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1
TREATMENT OF POLYMER PARTICLES

BACKCGROUND TO T INVENTION
Ficid of the nvention

The present mvention relates o methods for the treatiment
polviner particles sud (0 compositions comprising treated
polviner particles. ‘The polvmer purticles may  cowprise
thermoplastic polymer particles. Additonally or alterna-
tively the polvmer particles may compnse termoset poly-
mer particles. Such methods und compositions are proposed
for various uses and applications. (OF particular. but not
exclosive, mierest are polymer nanowires and methods for
their mannfacture.

iZelated An

Polymer mmowire (PNW) s a promsing one-dmen-
s1onal material nmaony applications. sucl as cnergy storage
|Rel. 1. encrgy harvesting |1Rel. 2). sensors [Rell 3], oplo-
clectronics |Ref. 4], and woearable electronics |[Rel. 5.
PNWs can be synthesized by some known methods. such as
nanopore templating [Ref. 6], clecirospinming [Rell 7).
clectrochemicul polymerization |Rel. 8], und nanolithogra-
plwy |iZel. 9. Although PNWs demonsteate significant poten-
tial. the lack of a {abrication method with a suitably low cost
and high yield limits therr commercialization and {uture
upplications |Rel. 10).

SUMMARY O T INVENTION

The present nvention has been devised in order (o address
utl least one ol e above problems. Preferably. the present
invention reduces. ameliorates. avoids or overcomes at least
one of the above problems.

*art of the insight of the prosent inventors is that micro-
Quidization. surprisingly. provides a suitable approach lor
the manulucture of polyier nanowires {(PNWs) A “nanow -
ire”™ cun be vnderstood i the context ol the present disclo-
sure as o gh aspect o stocture (e Jengthdhick-
ness=10Y with typreal diameter<1000 nm. More preferably.,
the aspect ratio is greater than 100, or greater tan 1000, [n
some cuses. the length ol the mnowire may be >10 pm.
Liowever. nonowires of lengtie less than 10 wn are alse
contemplated.

Microfhnidization has been applied in several commercial
applications. For example. liposoie nanoparticles nsed
eye drops |Relt 11 ure produced by using microlluidization.
as well as oil-in-water nanoemulsions |Refll 12| wsed in food
applications. Microflnidization has also been vsed for the
deagglomeration of carbon nanotubes [Rel. 13] and produc-

tion ol gruphene [Rell 14]. Previous work on the use of

microfluidization for the producuon of graphene (rom thwe
inventors' research group s disclosed in WO 2001 7/060497,
the content of which is hereby incorporated in its entirety.

Accordingly. i a first prefeered aspect. the present mven-
tion provides s method lor treating polyier particles. thw
method including providing polymer particles and providing
a carner liqud, the method {forther mcludmg ihe sieps:

(a2 nuxing saud polymer particles with said carrier hguid
o lonu g dispersion of sad particles in suid carner bguid @

u concentration ol gt least 0.1 g3 based on the volume of

the disporsion: and

(b} subjecting the dispersion o microluidization treai-
ment thereby cavsing particle stretchmg. particle sive reduc-
tion and increasing the surluce arca per unit mass of thw
polviner particies.

e

20

gl
A

41

“h

9]

2

I o second preferred aspect. the present invenuon pro-
vides a particulale composition comprismy polymoer par-
ticles mixed with nanomaterials. for example nanoplaies
derived from a layered material. wherein the particulate
composition has a BET surface area of at least 10 m*/fy,

fiv g third preferred aspect. the present invention provides
a functional ik comprising the particulate composition
accordmg 1o the second aspect and o carner hqmd. For
exuinple. o product of the first aspeet ol the inventon way
be u funcuonal ink sccording 1o this third aspect. Such anink
way be ponted/couted nsmg many dilferent eehigues {e.g.
wkjet. screen. Hexo, gravure printing. spm and spray coat-
ing) lor applications such as sensors, ficld eflect trmnsistors
{(F115) or thermal imerface materials.

I a lourth prefemred aspect. the present invention pro-
vides a method lor the mannfactore of 8 component lormed
of a compound of a polymer with a dispersion of nanoplates,
he method inchoding the sieps:

providing u particulute composition according 1o the
second aspect as u precursor particnlate: and fonming the
precursor particulaie mio the component.

The {orming may be carried oul by meli-forming. Meli-
lornuing may be curoed ont by melting. partially melting or
softening the precursor particulute Tor monlding or other
plastics shuping. For example. melt-lonuing may be camed
ont by melt extrmosion. Alicrnatively, meli-lorming may be
carried ont by injection monlding. A further allernative is for
forining W be carned out by compression moulding. Still
lurtiwr. the component may be lormed by 3-1 ponting ol the
precursor pariicnlaie.

In a {Hih preferred aspect. the present invention provides
a method for the manufacture of a composition comprising
polviner particles mixed with nanoplates derived Trom o
lavered material. the method iweluding camrying out the
method of the first aspect and subsequently removing the
carrier hauid.

The {irst, second, third, fourth andor (i aspect of the
Ivertion way have any one or W the exteat that they are
compatibic. any combination of the ollowing optonal lea-
lures.

The dispersion of the polymer particles in ihe carrier
liguid may have o concentration of polymer particles ol at
least 0.5 ¢/l bused on the volume ol the dispersion. More
preferably. the concentration of polymer particles 1s @t least
1 w/1.. more preferably ai least 5 o1 more preferably at least
10 /1., based on the volume of the dispersion. The disper-
sion ol the polyviner particles in the currier bagmd way have
a concentration of polvimer particles ol not more than 500
g/l.. more preferably not more than 200 271 based on e
volume of the dispersion. [t is considered that at concentra-
trons more than 300 g1 or in some cases at concentrations
wwore than 200 ¢/ .. the viscosity ol the dispersion becomes
high ond the resultant shear rate m the wicrolluidizer
becomes oo low.

In the microluidization reatment ol step (b}, 1 s possible
o consider preferred conditions for microflnidizaton. Step
{by way be subdivided 1nte steps (B{3) and (b))} us foliows:

{b{i)) pressurizing the dispersion W o pressure: and

(b{(iiyy forcing the dispersion along a microiluidic channel
under said pressure, to apply a shear mie to said particles in
thwe dispersion. thereby consing particie stretching. particle
size reducton and increasing the surfice arca per unit mass
of the polymer particles.

In step (b{(i)) the dispersion may be pressurized o a
pressure ol at leasi 10 kpsi.

Preferably. the dispersion is pressurised W a pressure ol at
least 15 kpsi. More preferably. the dispersion is pressurised
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o a pressure of at least 20 kpsi. at least 25 kpst or at least
30 kpsic [as found that using 100 low a pressure leads o
insuflicient deformation of the particles. Additionally. when
a layered maienal is added (see below), oo low a pressure
cant Jeud (o msullicient exilodiation. ‘The pressure can be
generated and measured g koown manner. lor example
nsing an intensificy pump along a Bow line, between a
reservoir holding the disporsion of particles in the carrier
liguid und the wmicrelluidic channel.

An explonation 1s now provided of the shear rate applied
in thw prefemed cobodiments of the inventon. The Reva-
olds number (Re) is o parameter that can be used (o
determine the type of How inside the microchanne] of the
microflodizer. given by pUDYw where pois the liquad densiy
{which for water is 1000 kg/m”. U 1s the mean channel
velocity (calculated at about 300 m/s). 13 the pipe diameter
(87 um for a GO/ microchannel wsed m the prelerred
enthodiments) and p is the dynamic viscosily (Ix107° N
sim?), The ealeuluted Reyoolds number. 2.6x 107, indicates
that there s Dolly developed wrbulent Oow mside the micro-
channel (Re==4000). The turbulent shear rate can be esti-
mated by the cquation ¥ (e/v)' ? where £ is the wrbulent
coergy dissipation rate (110" Wikg or m%sY) and v (e
Emematic viscosity (1<107% sy The wrbulemt encray
dissipation rute 1s determined by computationai lwd dynuim-
ics (CIFDY) simulations. Determination of the turbulent
energy dissipation rate 15 discussed. {or example. in Launder
und Spalding (19743 and by Chakraborty (2012}, and may be
determined for a particular microlimdic channel following
the puidance disclosed in those reforences. The computed
mean wrbulent shear raie mside the microchannel used m
the preferred embodiments is 1x10% s~ which is 4 orders of
magitnde lugher than the minimom shear rate required o
initiate  graphite exfolation |Paton (2014}, Thus, e
stretching and deforaation of the polymer particle, and the
exloliation of the graphite Hakes, is considered 1o be pri-
marily due to shear and stress generated by the microfuidic
processor. Such shear rutes can be applicd by probe sow-
cators or shear mixers only i the vicity of the probe or the
rotor-siator but cannot be applicd in the entire baich um-
formly. In contrast. lorcing the dispersion along the micro-
uidic channel 10 the present invention alkvws suitable shear
rates W be applicd unilorly o the cnure buch of thw
dispersion. One point w0 note is that as the microlludization
process proceeds (e through multiple cyeles). the low
may become more wnlorm and may become laminary. How-
ever. even nnder such conditions it s possible 1o observe that
the polyiuer particles stretch and delorm,

In step (b(1)) the shear rate apphed o the particles m the
dispersion may be at least 107 57" Prefurably. the shear rate
applicd (o the particles in the dispersion s al least 5x 107 57"
More preferably. the shear rate applied 1w the particles m the
dispersion is at least 10% 57" at least Sx 107 ™", or at least 107
S_I

The treated polymer particles. andfor the particulate com-
position. may have a BIT surlbee area o ot least 20 m®i.
at least 30 m¥fe. at Jeast 40 wm™g. at least 50 m¥g. ot least
60 m /g at least 70 mig. at least 80 mig. a least 90 mip.
at least 100 m™ . at least 120 mP/p. ot least 140 m™g. at least
160 mP/p. at least 180 m¥y. at least 200 m?/g. ot least 250
me, at least 300 m¥ae, at least 350 mPie. at least 400 m@ia.
at least 450 m™e. or at least 500 m¥ig,

In some embodimentis, the method may forber inchide
the step of adding particles ol a layered material to the
dispersion. [n this way, the microHuidization treatment can
cause exlodiation of nanoplates from suid particles. Allerna-
tively. the method may melude the step of adding particles

e

e

20

4L

“h
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of an agglomeration of nanelors W the dispersion. Such
manoforos may for example be nanoparticles, nanolubes,
cic. The miention here is that the microfinidization process
assists in de-agplomerating and dispersing e nanolorms to
provide a dispersion of the nonoforins 10 the dispersion.

Additionaslly  or abternatively. there may  Torther be
mcluded the step of adding nanoplates derived lrom a
layered material o the dispersion. For example. the nano-
plutes way be added (o e dispersion belore step (b).
Alternatively. the nanoplates may be added o the dispersion
afier step (b). More generaily. there may be added none-
{orms as discussed above.

The nanoplates may be sclected from one o more of
clemental waterials such us graphene (yvpically derived
lrow postine graphite}. metals (e Nille,. Ve, ). sei-
melals (e, Wle. TeS.). semconduclors (g WS,
W8e,. MoS,. Mo'le,. Tas,. Rivle,. Pdle;). msulators {(c.g..
B3N TS, )L superconductors {e.g.. NbS,. NbSe,, Nble,.
TaSe, ) und opological msulators and thenue-clectrics (e.g..
Bi.8e,. Bidle, ).

For example. the layered material may be graphite and the
nanoplates may be graphiie nanoplates.

For example. the layered material may be prisune graph-
e sud the nunoplates may be graphite nanoplates.

The preseint invention builds on the work reported m WO
2014/064432 and WO 2017/060497. 1 which the produc-
ton of graphite nanoplates materials is disclosed. In this
disclosure. the tenun “nanoplates™ 15 used bused on the
proposed nomenclutire ol Bianco ot al {2013}, The expres-
sion “singledlew layer graphene” is also uvsed. to identify
graphene materals typcally having 10 or lewer layers
{mecasured by AFM this corresponds to @ thickness of 5 om
aor less or 4 nin or less).

A Cnanoplate”™ is defined heremn as o logh aspect mtio
strocire (e lenpthfiilnckness=10) with typical  thick-
ness< 100G nm and lenpih=300 nm.

Taking the exfolistion of graphite as an example, it is
found tet the mmimum pressare o exfoliote graphite 1o
grapite nanoplates depends o some extent on the graphite
particle size and concentration, and so rontine experimen-
tation can be carried out 10 assess the suitable operting
pressure bused on these parameters. For example. where
high grophite loadings are used {e.g. 50-100 #/1 3. o pressure
of at least 15 kpst is suitable.

Lower pressures can be used o exioliate graphie to
graphite nanoplates for lower graphite loadings (e <10
g/} However, 1 should be noted that these lower concen-
trations are not preferred lor applications where igh con-
centration of nanoplates s regquired. Por example, for some
appheations. the loading of praphtie nanoplates should be
highor than 30 /1. (10, 3% wi).

Whoere it is desired o form nanoplates with o very siall
thickness (e single/lew lavers graphene. less thon 10
layers thick). o achieve uselnl concentrations ol single/fow
layers graphene (201 g/} with low graphie loadimgs (<10
g/} u pressure ol at least 30 kpsi may be needed with o
large nomber ol processing cveles (at least 100 processing
eveles  see below), Fowever, higher storting grophite load-
mps at lower pressures and a lower number ol processing
cycles will also produce uselvl concentrations.

s preferred that thwe layered waterial s present m the
carrier Liguid 1w an smount of at least 10 g/, of dispersion.
Noie that the amount of layered material here is expressed
m terms of mass per unit volume of the dispersion. the
dispersion including the carner liguoid and e layered mate-
nal. This distinetion becomes particularly significant @t logh
louding amounts ol luvered material. More preferably. the
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luyered matenal is present in the carrier liguid i an anoeunt
ol at Jeast 20w/ of dispersion. a least 30 w/1. of dispersion,
al Jeast 40 /1. of dispersion. at least 50 g/1. of disporsion. at
least 60 /1. of dispersion. at least 70 @/1. of dispersion. at
least RO @/, of dispersion or at least 90 g/l. ol dispersion,
Typicaliy. lor example. the lavered material is present in the
carrier liquid in an amonat 100 /1. of dispersion. igher
loading amounis are preferred moorder o gencrate gh
coneentrations ol nunoplates in the dispersion. 1 higher load-
ing amounts provide greater wtility. Jor example o the case
ol conductive inks. because this reduces or avoids the need
o remove any ol the carrier liguid by a subseguent concen-
tration or {iltration siep.

Preferably. the method produces o concentration ol nano-
plates m the dispersion ol at least 0.1 ¢/1. ol dispersion. More
preferably, the method produces a concentration of nano-
plaies i e dispersion ol at Jeast 0.5 ¢/l of dispersion. at
least | /1. of dispersion. at least 2 g1, of dispersion. at least
5 g/l of dispersio. or gt least 1) g1 of dispersion. Con-
ceutrations ol about 8G g/l of dispersion are produced
without difliculty. for example.

The dispersion subjected (o siep (b) may be subjecied to
steps (b{i)) and {B{11)) repeatediy. This may be cither via thwe
same or different microfluidic chunnels. This repetition 15
carricd out secording W o number ol cycles. wherein thw
number of cycles is af least 2.

The particles of the layered material may be added afler
at least one eyvele ol steps (b)) aud (b{1)).

The dispersion meluding the nonoplates may be subjected
i at least one {urther cyele ol steps (b(1)) and (b{(n}).

Preferably. the number ol oycles i ot least 5. The number
ol eveles may be higher, for example at least 10, ai least 20
or at least 50, About 10 eyeles may be particulurly suitable
in sowe cubodiments. Preferably. the dispersion 1 sab-
jected (o a residence Uime m the microfindic channel in step
(b{iiyy lor a time of wp o | second. por cyele. More
preferably. the dispersion is subjected to step (b(i)) for a
time of up 10 (.5 second. per eycle. Sull maore prelerably. thw
dispersion 1 subjected 10 step ({11} or o tme ol up 10 0.2
second. up 0 01 second. vp o 0.0 sccond. vp to G005
sccond. or np (o G001 second. per cycle. The dispersion may
be sulyected W step (b)) lor a comulative tinwe ol up w 200
secowds. Tor example.

Microfluidic processing is uulived m phoarmacentcal and
food industry duee to act that it can have the same results as
homogenizers but at a smaller number of passes. Too many
processing cveles e.g. above 20. are not usnally considered
in the industoes which use microflnidization processing. (n
the prelorred cmbodiments of the present invention, the
layered material particles are processed for a limited amount
of time (in some cases for a ime of only about 107 second.
poer ovele [Julari ot al Q20073 as they puass slong e
microfluidic channel. Increasing the number of passes

increase the exposure time of the material o the energy of

the system. Thus high shear s ellective for ellicieni particle
delonuation and/or exloliation i such o short period ol e
{30 kpsi corresponds w o shear rate of =10% 57" Jor o G 10/
clamber (microfluidic chonnel}. However enerpy dissipa-
tion 15 much betier controlled and consisient shear gives
repeatable baich-to-batch resulis in comparison 10 other
echnmgues.

An anxiliary processing module can be placed upstream
ol the microtinidic channel (o assist in a pre-process of the
sample before it enters the smaller geometry chamber or 10
line downstream of the chamber w0 add backpressure. Fur-
ther details of the featares of the apparatus cun be seen at
hupwwwonicroilnidiescorp.com/microfluidizer-proces-
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sors/m-110p |accessed 10 Ang. 2015] aud from the Micro-
Ruidics Corp M-110P user gunde.

In microfimdization it con be assomed that the cnergy
density 1IN (I/m”) i equal 1o the pressure differentinl due to
low voluines and very short residence tmes 10 the wicro-
channel [Jafari et al (20073, Therelore. Jor processing
pressure 30 Kkpsi. 13V 207 MPPa 2.07x10° I'm®™. This is high
value of tolal cnergy input per unit volume. Scaling op
wicrolluidic processmg 1s casily achicved by mcreusing the
flow rate. Q. thus. decreasing the tine required W process u
given volmme. V. for nocveles {Q aVA) Thus. the produc-
ton e increases (Pr QM) Darge scale microiluidizers
can achieve How rates as high as 121 /min. Industrial system
cun be scaled. The present invention therelore provides o
readily-scalable process switable lor industrial-scale manu-
facture of PNW with or withont lavered materials.

Preferably, the microlividic channel has a transverse
dimension (e.g. dmeter) in he range 1-1000 pm. More
preferably. the microlluidic channel Bas o transverse dimen-
sion {e.g. divetery ol ot most 300w The microlindic
channel preferably has o tronsverse dimension (eg. diam-
cter) of at least 50 pum. These dimensions allow a suitably
ligl shear rate along with acceptable ow rates. Preferably.
the mcrolimdic chonnel 1s substantialiy  equi-axed. For
exuinple. the cross seeuonal shape of the microfluidic chuan-
nel may be circnlar, oval, sqnare or near-square.

Preforably. the microtluidic channel provides a tortuouns
flow path. iowever, 1 is preierred that the microflodic
chunnel does not have fow splitting paths or flow recom-
bination paths. [n the ficld of microluidic processing. micro-
Ruidic channels with Jow splitling paths and/or ow recom-
bination paths are referred 10 as Y-lype channels. In contrast.
thwe preferred embodinents ol the present veation use
Zaype chinnels. o refer w0 the wrions Qow path but
absence ol {low splitting paths and Jow  recombination
paths.

Preforably, the carrier liquid is aqueous. This is particu-
larly convenient for low-cost environmentaily lriendly pro-
cessing. and also provides compaubility with water-based
wk formlations.

More generally. the carrier liquid may be selecied from
one or more of water. aleohols {e.g. ethanol. iso-propanol).
cthers. esters. amides (DM NMP CTHIE DML, amines
{e.g. hexvlamine) hulogenated {e.g. chioroform. dichlo-
robenzene). carbon disulplide. carbonates (e.p. cihylene
carbonate, propylene carbonate}. hvdrocarbons (e.p. hexane,
benzene. wioene). or neat liguid monomers or polymers
{c.g. polyscrylates. epoxies. polysilunes). in particular for
compeosiie inks. Preferably. the carrier igud is selected from
one or more of waler, aleohol, N-methvlpyreolidone. chlo-
roform.  beazene, wluene,  di-chlorobenzene,  iso-propyl
aleohol. ethaue] and/or other organic solvents. Most prelee-
ably. the curoer liguid includes ao awide. In general. it will
be mderstood that preferably the carrier hgod does not
meclude a component that dissolves the polymer partcles.

The dispersion may nclude one ol more stabilising
ageits. Satable stabilising agents may be polymiers or
surlactants (anionic. calioic. non-1enic. Awillerionic. bio-
surlactanis, el ).

In the particulate composttion. 1 s prederred that the
nanaplates are present in an amoum of ot least G0 wi 9%
bused o the mass ol the particulute cowposition. More
prelerably. the nanoplates are presentin an amonnt of at least
0.5 wi %, at least 1 wit %, at Jeast 2 wi %, at least 3 wi %,
at least 4 wi %, al least 3 wi %, at Jeast 6 wi %, al least 7
wi % at least 8w %, at least 9 wi %, or at least 10 wi %,
bused on the mass ol the particulute composition. For o
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masterbatch composition. the nanoplates may For example
present in an amount of at least 13 wi %, ot least 20 wi %,

al least 25 wi %. or at Jeast 50 wi %, based on the mass of

the particulate composition.

The polyiuer particles may comprise thermoplasue poly-
mer purticles. Additionally or alterustively the polymer
particles miay comprise (henmosel polymer particles, Son-
able polymers {or vse with the present invention include
polveltbvlene, polyamide. polyvether cther ketone (PLEK).
polyanilme. PEDOGT:PSS . The polymer particles may com-
prise clastomer polviner particles. For exuuple the polymer
particles may cowpose one or more patiral or synthetic
rubber elastomers.

In the fourth aspect of the invention. there may be further
inchnded the step of mixing the particulate composition with
a lurther material w0 form the precursor particulate. The
further material may be any suitable motenal. such as o
polviner {e.g. the same or different polviner). ceramic. ele.
Where the (onther motenal 1s g polviner. the particnlate
composition may be considered o be o masterbaich which
is subsequently diluied with additonal polymer. In this way,

the masterbatch may be formed with a fixed concentration of

layered waterial, and then used W orm g lnal copenent
with u desired (lower) concentrution ol layered material. The
elleet of this approach can provide improved mechanical,
thermal andior clectrical properties o the {inal materal.

Further oplional {eatures of the invention are sel out
below,

BRIEE DESCRIPTION OF THIE DIRAWINGS

Embodiments of the invention will now be described by
wiy ol exaple with reference o the sccompunying draw-
ings m whiciu

FiG. 1 shows g schematic low disgram ol smtable
process for manofacioring products according o embaodi-
ments of the mvention,

FIG. 2 shows a schematic arrangement ol a microthidizer
for use in the present inventon. The mteraction chaber 1s
shown 1 schematic enlarged view at (wo scales. the most
cularged scale indicating the transition rom laminar flow o
turbulent low as the low passage is restricted. The most
enlarged scale view is taken from hitp:#digilander liberoat/
mfinotes/ IvEnropeo/iluido2/luido2 him! Jaccessed 22 Sep.
2017

FIG. 3a) shows an SEM nnage of o pristine polymer
particle not yet subjecied o microlluidization.

FIGSE. 3(A). 3(c). 3. 3e) show S1M images of polymer
particles alter different numbers ol microtluidization eycles.

FIGE, 4{ay and 4(b) shows SEM nmages of avlon-12
NANOWIres.

FIGS. 8(a) and 5(A) show SEM images ol graphene/
nylon-12 nanowire compound showing that the graphene 1s
homogeucously dispersed.

IIG. 6{a} shows an SEM image of pristine oyvlon 12
powder.

FIG. 6(h) shows an SEM image of nylon nanowire afier
20 mcrofmdization cycles.

IIG. 6{c} shows an SEM image of nyvlon nanowire after
100G microlluidization cycles.

FIG. 7 shows histograms of dismeter distribution from the
starting polymer powder matenal and afier 5. 20, 30 and 100
cycles.

IIG. 8 shows nitrogen adsorpliow/desorplion curve lor
postiie uyion-12 powders and nylon-12 punowires,
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FiG 9 shows BET surface arca ol pristine nylon-12
powders and nylon-12 nanowires plotied against the nomber
of microtluidization cycles.

FIG. 10 shows XRID specira of pristine aylon-12 powdoers
and uvlon-12 nonowires.

FIG. T1 shows DSC plots ol pristine avlon-12 powders
and nvlon-12 nanowires.

FIG 12 compares the thermal conduciivity of prstne
nylon-12 powders and nylon-12 panowires.

F1G 13 shows thermal conductivity of nylon-12 compos-
ies processed by dilferent methods,

IFIG 14 shows various polymer compositions o which
the present imvention may be applied. This s iaken from
hup:www dupont.co nkdproducts-und -services/plastics-
polyviners-resinsAherinoplastcs/products/zytel-inilum! |ue-
cessed 22 Sep. 20107

DETAILER DESCRIPTION OF 1.
PREFERRED EMBOIMMENTS. AND FLIXITHR
OUTIONAL FEATURES OF THIE INVENTION

In some preferred embodiments. there are disclosed scal-
able ncrolimdic routes 10 labricate polyiuer nanowires.
These methods allow the wining of the size sud propertics ol
thwe produced nanowires ina controlluble way, Morcover. we
demonsirale some potential apphications of the PNWs
which. 1o the knowledge of the mveniors. have not been
shown belore. It s considered that the present disclosure
will trigger new rescarch in the polymer nanowire field.

The process fo {abncaie polymer nanowires is shown
schematically in F1G. 1. This is shown in the context of e
production of either polymer nanowire or polymer/graphene
compound. Polviner/graphene compounnds are discussed
later.

BrieAy. m FIG. 1. it can be seen that m step AL the polymer
powder is dispersed i water/isopropano] (IPA) by magnetic
stirrmg. Then m step 130 the dispersion 15 subjected 1o
wicrolluidizution. This is deseribed o more detail below,
The microilndized product con then be jilweed and doed
(step €) or {reere dried (step 13). [ irecre diied. the product
becomes an acrogel (step 1),

Thws. the product can cither be polvmer panowire {also
culled nonolibre — step Iy or polymier/grapheae compound
{step G The product can be subjected w et processing, in
siep I (as 15 typical for thermoplastic maienials) or may be
subjecied to 312 printing (step K) in order to manufacture a
compouent at step 1.

I one example. Dural*orm polvannide-12 (ovlon-12} is
used as a starting malerial. The average size of the nylon-12
powder is around 34 um. which is suitable for low in
microchannels with a diameter of 87 pm. 1t should be noted
thwt the powder size shonld be smaller than the wicrochan-
uel dismeter otherwise o blockage may happen. The [abri-
cation of other polymer nanowires was also successiully
demonsited. such as polycthylene, PELK and polyamline.
Other thenuoplastic/thennoset polymers may be used. The
polyiner particles are pre-dispersed by magnelic slirring in
waler/ IPA {FIG. T step A). The nixture 1s then microlluid-
tzed by using a microlluidic processor (M110-P Microfiv-
wics [ne ) with a Z-type geomeiry interaction chamber (v
GLHOZ) (see the schemutic shown in FIG. 2). During micro-
Maidization. the mixture was loreed w0 pass throngh o
microchanne! (diameter. d<<100 pm) by applying high pres-
sure (up o 207 MPa) lere we vse maximum pressure
available from our system and varions numbers of process
cveles (1w 100} One eyele means a complete pass through
the nueraction chamber. The key advantage of microlluidi-
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ration 15 homwgeneous application of high shear foree across
whole fluid, Subject to the applied shewr force. the polymer
particles disparsed in the fluid were streiched cyele by cycle,
and finally e PNWs are yielded (FIGS. 3(a)-3e) Taking
nylon-12 as an example. the original size of the particles are

around 34 poa. which reduced 0 45 am after 100 cycles of

microfluidization (FIGS. 3{a)-3(e3. The swze of nyvion
nanawire can be controlled by contralling the microfluidi-
zalion parameters, such as number of cycles (FIGS. 6(q).
605). 6 and 7) and pressure.

In the microfluidization process (al least when applied W
exiohation of panoplates rom graphite  see below}. the
Reynolds numiber Re indicates fuily developed wirbuient
flow;

EIRE )] R
po= 2 e
jl

The pressure losses inside the channel of the interaction
chamber are estimated as:

fptE

=373 o,
T =325 21 Pa

'.\;}:

|See Ref. 14 which sets of Tul) details of a correspanding
microfluidizalion process. |
The energy dissipation inside the channel 1s given by

,_\
-
=

=

= 83 % " st

The turbulent shear rule is given by

) H.‘:
YEal-
1

and i the present embodiment the wrbulent shear rate
is >> 107" s |Paton et al (2014

As indicated in FIG. 3 n ihe present embodiment the
Kolmogorov length is determined as:

ERVIEE )
0= [l—] - 113 nm

Considering the two plate mode) Jor the determination of
shear rate. in this mode) the shear rate is the speed drop
across the gap, which can be oblained from the velociy v
juvs] and the plate separation v |l

=02x I 5!

In the formaton of polvier nanowires. the particles are
stretched due 1o the applied shear foree when puassing
through the microfluidie channel The pariicle diameier s
rechuced by about 1000 Gmes from about 34 pm o about 43
nu. Thus. the particies are converled W a librous shape. This
is shown by considering the progression of the polymer
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partcles of FIG. 3y (pristine particies) as the nuber of
micrafluidization cycles increases in progression from FIG.
3y 1o FIG. 3y 1o FIG. 34 to FIG. 3(e).

The mean surface area of the nylon nanowires are deter-
mined by nitrogen adsorpuon (FIGS. 8 and 9). The BET
surfuce arex similicantly increased with the ncreasing
cveles (FIG. 9% The BET surfuce area of pristine nylon-12
powders is about & m¥g. With only 5 cyeles of microflu-
wdization. the BET surface area of the polymer nanowires
became about 155 m~/g. which increased 10 about 473 m™/z
alter 14X) cycies.

X-ray diffraction was applied to characterize the orystal-
lization of nylon-12 nanowires, The pristine nylon-12 pow-
ders und nylon-12 nanowires exist as y-form with two plane
of [ ¥ and (2013 and (2000 (FIG. 10 [Rel. 15]. The [({X)1}
and (201 ¥ plane has a spacing of (421 ni. while (2003 has
a spacing of 9462 pr. Te s clearly shown that the ratio of
(200 plane o [ Y and (2010)] plane decrensed with the
mereasing number of cycles. This observaton indicales that
the microfluidizaton process allers the orientavon ol the
nNanowires,

Furthermore. the melting enthalpy of nylon-12 nanowires
mereased W 88.99 Ja. compared 10 85.72 )y for the prisune
nyion-12 nanowires, as shown in FIG. 11 This observation
mdicated an increase in crystalbnicy.,

Thus. e polymer nanowires produced by microfiuidiza-
ton have a higher degree of orientation and crystallinity
compared 10 the starting material. The high orentation and
crystallinity can resull in superior performance 1n properiies.

The thermal conductivity () of the polymer nanowires
was investigated by using a combination of modulated
differential scanning calonimetry (MDSCYand the laser flash
miethod. The polyuer powders or nunowires are pressed o
a lilo under a pressure of 14 bar and the thermual diffusivity
of the film is measured. Theraa) diffusivity (D) was deter-
mined by the laser flash method (NETZSCT LFA 467 Hyper
Flash)y. The heat capacity (C,} of the polymer powder/
nanowire was measured using a TA Instrumens DSC Q20
calorimeter 1 MDSC mode. The thermal conductivity was
obtained from the relationship k=DC_p. where. & is density.
After 106G cycles of microfluidization. the thermal condue-
uvity ol aylon-12 nanowires becomes 2.744 WAm*Ky.
which is 0 9009 merease compared 10 the pristine nylon-12
{0304 W/Om* Kn (FIG. 12). The high thermal conductivity
is considered to onginaie from the high orientation nature
and the high crystallinity of the nanowires. Tt s, therefore.
ol mterest 1o consider applications of the nanowires in the
textles indusiry, 10 order 1o enable smart extiles with much
improved thermal management ability.

Graphene can be incorporated into o bulk matiix o
produce nanocomposites {or various applications. such as
miechanical remforcement [Rell 16]. and thermal manage-
ment [Rel. 17]. In automonve thermal management appli-
cations, polymers such as palyamide (PA) are predominantly
used (Dupont UK). For such applications, composites con-
taining few-layer graphene (FLGY with aspect rauo (AR
larger than 100 were reported 10 perform beller than those
containing single-layer graphene (SLG) with comparable
AR |Ref. 18]. Melt compounding using screw extnusion is
the most common indusirial roule (o0 prepare composiies
|Ref. 19]. However. poor dwmspersion [Rels. 200 21] of
graphene hmits performance |Ref. 16] and applications
[Rel. 17| even if pre-mixing techniques are applied. One key
reason for the poor dispersion is the Dmited swface area of
polymer particle/pellets (<5 m*/g). Thus. there s significant
musmatch between the surfuce of graphene (Lypical surface
area > 50 m/i and exposed surface of polymer, which leads
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W aggregation of grophene. lere. we produce polymer
nanowires/praphene compound by microfuidisation |Ref.
14]. wiich later can be meli compressed nto a composie
with uniform dispersion ol lukes. UIGowith AR>500 and
A are pre-mixed by muognetic strong i waler/ sopropano],
The mixivre s ihen microfluidized o yield o FLGAA
dispersion. then {iltered and oven dned o give a FILG/APA
compomud. The FLG 15 homogenously attached oo the
surface ol nvlon-12 nanowires (FIGS. 5{a) and 5(4)). Com-
pare this with the corresponding SEM images of nylon-12
nanowires without FLG (FIGS. 4(a) and 4(A)).

The FLGAA cowpound was dircetly el processed o
produce o lnal composite. A thermial conductivity ol about
1.3 Wim™'K~' is achieved with § wi. % LG, using four
times Joss 1F1.0G compared (o twin-screw exizusion (abowl 20
wi. %) (116G, 13).

Note that 1 FiG. 13, the abbreviations nsed are:

PA polyamde. Gr graphene, RGO reduced graphene
oxide, -Gy hnctionalised graphene, CN'T carbon nano-
wbe. MY microfluidisation. and TS twin screw extrasion.

The relerences listed o FiG. 13 {data lor comparison o
the example of the present invention) are:

[Ref. 1] N. Song et al. Compos Part a-Appl 8. 73 (2015)

232-241.
|Rel. 2] 2 i2ing et al. Curbon. 66 (2014) 576-584.
|Rel 3] £, Q. Shen et al. Compos Sar Technol. 69 (20093

239-244.

Microfinidic processing can be used for masterbaich
production. A masterbateh is on intermediale product con-
winiig high concentraton (5w 20 wi %) ol flukes [ Rel 19].

which can later be diluted with polymer 0 produce the

desired end-products. Current masierbatch production meth-
adologics olien require the introduction ol surlaclanis |Rels.
22. 23] w aid graphene dispersion. |lowever, they can have
4 pegalve ipact on cowposite propertics. such as mereused
interlbicial resistance (i.c. reduced heat iranster) |Rell 24
Our microbuidic processing route is surfactani-free. This is
additionally advantageons in applications where surfactants
are profibited. e.g. in bioupplications.

The present vention con be applicd 0o many dillerent
thermoplastic or thermoset matenals. These polymers can be
standard. engmeering. or high-performance polymoers. senm-
conducting polviners or biopolviners. For example. the
present nvention has been snccessfully applied w:

Polymuide {i>A})

Uliza-high molecular weight polyethylene (UHM WP}

Palyether ether ketone (PLEK)

Polymuline (PANI}

poly(3.d-cthyleucdioxythiophene) polystyrene sullonate
(PEDOTPSS)

It 15 considered that the present application can be applied
to many different polymeric materals. In particular, any of
the compositions indicated i UG, T4 are suitable. and most
particularly compositions on the leli hand side of the dia-
2ram.

Of particular interest are high perlormance polyamides
LIPPA PA LY PA T2 PAGT. PA VI PA 6. PARAL PPAL A
MX136. These materials wend w0 have exeellent mechanical
propertics. chenucal resistunce and high heat stability,

The maienals produced m the present mvention are
consdered W be of vse forr Antomotive thermal manage-
ment components. i particnlar replacing wetal components
lngineenng applications: cooling systein components (in
particular replacing matal components)

Components 1 acrospace mdvsires

33 prnting

Masterbutch

Lhigh periormance liber filler

e
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’A12. winch has been used 1 the osteated examples ol
he present mvention has particularly sotable charactoris-
iics:

[Tiph mechanical perlormance: traction and continuons or
alternate exion

1high exibility cven at very low wperature

ery low water absorption

Lixcellent dimensional stability

Very good resistance o chenicals and wealliering and
very gond hvdrolysis resistance

Lowest density of all polyamides

Lligh impact strength dowa o 400 .

Biocompatibility

Ad present. the main applications of PA12 are:

Compressed air sysiems m car industry

Acronantic components

Sanitary compaoneids {repluce metallic parts)

P1pes: robotic. paeumatic. ools. industrial machinery. cle.

Sports and leisure goods

Housings for high quality clecironic devices

Medical devices

Optical components

3D printing

Fmbodimeits of the present nvention way therelore
mclude:

Blectrically conductive PAILZ (compounded with a con-
ductve muterial derived from o lavered matenal. c.g. gra-
phene con be used in foel systems

Thermal conductve PAL2 can be used in cooling systems.
heat exchangers eic.

While the invention has been desernibed 1 conjunction
with the exemplary embodiments desenbed above., many
cquivalent modilications and vanations will be apparent 1o
thwose skilicd 1 the an when given this disclosure. Accord-
ingly. the exemplary embodimenis ol ihe invention set forth
above are considered (o be illustrative and not limiting.
YVarious chianges w the deseribed embodiments way be made
without departing from the spirit and scope of the wvention.

All references referred to above are hereby incorporated
by reference.
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The mveniton claimed is:

I. A method or treating polymer particles. the method
meluding providing polymer particles and providing a car-
ner liguid. the method Toether including the steps:

{a} mixing suid polymer particles with sid corner liquid
to lorm @ dispersion of said particles in said carrier
liquid at a concentration of at Jeast 0.1 21, based on the
volume ol the dispersion: and

{b} subjecting the dispersion @ microfludization teem-
mem thereby causig particle stretching. purtcle sive
reduction and increasing the surlface area per vnii mass
of the polymer particles.

2. The method aecording 10 claim 1 wherein the micro-

Maidization reatment of step (b) comprises
(b{(i}) pressurizing the dispersion (o a prossure of ol Joast

10 kpsi and

(b{iiyy forcing the dispersion along a microiluidic channe]
under said pressure. W apply u shear rate of at least 109
571 W said particles in the dispersion. thereby cousing
particle stretching. particle swe reduction and mcreas-
ing e surface arca por unit mass ol the polymer
particles.

3 The wethod according w0 claim 1 lurther including the
step of adding particles of o lavered material w the disper-
sion. the microfluidization treatment cansing ex{oliation of
nanoplaics from said particles.

4. The wethod according w0 elaim 1 lurther including the
step ol wdding nonoplates derived From o lavered material W
thw dispersion.

5. The method according o claim 4 wherein the nano-
plaies are added 1o the dispersion before siep (b).

6. ‘The method according o claim 4 wherein the nano-
plutes are added o the dispersion aller step {b).

7. The method according o claim 1 wherein the nano-
plates are selecied from one or more of clemenial materials
such as graphene (typically derived from pristine graphiie).
wwetals {e.g.. Niles. V8e, ) semi-metals (e, Wi, TeS.).
semiiconductors {e.g. Wh.. Whe,. MoB,. Mo'le,. ‘a8,
Rivle,. Pdle, ). insulators (. B-BN. HIS,). superconduc-
ors (e NbS;. NbSe,. Nble, TaSe;) and topological
insulators and thermo-electrics (e.g. BigSe,. Biyle.)

8. The method according 10 clunn T whercin the layvered
witerial is graphite and the nanoplates are graphite none-
plates.

9 The method according 1o clomn T wherein the layered
wterial 1 pristne graphite and the nonoplates are grophite
nanoplates.

10 The meihod according o claim 2. whoerein the dis-
persion subjected 10 step (b) 15 subjected (o steps (b(1)) and
{b{(1}) repeatedly. cither via the same or diflerent microfin-
wic chaunels. according w0 o namber of eyeles. wherein the
number of eveles 15 at least 2.
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IT. The mwethod according o cluim TG wherein the par-
ticles of a layered maiernial are added atier at least one cycle
ol steps (b(1)) and (b(n}).

12. The method according o clamm 11 wheromn the dis-
persion including the noanoplates is subjected 1o at least owe
further eyele of steps (B{i)) and {b{u)).

13. The method according to claim 1 further including the
step of removing the carrer liguid, 1o manufactine a com-
position compnsing polviner particles mixed with nuno-
plates derived Trom o lavered material.

I4. A purticnlate composition compaosing polyiuer par-
ticles mixed with nanoplates derived from a layered mate-
rial, wherein the particulate composition has a B3I surface
arca of at least 80 m?/g and the polymer particles have an
aspect ratio delined as length/thickness of greater than 10

15, The particulate composition accordmng o ¢lom 14
wherein the nanoplates are present i an amount of at least
(1 wi % based on the mass of the partculate composition.

I6. Amwethod For the manuiacture of o component formed
ol o composite of o polyer with o dispersion of nunoplates.
the method includmg the steps:

providing a particulale composiiion as a procursor par-

tenlate. the precursor puraenlate comprising polymer
particies wixed with punoplates derived from o layered
witerial. wherein the puraenlate composiion has o
BIST surlace arca of at least 80 m™Yy and the polymer
particles have an aspect ratio delined as lengibythick-
uess ol greater than 1) and

fornuing the precursor particnlate e the cowpenent.

17. The method according o claam 16, {orther mcluding
mixing the particulate composition with forther polymer
particles o {orm the precursor particulate.
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