to ASTM D3418-15 by differential
scanning calorimetry using a heating rate of 20 “*C/minate.

00041 Another embodiment 1s a method of forming a semicrystalline
polyphenvisulfone, the method comprising: combining a solvent mixture with an amorphous
polyphenvlsulfone powder in a weight ratic of 1:1 to 100:1, respectively, to form a mixture;

wherein the solvent mixture comprises a solvent for the polvphenyisulfone and a non-solvent for

I
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the polyphenvisulfone in a weight ratio of 0.5:1 to 10:1, respectively; agitating the mixture for a
time of 5 to 500 minutes and at a temperature of 10 to 36 °C t form a dispersion of
semicrystalline polvphenvisulfone particles; and isolating the semicrysialline polyphenvisulfone
particles from the dispersion.

[0005] Another embodiment is a method of additive manufacturing, the method
comprising: depositing a first layer compnising semicrystalline polyphenylsalfone particles at a
working area; irradiating the working arca with first radiation effective to heat the first laverto a
temperature below and within 10 °C of a crystalline melting onset temperature of the
semicrystalline polyphenylsulfone particles; and uradiating the working area with second
radiation ¢ffective to heat the first laver to a temperature above a crystalline melting pownt of the
semicrystalline polyphenyisulfone particles.

[0006] These and other embodmments are described in detail below.

BRIEF DESCRIPTION OF THE DRAWING
{0007} The Figure shows differential scanning calorimetry heating and cooling curves
for an amorphous polyphenylsulfone obtained as RADEL™ R3100-5 polyphenylsuone from

Solvay,

DETAILED DESCRIPTION OF THE INVENTION

[0008] The present inventors have determined that a senvicrystalline polyphenvisulfone
can be prepared by solvent-induced crystaliization using a mixtare of a solvent and a non-
solvent. The molecules of the semicrystalline polyphenyisulfone are end-capped, which makes
them more oxidation resistant than polvphenylsulfones with hydroxyi end groups. And its
crystallinity aflows the semicrystalline polyphenyisulfone to be used in additive manufacturing
techniques that require a semicrystalline polymer, therebv permitting fabnication of additively
manufactured articles that benetit from the heat resistance, chemical resistance, and transparency
of the polyphenylsulfone.

[0009] Thus, one embodiment is a senmicrystalline polyphenylsulfone, wherein the

semicrystalline polyphenylsulfone has the structure

wherein n is, on average, 30 to 200, and each occurrence of R is independeuntly Ci-Cis alkyl or

Ce~Cis arvl; and wherein the semicrystalline polyphenvisulfone exhibits a crystalline melting

g
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point in a range of 215 to 270 °C, determined according to ASTM D3418-15 by differential
scanning calorimetry using a heating rate of 20 °C/ounute.

[0010] When not modified by “amorphous” or “semicrystatling,” the term
“polyphenylsulfone” can refer to an amorphous solid form, a semicrystailine solid form, ora
motlten form.

[0011] The semicrystalline polyphenylsulfone has the structure
O

OOk

O

wherein nis, on average, 30 to 200, and each occurrence of R is independently Ci-Crs alkvi or
Cs-Cig aryl group. Within the range of 30 to 200, the number of repeat uniis, n, can be in the
range of 35 to 150, or in the range of 40 to 100. In some embodiments, each occurrence of R 15
mdependently Ci-Cig alkyl. In some embodiments, each occarrence of R i3 methyl. Methods of
forming end-capped polyphenvisultones are described m, for example, U S, Patent No.
9,040,651 to Lutz et al | issued 26 May 2015,

[0012] One consequence of the polyphenyisulfone having terminal R groups as defined
above is that the polyphenyisulfone has a very low concentration of hydroxyl groups. For
cxample, in some embodiments the polvphenylsultfone has less than or equal to 50 parts per
million by weight of hydroxyl groups, based on the number average molecular weight of the
polyphenvisulfone. Within this mit, the hydroxyl group content can be less than or equal to 35
parts per million bv weight, or less than or equal to 20 parts per miilion by weight. Hydroxyl
end group content can be determined according to the method of U5, Patent No. 9,040,651 B2
to btz et al, issued May 26 2015, column 13, lines 40-57. In that method, 225 milligrams of
polymer were combined with 4 milliliters of 0.5 M chromium acetylacetonate in chloroform
having a known concentration of internal standard. The sample was shaken to dissolve the
polymer. Once the polymer was dissolved, the resulting solution was treated with an excess of
1.2-phenviene phosphorochloridite and transferred immediately to a 5 or 10 millimeter diameter
nuclear magnetic resonance (NMR) sample tube, and *'P NMR shifts were recorded with a pulse
width of 35°, 32,000 or 64,000 data points per scan, a 1.8 second delay, and 1600-2500 scans.
The parts per million by weight of hyvdroxsl end groups (ppm OH} was caleulated according to
the equation,

ppm OH = (weight of standard/molecular weight of standard) x {(integral OH/integral

standard) » 17.01 = (1/weight of polymer) x (4 mL/100 mL) > 10°,
An equivalent method of deternining the hydroxyl end group content of an aromatic polviner is
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described in K. P, Chan, D S, Argvropoulos, D. M. White, G. W. Yeager, and A S. Hay,
“Facile Quantitative Analysis of Hydroxvl End Groups of Poly(2,6-dimethyl-1,4-phenylene
oxide}s by P NMR Spectroscopy,” Macromolecules, 1994, volume 27, pages 6371-6373.

[0013] The semicrystalline polyphenylsulfone exhubits a crvstalline melting point in a
range of 215 to0 270 °C, determined according to ASTM D3418-15 by differential scanning
calorimetry using a heating rate of 20 °C/mimute. In some embodiments, the lower limit of the
crystalling melting point range 18 220 °C, or 225 °C, or 226 °C, 0r 228 °C, 0r 230 °C, or 232 °C,
or 234 °C, 0r 236 °C. In some embodiments, the upper limit of the crystalling melting pomt
range 18 265 °C, or 262 °C, or 260 °C, or 258 °C, or 256 °C. In some emboduments, the
crystalline melting point is in the range of 230 to 260 °C. In some cmbodiments, the crystalline
melting pomnt is associated with a heat of fusion (AH) in the range of 1 10 25 joules/gram. Heat
of fustion is also determined according to ASTM D3418-15 by differential scanning calorimetry
using a heating rate of 20 “C/minute.

{0014} In some embodiments, the semicrystalline polyphenylsulfone exhibits two
crystalline melting points in the range of 215 t0 270 °C. In these polymorphic embodiments, the
two cryvstathine melting points can be determined according to ASTM D3418-15 by differential
scanning calorimetry using a heating rate of 20 °C/ounute.

[0015] In some embodiments, a molten polyphenvisulfone obtained on melting the
semicrystalline polyphenyisulfone exhibits a zero-shear viscosity in the range of 10 to 10
Pascal-sccond determined according to ASTM D4440-15 at a temperature of 380 °C. Zero-
shear viscosity can be determined from a frequency sweep rheological experiment using a
theometer {¢.g., an ARES-G2 rheometer from TA Instruments), and fit the frequency sweep data
with the Carreau-Yasuda model to determing zero-shear viscosity, See, e.g., ¥ A Morrison,
“Understanding Rheology,” 2001, New York: Oxford University Press, pages 231-232. Tt wall
be understood that the zero-shear viscosity in the range of 10 to 10* Pascal-second is observed
not pust at 380 °C, but at a range of temperatures above the polyphenylsulfone’s crystalline
melting point{s) and below the polyphenylsulfone’s degradation temperature.

[0016] For additive manufacturing techniques such as selective laser sintering and jet
fusion, it 1s useful 1o have a particulate form of the semicrvstailine polyphenvisulfone, For
example, in some embodiments the semicrystalline polyphenylsulfone 1 in the form of particles
having a volume-based equivalent spherical diameter (Dv30) in the range of 10 1o 400
micrometers, deteomined by laser diffraction according to IS 13320-1. Within this range, the

equivalent spherical diameter can be in the range of 10 to 200 micrometers, or in the range of 10



WO 2020/006061 PCT/US2019/039213

to 100 micrometers, or i the range of 30 to 90 micrometers, or in the range of 45 to 80
micrometers. The population of particles can have a Dv10 valie n the range of 1 to 43
micrometers, and a Dv90 value in the range of 80 to 125 nucrometers. The population of
particles can have a polydispersity greater than 1 and less than 2, or greater than 1 and less than
1.5, Mastersizer™ particle size analyzers from Malvern Instruments are suitable laser
diffraction mnstruments for determining pasticle size characteristics.

[0017] In some embodiments of the semicrystallme polyphenylisuifone, the crystalline
melting point is associated with an enthalpy of erystalline melting of at least 1 joule/gram.

[0018] In a very specific embodiment of the semicrystalline polvphenvisulfone, each
occurrence of R is methyvl; a molten polvphenvisulfone obtaimed on melting the semicrystalline
polyphenylsulfone exhibits a zero-shear viscosity in the range of 10 to 10* Pascal-second
deterniined according to ASTM D4440-15 at a temperature of 380 °C; the semicrystalline
polyphenyisulfone is in the form of particles having a volume-based equivalent spherical
diameter in the range of 10 to 400 micrometers, determined by laser diffraction according to ISO
13320-1; and the semicrystalline polyvphenvisulfone has a hydroxyl end group content greater
than 0 and less than 50 parts per million by weight, based on the weight of the semicrystalline
polyphenvisutfone. Optionally o this crabodiment, the crystalline melting point is associated
with an enthalpy of crystalline melting of at least 1 joule/gram.

{00191 Another embodiment is a method of forming a semicrystalline
polyphenvisulfone. the method comprising: combining a solvent mixture with an amorphous
polyphenyisulfone powder in a weight ratio of 1:1 to 100:1, respectively, to form a nuxture;
wherein the solvent mixture comprises a solvent for the polyphenylsulfone and a non-solvent for
the polyphenvisolfone in a weight ratio of 0.5:1 to 10:1, respectively; agitating the mixture fora
time of 5 to 500 minutes and at a temperature of 10 to 50 °C to form a dispersion of
semicrystalline polyphenvisulfone particles; and isolating the semicrystalline polyphenyisulfone
particles from the dispersion.

[0020] The method emplovs a solvent mixture that comprises a solvent for the
polyvphenvisulfone and a non-solvent for the polyphenyisulfone. In some embodiments, the
solvent for the polyphenyisutfone 1s characterized by a polanity in the range of 4 10 8, and a
boiling point at atmospheric pressure in the range of 60 to 196 °C. Within the range of 4 o &,
the polarity of the solvent for the polyphenvisulfone can be m the range of4 10 7.5 Solvent
polanty is described in L. R. Snvder, “Classification of the Sohvent Properties of Comimon

Laguids,” Journal of Chromatographic Science, 1978, volume 16, pages 223-234. Examples of
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solvents for the polyphenyvlsulfone inclade dimethylacetamide, dimethylformamuide,
tetrahvdrofuran, pyridine, and combmations thereof.

{0021} In some embodiments, the non~solvent for the polvphenyvisulfone is characterized
by a boiling point at atmospheric pressure in the range of 60 to 125 °C. Examples of non-
solvents for the polvphenvisuifone include C1-Cs alcohols, C3-Ce ketones, and combinations
thereof In some embodiments, the non-solvent for the polyphenvisalfone is selected from the
group consisting of methanoi, cthanol, »-propanol. and f-propanch. In some embodiments, the
non-solvent for the polyphenylsulfone comprises methanol,

[0022] The solvent mixture comprises the solvent for the polyphenvisulfone and the non-
solvent for the polyphenvisulfone in a weight ratio i the range of §.5:1 to 10:1, respectively.
Within this range, the weight ratio of the solvent to the non-solvent can be in the range of 6.7:1
to 3:1.

[0023] In some embodiments, the solvent for the polyphenyisulfone and the non-solvent
for the polvphenyisulfone are each halogen-free. In some embodiments, the solvent and the non-
solvent for the polyphenyvisulfone are each independently charactenized by a flash pomt 10 the
range of 25 t0 120 °C. In some embodiments, the solvent for the polyphenylsulfone and the
non-solvent for the polyphenvisulfone are miscible at 23 °C.

[0024] In the method, the solvent mixture is combined with an amorphous
polyphenvlsulfone powder. In some embodiments, amorphous polyphenylsulfone powder has a
volume-based equivalent spherical diameter in the range of 10 to 400 nucrometers, determined
by laser diffraction according to 180 13320-1. Within this range, the equivalent spherical
diameter can be in the range of 10 to 200 micrometers, or in the range of 10 to 100 micrometers,
or in the range of 30 to 90 micrometers, or i the range of 45 to 80 micrometers. The population
of particles can have a Dv10 valae in the range of 1 to 45 micrometers, and a Dv90 value in the
range of 80 to 125 micrometers. The population of particles can have a polvdispersity greater
than 1 and less than 2, or greater than 1 and less than 1.5, Mastersizer™ particle size analyzers
from Malvern Instruments are suttable laser diffraction instruments for determming particle size
characteristics.

00251 The solvent muxture and the amorphous polyphenyisulfone powder are combmed
m a weight ratio m the range of 1:1 1o 100:1. Within this range, the weight ratio of the solvent
mixture to the amorphous polyphenyisulfone powder can be 1 the range of 2:1 to 4011, or n the
range of 5:1 to 20:1.

[0026] The combmed solvent mixture and amorphous polyphenylsulfone powder are

agitated for a time of 5 to 500 minutes and at a temperature of 10 to 50 °C to form a dispersion

)
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of semicrystalline polyphenylsulfone particles. There is no particalar limit on the type of
agitation emploved. An example of suttable agitation 1s agitation by rotary stirrer operating at
10 10 5,000 rotations per nunute. Within the range of 5 to 500 minutes, the time can be 10 to
250 minutes. Within the range of 10 to 50 °C, the temperature can be m the range of 15 t0 40
°C.

[0027] The method further comprises 1solating the semicrystalline polvphenyisulfone
particles from the dispersion. Suitable isolation methods mclude filtration, ceninifugation, freeze
drying, and combmnations thercof. In some embodiments, the isolated semierystatline
polyphenylsulfone particles have a volume-based equivalent spherical diameter in the range of
10 to 400 micrometers, determined by laser diffraction according to ISC 13320-1. Within this
range. the equivalent spherical diameter can be i the range of 10 to 200 micrometers, or in the
range of 10 to 100 micrometers, or 1n the range of 30 to 90 micrometers, or i the range of 45 to
80 micrometers. The isolated semicrystalline polyphenylsulfone particies can have a Dvi0
value in the range of 1 to 45 micrometers, and a Dv90 value mn the range of 80 to 125
nucrometers. The isolated semicrystalline polyphenyisulfone particles can have a polydispersity
greater than 1 and less than 2, or greater than | and less than 1.5, Mastersizer™ particle size
analyzers from Malvern Instruments are suttable laser diffraction instruments for determining
particle size characteristics.

{0028} Opuionally in this embodiment, the crystalline melting point is associated with an
enthalpy of crystalline melting of at least 1 joule/gram.

[0029] In a very specific embodiment of the method, the amorphous polyphenvisulfone
powder has a volume-based cquivalent spherical diameter m the range of 10 to 400 micrometers,
determined by laser diffraction according to IS0 13320-1; the solvent mixture and the
amorphous polyphenyisulfone powder are combined m a weight ratio in the range of 2:1 t0 40:1;
the solvent mixture comprises the solvent for the polvphenyisulfone and the non-solvent for the
polyphenvisulfone m a weight ratio m the range of 0.7:1 to 3:1, respectively; the solvent for the
polyvphenvisutfone is selected from the group consisting of dimethylacetamide,
dimethylformamide, tetrahvdrofuran, pyridine, and combinations thereof, the non-solvent for the
polyphenyisulfone comprises methanol; and the isolated semucrystalline polyphenyisulfone
particles have a volume-based equivalent spherical diameter in the range of 10 10 400
micrometers, determined by laser diffraction according to 180 13320-1.

[0030] The semicrystalline polyphenylsulfone particles are useful for addiive
mamufacturing. Additive manufacturing processes include powder bed additive manufacturing

and powder fed additive manufacturing processes in which lasers or electrons are used to
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tteratively fuse lavers of the semicrystalline polyphenylsulfone particles. Additive manufacturing
processes can include, for example, three dimensional printing, laser-net-shape manufactoring,
selective laser sintening (SLS), plasma transferred arc, freeform fabrication, high speed sintering,
and jet fusion technigues. These processes may be described as additive manufacturing fusing
processes. One exemplary type of additive manufacturing process uses a laser beam to fuse
(e.g., sinter or melt) a powder material {¢.g., using a powder bad process). Another exemplary
type of additive manufacturing can comprise iterativelv binding together a plurality of layers of
additive material using a binder to produce a green state additively manufactured component,
wherein the unmelted binder can be subsequently removed. Additive manufacturing processes
can employ powder materials or wire as a raw material. Morcover additive manufacturing
processes can generally relate to a way to manufacture an object {(article, component, part,
product, ete.) where a plurality of thin unit layers are sequentially formed to produce the object.
For example, lavers of a powder material may be provided {¢.g., 1aid down) and urradiated with
an energy beam {(c.g., laser beam) so that the particles of the powder material within cach layer
are sequentially fused (o.g.. sintered or melted) to sohdify the layer.

1003 1] One embodiment is a method of additive manufacturing, the method comprising:
depositing a first laver comprising semicrystalline polyphenylsulfone particles at a working area;
irradiating the working arca with first radiation effective to heat the first laver to a temperature
below and within 10 °C of a crystalline melting onset tomperature of the senucrystalline
polyphenyisulfone particles; and selectively irradiating a portion of the working area with
second radiation effective to heat the first Jayer to a temperature above a crystalline melting
point of the semicrystalline polyphenyisulfone particles.

{0032} The method comprises depositing a first layer comprising senuicrystaliine
polyvphenvisulfone particles at a working arca. The semicrystalline polyphenyisulfone particles
can have anv of the above-described variations in composition, crystathnity, and particle size,
Pasticle deposition methods and devices are known for various additive manufacturing
processes. For example, i sclective laser sintering, a building area is located near one or more
powder delivery modules. The building arca may be a moveable stage or other platform disposed
within a cvimder or other volume. A powder dehvery module may likewise comprise a
moveable stage or other platform disposed within a cylinder or other volume. In operation, a
powder delivery platform 1s advanced so as to raise up an amount of powder above the top of the
cvhinder in which the powder delivery platform is disposed. A roller or other modality may then
move {¢.g., via sweeping or other motion) the powder that was advanced by the platform and

then move that powder into the building arca.
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[0033] After the first laver comprising semicrystalline polyphenvisulfone particles is
deposited at the working area, the working area i1s radiated with first radiation effective to heat
the first layer to a temperatare below and within 16 °C of the crystalline melting onset
temperature of the senucrystalline polyphenyisulfone particles. In some embodiments, the first
laver ts heated 1o a temperature below and within 5 °C of the crystalline melting onset
temperature of the semicrystalline polvphenyisulfone particles. The crvstalline melting onset
temperature of the semicrystalline polyphenylsolfone particles can be determined according to
ASTM D3418-15 by ditferential scanning calonmetry using a heating rate of 20 *Cimnute. The
first radiation can be, for example, mfrared radiation gencrated by a laser.

[0034] Afier the first laver has been nradhated with first radiation and heated to a
temperature below and within 10 °C of the crystalline melting onset temperature, a portion of the
working area 1s selectivelv irradiated with second radiation effective 1o heat the first laverto a
temperature above the one or more erystatline melting points of the semicrystalline
polyphenvisulfone particles. This second irradiation step causes the semicrvstallineg
polyvphenvisulfone particles to melt and fuse to form a molten polyphenylsulfone that, in some
embodiments, has a zero-shear viscosity in the range of 10 to 10¢ Pascal-second. The second
radiation can be, for example, infrared radiation generated by a laser. In some cmbodiments, the
second radiation comprises laser radiation at a wavelength of 10.6 micrometers.

00351 The depositing step and the two irradiating steps can be repeated to effect layer-
wisc build up of the additively manufactured article. For example, after the working arca with
the first layer has been irradiated with the second radiation, a second laver comprising the
semicrystalline polyphenvisulfone particies can be deposited at the working area, wrradiated with
the first radiation, and irradiated with the second irradiation.

[0036] In some embodiments of the method, the crystalline melting point is associated
with an enthalpy of crystalline melting of at least 1 joule/gram.

{00371 In a very specific embodiment of the additive manufacturing method, the

semicrystalline polyphenvisulfone has the structure

wherein n is, on average, in the range of 30 to 200, and each occurrence of R is methyl; and the
second irradiation step causes the semicrystalline polyphenvisulfone particles to melt and fusc to

form a molien polyvphenyisulfone matenial that exhibits a zero-shear viscosity in the range of 10
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to 10% Pascal-second. Optionally in this embodiment, the crystalline melting point is associated
with an enthalpy of crystalline melting of at least 1 joule/gram.

00381 The invention includes at least the following aspects.

[0039] Aspect 1. A semicrystalline polyphenvisolfone, wherein the semicrvstalling

polyphenylsulfone hag the stracture

|
===

o/

wherein nis, on average, 30 to 200, and cach oceurrence of R 15 independently C:-Crs alkyl or
Cs-Cis arvl; and wherein the semicrystalline polyphenyisulfone exhibits a crystalline melting
pomt i a range of 215 10 270 °C, determined according to ASTM D3418-15 by differential
scanning calorimetry using a heating rate of 20 “C/minute.

[0040] Aspect 2. The semicrystalline polvphenvisulfone of aspect 1, wherein a8 molten
polvphenyisulfone obtained on melting the senmuicrystaliine polyphenyvisulfone exhibiis a zero-
shear viscosity in a range of 10 to 10* Pascal-second determined according to ASTM D4440-13
at a temperature of 380 °C.

[0041] Aspect 3. The semicrystalline polvphenvisulfone of aspect 1 or 2, in the form of
particles having a volume-based equivalent spherical diameter of 10 to 400 micrometers,
determined by laser ditfraction according to ISO 13320-1.

[0042] Aspect 4 The semicrystalline polyphenylsulfone of any one of aspects 1-3,
exhibiting two crystalline melting points in the range of 215 10 270 °C.

[0043] Aspect 5. The semicrystalline polvphenvisulfone of aspect 1. wherein cach
occurrence of R is methyl; a molten polyphenvisulfone obtained on melting the semicrystalline
polyphenylsulfone exhibits a zero-shear viscosity of 10 to 10* Pascal-second determined
according to ASTM D4440-15 at a temperature ot 380 °C; the semicrystalling
polyphenvisulfone is in the form of particles having a volume-based equivalent spherical
diameter of 10 to 400 micrometers, determined by laser diffraction according to IS0 13320-1;
and the semicrystalline polyphenyisulfone has a hvdroxyl end group content greater than 0 and
less than 50 parts per mithion by weight, based on the weight of the semicrystalling
polyphenyisulfone.

[0044] Aspect 60 A method of forming a semicrystalline polyphenyisulfone, the method
comprising: combining a solvent mixture with an amorphous polvphenylsulfone powder in a
weight ratio of 1.1 to 100:1, respectively, to form a mixture; wherein the solvent mixture
comprises a solvent for the polvphenyisulfone and a non-solvent for the polvphenvisulfone na
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weight ratio of 0.5:1 to 10:1, respectively, agitating the mixtore for a ime of 5 to 500 minutes
and at a termperature of 10 to 50 °C 1o form a dispersion of semicrystalline polvphenvisulfone
particles; and isolating the semucrystalline polyphenylsulfone particles from the dispersion.

[0045] Aspect 7: The method of aspect 6, wherein the amorphous polyphenylsulfone
powder has a volume-based equivalent spherical diameter of 10 to 400 nucrometers, determmed
by laser diffraction according to 180 13320-1.

100461 Aspect 8; The method of aspect 6 or 7, wherein the isolated semicrystalline
polvphenvisulfone particles have a volume-based equivalent spherical diameter of 10 to 400
micrometers, determined by laser diffraction according to IS0 13320-1.

[0047] Aspect 9: The method of any one of aspects 6-8, wherein the solvent for the
polyphenylsulfone is characterized bv a polarity of 4 to 8, and a boiling point at atmospheric
pressure of 60 to 190 °C; and the non-solvent for the polyphenvisulfone is selected from the
group consisting of C1-Cs alcohols, C5-Cs ketones, and combinations thereof.

[0048] Aspect 10: The method of any one of aspects 6-9, wherein the solvent for the
polyphenyisulfone is sclected from the group consisting of dimethylacetamide,
dimethviformamide, tetrahydrofuran, pyndine, N-methvl-2-pyvrrolidone, and combimnations
thereof

00491 Aspect 11: The method of any one of aspects 6-10, wherein the non-solvent for
the polyphenylsulfone is selected from the group consisting of Ci-Cs alcohols and combinations
thereof.

[0050] Aspect 12 The method of aspect 6, wherein the amorphous polyphenvisulfone
powder has a volume-based equivalent spherical diameter of 10 to 400 nucrometers, determined
by laser diffraction according to 180 13320-1; wherein the solvent mixtare and the amorphous
polyphenyisulfone powder are combined in a weight ratio of 2:1 to 40:1; wherein the solvent
mixture comprises the solvent for the polyphenvisulfone and the non-solvent for the
polyphenvisulfone 1 a weight ratio ot 0.7:1 to 3.1, respectively; wherein the solvent for the
polyvphenvisutfone is selected from the group consisting of dimethylacetamide,
dimethviformamide, tetrahyvdrofuran, pyridine, N-methyvil-2-pvirolidone, and combmations
thereof, wherein the non-solvent for the polyphenyisulfone comprises methanol; and wherein the
isolated senuierystalline polyphenylsulfone particles have a volume-based cquivalent spherical
diareter of 10 to 400 nucrometers, determined by laser diffraction according to IS0 13320-1.

(005311 Aspect 13 A method of additive manufacturing, the method comprising:
depositing a first laver comprising the semicrystalline polvphenvlsulfone particles of aspect 3 at

a working area; irradiating the working arca with first radiation effective o heat the first layer to
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a temperature below and within 10 °C of a crystalline melting onset temperatare of the
semicrystalline polyphenvisulfone particles; and seloctively irradiating a portion of the working
area with second radiation effective to heat the first layer to a temperature above a crvsialline
melting point of the semicrystaliing polyphenyisulfone particles.

(00527 Aspect 14 The method of aspect 13, wherein the second radiation comprises
laser radiation at a wavelength of 10.6 micrometers.

[00353] Aspect 15 The method of aspect 13 or 14, wherein each occurrence of R is
methyl; and the mradiating the working arca with second radiation produces molten
polyphenylsulfone exhibiting a zero-shear viscosity of 10 to 10° Pascal-second determined
according to ASTM D4440-15 at a temperature of 380 °C.

100541 Al ranges disclosed herein are inclusive of the endpoints, and the endpoints are
mdependently combinable with each other. Each range disclosed herein constitutes a disclosure
of any pomt or sub-range lying within the disclosed range.

[0055] The invention is further tHustrated by the following non-limiting examples.
EXAMPLES

[0056] Materials used m these examples are summarized n Table 1.

Table 1

Materal Description

PPSU Amorphous polyphenvisulfone, CAS Reg. No. 25608-64-4, having a
weight average molecular weight of 30, 100 grams/mole and a number
average molecular weight of 18,500 grams/mole, determined by gel
permeation chromatography using polystyrene standard; having a hydroxyi
group content less than 10 parts per maillion by weight; obtained in pellet
form as RADEL™ R5100-5 polyphenvisulfone from Solvay.

MeOH Methanol, CAS Reg. No. 67-56-1, 99.8% pure; obtained trom Fisher
Scicntific.

DMAC N N-Bimethylacetamide, CAS Reg. No. 127-19-3, 99.0% pure; obtained
from Fisher Scientific,

DMF N N-Bimethyiformamide, CAS Reg. No. 68-12-2, 99.9% pure; obtained
from Fisher Scientific,

THF Tetrahvdrofuran, CAS Reg. No. 109-99-9, 99 9% pure; obtained from
Fisher Scientific.

Pyridine Pyridine, CAS Reg. No, 110-86-1, 99 5% pure; obtamed from Merck.

NMP N-Methvi-2-pyrrolidone, CAS Reg. No. 872-30-4, 99 5% pure; obtamed
from Acros Organics,

BMC Dimethyl carbonate, CAS Reg. No. 616-38-6, 99.0% pure; obtained from
Aldrich.

DEC Diethvi carbonate, CAS Reg. No. 105-538-8, 99 0% pure; obtained from
Aldrich.

[0057] PPSU, which was obtained as pellets, was ground using a Retsch™ ZM 200 Ultra
Centrifugal Mill to produce a powder having a volume-based equivalent spherical diameter of

12
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200 to 300 mucrometers. Particle size was determined by laser difftaction using a
MASTERSIZER™ 2000 Particle Size Analyzer from Malvern Panalytical.

[0058] The Figure shows differential scanning calorimetry heating and cooling curves
for the PPSU powder (i.e., RADEL™ R5100-5 polyphenylsulfone from Sclvay). Differential
scanning calorimetry was conducted according to ASTM D3418-15 using a heating rate of 20
*Crounute. The heating and cooling curves cach cxhibit a glass transition. The heating curve
did not exhibit a crystalline melting transition, and the cocling curve did not exhibit a transition
associated with crystallization.

[0059] The same general procedure was used for all solvents and solvent mixtures.
PPSU powder (100 grams) was gradually added to a 3 liter glass beaker containing 1,000
pulliliters of the solvent or solvent mixture (solvent proportions arc shown in Fable 2, below)
while stirring the mixture with a Silverson LSM Laboratory Mixer operating at 3500 rotations
per minute. The fast moving rotor of the mixer forced the mixture through a screen with a U.S.
mesh size of about 18 (opening size of about 1 millimeter), thereby applying extreme agitation to
the nmuxture. This resulted in a finely dispersed mixture without visible agglomerations. The
experiments were conducted at room temperature {about 23 °C).

[0060] After mixing for 60 minutes, the contents of the beaker were filtered through a
Whatman 1440-150 filter (8 micrometer pore size, 150 millimeters diameter) using a water-jot
pump and a Buchner funnel. The filtrate was washed at least two times with acetone, then left in
a fume hood for a minmmem of 4 hours after which it was dried 10 a vacuum oven overnight at
200 °C to remove residual solvent.

{0061} Table 2 sununarizes results for crystallinity as a function of solvent composition,
with each solvent having been tested at solvent-to-methancl weight ratios of 100:0, 70:30, and
50:50. The presence of crystaliinity was determined by differential scanning calonmetry (BSC)
using a TA Instruments DSC Q2000 calonmeter operating at a heating rate of 20 °C/munute. In
Table 2, “Yes” means that a crystalline melting transition was observed i the DSC first heating
curve. Conversely, “No” means that no crystalline melting transition was observed m the DSC
first heating curve. The results in Table 2 show that crystallinity was observed for DMAC,

DMEF, THF, and pyridine, cach at solvent-to-methanol weight ratios of 70:30 and 50:30.

Table 2
Solvent Crystallmity at 160:0 Crystallinity at 70:30 Crystallinity at 50:50
solvent-to-methanol solvent-to~-methano! solvent-to-methanol
DMAC No Yes Yes
DMF No Yes Yes
THF No Yes Yes
Pyridine No Yes Yes

-—
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NMP No No Yes
DEC No No No
DMC No No No

[0062] Table 3 summarizes DSC resulis for isolated solids as a function of solvent

composition. All properties were determined according to ASTM D3418-15 using a heating rate

of 20 °Clounute. (lass transition temperatures {1, expressed in units of degrees centigrade)

were determined from the second heating cycle. Crystalline melting points (T and To?,

expressed in units of degrees centigrade). crystalline melting onset temperatures { T ouse.

expressed in units of degrees centigrade), and enthalpies of crystalline melting (AH! and AH,

expressed in units of joules/gram) were determined from the first heating cycle.

Table 3
Solvent 100 DMF 70:30 DME/MeOH 30:50 DME/MeOH
T: (°C) - 224 224
Tw' (°C) - 228 222
AH' (J/g) - 34 21
Tmlonsct (IDF) - 223 217
T’ (°0) - 250 N/O*
A (J/2) -~ 952 N/
Comment PPSU dissolved: no polymorphic monomorphic

PPSU isolated
N/G = not observed
Table 3 {cont)
C Ex B Ex 3 Ex 3
Solvent 100 DMAC 70:30 DMAC/MeOH | 30:50 DMAC/MeOH
Te (°C) - 224 224
Tt (°0) - 234 228
AR (Yo - 33 35
Tmi onsst (OC) T 223 221
Tmz (O(/) - 253 N/O
AH {J/o) - 11.7 N/
Comment PPSU dissolved; no polymorphic monomorphic
PPSU isolated
Table 3 {cont.)
C. Ex C Ex. 5 Ex. 6

Solvent 100 Pyr 70:30 Pvr/MceQOH 50:50 Pyr/MeOH
T (°C) -~ 224 224
T (°0) - 231 225
AH {J/o) - 13 36
r}:‘ml onset (OC) - 217 224
Tw (°C) -~ 235 N/G
AFE (J/2) -~ 20.2 N/O

14
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Comment PPSU dissolved: no polymorphic monomorphic
PPSU solated

Table 3 {cont.)

C Ex D Ex 7 Ex. 8
Solvent 100 THF 70:30 THF/MeOH 50:50 THF/McOH
Te (°C) ~- 224 224
T (°C) - 235 223
AH (J/g) - 35 2.0
T onser (°C) -- 225 217
To (°C) -- 250 N/G
A (Jg) - 92 N/O
Comment PPSU dissolved; no polymorphic monomorphic

PPSU 1solated

Table 3 {cont)

C Ex E . Ex F Ex. §

Solvent 100 NMP 70:30 NMP/MeOH 50:50 NMP/MeOH
T, (°C) -- - 224

Tu: °0) == -~ 227

AH (J/g) - == 36

Tml onset (OC) - - 23 8

T (°C) -~ - 252

A (J/g) -- -~ 59
{Comment PPSU dissolved; no | PPSU dissolved; no polymorphic

PPSU isolated PPSU isoiated

00631 These examples above collectively show that it is possible to generate
crvstathnity in previously amorphous PPSU by exposing amorphous PPSU particles to a mixture
of a solvent for PPSU and a non-solvent for PPSU. Depending on the solvent/non-sclvent
mixture, the resulting PPSY can exhibit one or two crystalline melting points.

[0064] Table 4 presents cormaplex viscosity values {expressed  units of Pascal-second)
for PPSU at 380 °C as a function of angular frequency (expressed in units of radians/second}).
The corresponding esperiments were conducted according to ASTM D4440-15. Based on these

results, the cstimated zero~shear viscosity at 380 °C for PPSU 1s 1780 Pascal-seconds.

Table 4
Angular Frequency {(rad/s) | Complex Viscosity (Pa.s)
100.0 399
63.1 667
398 734
251 798
158 856
10.0 906
6.3 949
4.0 981
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25 1012
1.6 1033
1.0 1034
0.6 109G
0.4 1147
0.3 1214
0.2 1334
0.1 1381

PCT/US2019/039213

{00651 Table 5 presents low shear melt strength viscosity ratios determined at 380 °C

according to ASTM D4440-15. For additive manufacturing, it is preferred that the ratio of

viscosities at 10 and 100 radians/second 19 at least |5, the ratio of viscositics at 1 and 100

radians per second s at least 1.75, and the ratio of viscosities at 0.1 and 100 radians/second is at

least 2.0. All three criteria are satisfied by PPSU. This means that in an additive manufacturing

method utilizing semicrystalline PPSU, molten PPSU has sufticient melt strength to bold its

shape while solidification occurs.

Table S
Angular Frequencies (rad/s) Viscosity Ratio
10:100 1.51 (906/599)
1160 1.76 (1054/599)
0.1:100 2.64 (1581/599)
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CLAIMS
1. A semucrystalline polyphenylsulfone,

wherein the senucrystalline polyphenvisuifone has the structure

O 45
wherein nis, on average, 30 to 200, and cach occurrence of R is independently Ci-Crp alloyl or
Cs-Cig arvl; and

wherein the semicrystalline polyphenvisulfone exhibits a crystalline melting point in a
range of 215 to 270 °C, determined according to ASTM D3418-15 by differential scanning
calorimetry using a heating rate of 20 *C/minute.

2. The semicrystalline polyphenylsulfone of claim 1, wherein a molten polyphenyisulfone
obtained on melting the semicrystalline polyphenylsulfone exhibits a zerg-shear viscosity in a
range of 10 to 10* Pascal-second determined according to ASTM 134440-15 at a temperature of
380 °(C.

3. The semicrystalline polyphenyisulfone of claim 1 or 2, in the form of particles having a
volome-based equivalent spherical diameter of 10 to 400 micrometers, determined by laser
diffraction according to IS0 13320-1.

4. The semicryvstalline polvphenylsulfone of any one of claims 1-3, exhibiting two erystatline
melting points in the range of 215 10 276 7.

5. The semicrystalline polyphenylsulfone of claim 1, wherein

cach occurrence of R is methyi;

a molten polyphenvisulfone obtained on melting the semicrystalline polyvphenylsulfone
exhibits a zero-shear viscosity of 10 to 10* Pascal-second determined according to ASTM
34440-15 at a temperature of 380 °C;

the semicrystalline polyphenylsulfone 1s in the form of particles having a volume-based
equivalent spherical diameter of 10 to 400 micrometers, determined by laser diffraction
accordmng to ISO 13320-1; and

the semicrvstaliine polvphenvisulfone has a hydroxyl end group content greater than O and
less than 50 parts per mithion by weight, based on the weight of the semicrystalline
polyphenyisulfone.

6. A method of forming a semucrystalline polyphenylsulfone, the method comprising:
combining a solvent mixture with an amorphous polyphenyviselfone powder in a weight
ratio of 1:1 to 100:1, respectively, to form a mixture; wherein the solvent mixture comprises a
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solvent for the polyphenyisulfone and a non-solvent for the polyphenylsulfone in a weight ratio
of 6.5:1 to 10:1, respectively;

agitating the mixture for a time of 5 to 500 minutes and at a temperature of 10 to 50 *Cto
form a dispersion of semicrystalline polyphenyisulfone particles; and

isolating the semicrystalline polyvphenylsulfone particles from the dispersion.
7. 'The method of clamm 6, wherein the amorphous polyphenyisulfone powder has a volume-
based equivalent spherical diameter of 10 to 400 micrometers, determined by laser diffraction
according to 150 13320-1.
8. The method of claim 6 or 7, wherein the isolated semicrystalline polyphenvisulfone
particles have a volume-based equivalent sphencal diameter of 10 to 400 micrometers,
determined by laser ditfraction according to IS0 13320-1.
9. The method of anv one of claims 6-8, wherein

the solvent for the polyphenyisulfone is characterized by a polarity of 4 to &, and a boiling
point at atmospheric pressure of 60 to 180 °C; and

the non-solvent for the polyphenvisulfone is selected from the group consisting of Ci-Ce
alcohols, C:-Cs ketones, and combinations thereof,
10, The method of anv one of clamms 6-9, wherein the solvent for the polyphenvisulfons 1s
selected from the group consisting of dimethviacetamide, dimethviformanude, tetrahvdrofuran,
pynidine, N-methyl-2-pyrrolidone, and combinations thereof.
11, The method of any one of claims 6-10, wherein the non-solvent for the polyphenylsulfone
is selected from the group consisting of {1-Ce alcohols and combmations thereotf.
12.  The method of claim 6,

wherein the amorphous polyphenylsulfone powder has a volume-based equivalent
spherical diameter of 10 to 400 micrometers, determined by laser diffraction according to 180
13320-1;

wherein the solvent mixture and the amorphous polyphenyisulfone powder are combimed
in a weight ratio of 2:1 to 40:1;

wherein the sclvent mixture comprises the solvent for the polyphenylsulfone and the non-
solvent for the polyphenvisulfone 1n a weight ratio of 0.7:1 to 311, respectively;

wherein the solvent for the polyphenylsulfone 1s selected from the group consisting of
dimethylacetamide, dimethylformamide, tetrabvdrofuran, pyridine, N-methvl-2-pyrrolidone, and
combinations thercof;

wherein the non-solvent for the polyphenylsulfone comprises methanol; and

wherein the isolated semicrystaliine polyphenvisulfone particles have a volume-based
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equivalent spherical diameter of 10 to 400 micrometers, determined by laser diffraction
according to IS0 13320-1.
13. A mcthod of additive manufacturing, the method comprising:

depositing a first laver comprising the semicrystalline polyphenylsulfone particles of claim
3 at a working arca;

irradiating the working arca with first radiation effective to heat the first layer to a
temperatare below and within 10 °C of a crystalline melting onset temperature of the
semicrystalline polyphenyisulfone particies; and

selectively irradiating a portion of the working arga with second radiation effective to heat
the first layer to a temperature above a crystalline melting pomt of the semicrystalline
polyphenylsulfone particies.
14,  The method of claim 13, wheremn the second radiation comprises laser radiation at a
wavelength of 10.6 micrometers.
15.  The method of clamm 13 or 14, wherein

each occurrence of R is methyl; and

the irradiating the working arca with second radiation produces molien polyphenyisulfone
exhibiting a zero-shear viscosity of 10 to 10* Pascal-second determined according to ASTM

D4440-15 at a temperature of 380 °C.
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