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POLYPROPYLENE SHEET The present invention relates to polyner sheet materials
made fromoriented olefin polymer fibres or tapes, and in particul aZ 5ae.y 7006
i nproved process for making such 5 materials. In recent years, devel opnents

have been i rocesses for conpacting polyolefin fi | der to
make sheet g’?mﬁla stiffness and strength. Two-step corrpllziﬁtr:’l?;é%dr%&%?ocesses

for nelt-spun fibresretdyow Gabi AT HRTPRTbRERLBEESSETES are wel | known. 10
An exanple is disclosed in GB 2253420A, in which an assenbly of fibres of an
oriented polynmer is hot conpacted in a two-step process to forma sheet

havi ng good_ nechanjcal properties, The process_involves an initial step in
whi ch t he fTHs;REseat mvenfion sgiestte Palymen ghegt materigls mesleplaem iosianted fséinat ur e

whi | st subjlﬁﬁm I e fEd gl faecY ' he . ik | contact,
and thereafter %:rgfrlr%ggtoggﬁé%' ?f\i}hg ér%%lﬁ%ﬁ %i?ﬁ?%k’%gkdgsgsw%é)ﬂﬁ%?gdcpew seconds
(the corfpaonitetialpr essure). In this process a proportion of the fibre
surfaces, generally from5 to 10 percent by weight, nelt and subsequently
recrystallise on cooling. This recrystallise phase binds the fibres

t oget her, rlasedehi yegyrs, devglupthens taesbeen imafe npsroddsss faf condpactingpalyokdfimet . 20 1t

I's mentioneg in GB,2253420A that _{h ocess can be applied to nmany types of
ori ent ed pdfgFRtin FTACY 9P ﬁ?ﬁ‘i’t?%%’@ﬁ sg spEpk TR o L WarSteRt a2 ne) but

that pref eirb@gsed BbMBIE-Spuf FbréY dnfilé sk H?i: ¥6BactiBa presflrelb Ve RRows. the only
pol yolefin ™ mentioned, and is used’in all of the exanples. 25 In WO

98/ 153910  afn jengrple dedlisclosed ithEBa2R53¢204%, Ga exlich gn disssaibbys efi fibres wifianh an

assenbl Y0l ol poRinEth RYbAbehddna (Rb SRl podtl ! BAE dndePndvild gle cont act

el evat e re surfrcrent to ne a prop on o I bres,
whi | st bei ngechanibjlembpmiti¢so ‘Bhecpgzac frivolvep ae dsitialestgyf innwhigh eleet Bbred en 10 MPa.
This single-step, |lo e re process al so prodyces, products having
excel Tent HECHEIR 2 AR bl e Solpaeiss tePigtaiy®s NEIR SPES b MeWEbeen
subj ect ed tgufficiéHt| t0r maiQHs the) bR AT VARSS  anAr BERARY dompabted Mt afl hiphi on

crosslinking process conprising irradiating the fibres with an ionising
radi ati bh i Pressire; (S0 MPR)iferon feiteconds (the GPRBactior pressielo rin dhi AROCess #pounds,

and then ofBHERbE 81 7€ BurbREP pbitrdly) BEHSAL! 189drliGt by WREhAWRS &l YTer at

an el evate
subsequently recrystallise on cooling. This recrystallise phase binds the fibres

together, resulting in good mechanical properties of the final sheet.

20 It is mentioned in GB 2253420A that the process can be applied to many types of
oriented polymer including polyester and PEEK (polyether ether ketone) but that
preferred polymers are oriented polyolefins. Polyethylene is the only polyolefin

mentioned, and is used in all of the examples.

25 In WO 98/15397, an improvement to the above process is disclosed in which an
assembly of melt-formed polyolefin fibres is maintained in intimate contact at
elevated temperature sufficient to melt a proportion of the fibres, whilst being
subjected to a compaction pressure of no greater than 10 MPa. This single-step, low-
pressure process also produces products having excellent mechanical properties. If

30 wished the fibres may have been subjected to a prior crosslinking process, preferably
an irradiation crosslinking process comprising irradiating the fibres with an ionising
radiation in an inert environment containing alkylene or diene compounds, and then
an annealing step comprising annealing the irradiated polymer at an elevated
temperature, again in an inert environment containing alkyne or diene compounds.
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tenperature, again in an inert environnent containing al kyne or diene
conpounds. -1 2 5 MAY 2006 WO 03/ 045659 PCT/ GB02/ 04562 I n GB 2253420A7 b tMAY 9006
stated that "the hot conpacted materials are preferably cooled to anbient

t enper at ur WOWRAES%ont rol | ed conditions. Rapid cooling i FGEeRB2QI¥Eered.

The nost convenient technique is to allow the conpacts to stand in the air
until they 5 have cooled to anbient tenperature.” The exanples of GB
2253420A do A0 . | L I anmpl es. o 98( 15397 t he
conpaction {ng?r%ezrz a %eA lgﬁsg&%%%g}ghrtgé &%‘r"‘e’ﬂ“’é%%‘? iﬁfeégl’ggiﬁc?r? ereefe\é\ég e?éﬂ}%f?was

cool ed undeto dntgent tempperatierumpeessitroked @ndifions. bRagid cpelingiin desaiprferdedr € of air

and wat er throu t he heati | atens. At this point fhe asse was
renoved fromtt lﬁggﬁp%eéueé‘ﬁ EFCB%SE%’G tp %ﬁ‘f%%?%ﬁ“é?&i ?I‘P'éf infhe, pif “Wqﬁ‘%’no
pressur e5 apRive esboledor) bmBichfkdnpetanitel MMt bHnfbs N GH 25534064 &Aber and
Conposi tes Processing and Applications, 1998, "Vol 27, No. 15 4, pgs

167-171, speeptioncapliggiate.rel ation to polyethylene it was stated that "the
final cooling rate does not significantly affect the structure or properties
of the final conpacted sheet: quenched sanpl es have been neasured to have
al rost i denin thalexamplep exft WS 98/353970the compation aemberature’ a@d pidesups werd he above,
we now have_evi dence to suggest that, the cooling rate can haye,

si gni fi cant a@ﬁf‘g(‘?{‘&?ﬁ Pﬁﬁmg nafs 5902?%? B 8150 o PESEYSE 19 X&e@ BYormed from
fibres of paskifptacMi@EFOlY BRI water ERRPhYRE heitBigeplaidhs. AR tRGipbint thedl , Ve
have di scovered that unlike polyethylene, in the case of 25 polypropyl ene
the cool i ngassaRlly peps remeyeg fram digpress ppdeqolesforrpemitempgratpiedp air Nikinaof  t he

conpact ed shealire apBf&d. f ¢ Gt Yate iARE REntfRd Ng rates result in the

| nprovenent of so properties, I1n particular ductility, and rel ated
properties such as peel strength. Accordingly, the present invention

provi des a L.OR._O nonaQl i thi 30 ' rgma web of
i bres of ob] DRES Rilbe hREUGIROREEbicBsRhR A bbfossity B0 Y20 R ng e
st eps ofl5 subj gstli6Ndl 70 hepeekiieallp iretetitiah esl pblgethelend itr wasogisted s Sthe ginabuf f i ci ent

to melt a proportion of the po r d conpact it, and then coqling the
conpact ed wE ,lng\ﬁ{é'ieeﬁlq?sa‘wta%&é#é‘g&( é%g‘fta‘fc’%rgg?"%ﬂ R@OPF@eér?gltB?g’&ahovm to a

| ower compacted sheet: quenched samples have been measured to have almost identical

properties to slow cooled samples..”

20  Despite the above, we now have evidence to suggest that the cooling rate can have a
significant effect on the final properties of compacted articles formed from fibres of

oriented homopolymer or copolymer material.

In particular, we have discovered that unlike polyethylene, in the case of
25 polypropylene the cooling rate has a significant effect on the final properties of the
compacted sheet. Specifically, faster cooling rates result in the improvement of some

properties, in particular ductility, and related properties such as peel strength.

Accordingly, the present invention provides a process for production of a monolithic
30 article from a web of fibres of oriented polypropylene homopolymer or copolymer,
comprising the steps of subjecting the web to elevated temperature and pressure
sufficient to melt a proportion of the polymer and compact it, and then cooling the

compacted web, wherein an accelerated rate of cooling is employed down to a lower
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-2 2 5 MAY 2006 WO 03/ 045659 PCT/ GB02/ 04562 tenperature and in which said

| ower tenperature is a predeterm ned anount below the recrystallisati
tenperature of the fibres. In a particular aspect, the present invent iZ?fnnMAYZOUG
provi des a WHRsH&gsef Or production of a 5 nonolithic article froma web of
fibres of oriented pol ypropyl ene honopol yner or copol yner,PCEéf?ﬁi’P/PWhg t he

steps of supjecting the web tao.elevated tenperature and ressure sufficient
to nelt a p&%ﬁgﬁﬁ%?‘?dolfl yhigh Bﬁlfljﬂ’@?ratﬁﬂaerﬁtmc?t predetergyiped; ‘ﬁ'ﬁ?’rmt BBISWi ng the
conpact ed wab recirllBhtioralempeatiresBhetibeat e of cooling is enployed down to
100C. 10 The fibres can be made by any suitable process, for exanple by
solution or gel or nelt formng, but nost preferably by nelt formng. The
term"fibr ' | er" ci,s used 15
her ol n 1o donor BBl B AL HR PR ol R 8 oo FEORBUKIES of o2 “They
may be i tmendligrienagiclesfromralweb of fibtes o€ orignted pelypropylehe homopdipméraerm of

Formoi 11 1 neotoier SoBRRFg % TG b bnEREE oRbg Meadmbinid 8. Voven web

for the propessreofuffidientitoviaélt iaOproporfidrt of Bt polphyr hdteyorfipact e ah@igad i nt o
yans corrprisigg g};lti_gle | bres, or used in 20 the formof a nonofil anment
yam The fi o828 heompasted e, 3 Imacgelsrated sate of eRplingdskmpleyedrdowi t t i ng.
Optional ly fheodd. bres may have been subjected to a crosslinking process, as
described in WO 98/15397. Wven fabrics nmay conprise only fibres in the
formofl&trands or filanents, or they may conprise a mixture of fibres in
the form | ' | r s.. Most
preferred g?%esf?%rggr]?%s% E{gh%?‘éﬁ&%}l@%@éﬁ&?ffg%@% "é.etfogpsglsug&éé gﬁeosre have t he
best nechanmelaformingpbutimass prefefablpby skt fatmixgg. r at e of cooling” in this

speci fication neans cooling under conditions such that heat is |lost from
the nonolithic article nore quickly than if it were cooled fromthe

el evat ed t eTge tedsh UtfidrdsOofa ofrRéEtE b6l piopend RoMBspol AigtesatdpoBmet @vusdae 30

recr ystial | i sation tenperature for the material, under anbient conditions,
t hat i s19  nhesgip tq denote all elongate elements which comprise polypropylene. They may be

in the form of strands or filaments. They may be in the form of bands, ribbons or
tapes, formed for example by initially slitting melt formed films. Whatever their
form the fibres may be laid in a non-woven web for the process of the invention.
Alternatively they may be formed into yams comprising multiple fibres, or used in
20 the form of a monofilament yarn. The fibres are usually formed into a fabric by
weaving or knitting. Optionally the fibres may have been subjected to a crosslinking
process, as described in WO 98/15397. Woven fabrics may comprise only fibres in
the form of strands or filaments, or they may comprise a mixture of fibres in the form
of strands or filaments and fibres in the form of tapes. Most preferred are fabrics

25  which are woven from flat tapes, as these have the best mechanical properties.

“An accelerated rate of cooling” in this specification means cooling under conditions
such that heat is lost from the monolithic article more quickly than if it were cooled
from the elevated temperature to a predetermined lower temperature below the
30 recrystallisation temperature for the material, under ambient conditions, that is, in still
air at ambient temperature, typically 20°C. That is, the monolithic article reaches the
lower temperature more quickly than it would under ambient conditions. Cooling is
not necessarily accelerated throughout the temperature range from the elevated

temperature to the lower temperature. Suitably, however, an accelerated rate of
-3-



air at anbient tenperature, typically 20C. That is, the nonolithic article
reaches the |lower tenperature nore quickly than it would under anbi @t May 2006
conditions. Cooling is not necessarily accel erated throughout the

t enrper at urWoram4pes¥ rom t he el evated tenperature to the |REHEFBRE#RRr at ure.
Sui tably, however, an accelerated rate of -3 2 5 MAY 2006 WO 03/ 045659

PCT/ GB02| 04®eling oy begpplied theoughmuk thedrangerfouny Hheidlevated teraperatuferdawnt toe el evat ed
tenperature,d o the |ower tenperature. The actual |ower tenperature is
sel ected de%%g‘%ﬁgm&ﬁa ‘he recrystallisation 5 tenperature of the materi al
being treated and should be one sufficiently below the recrystallisation
tenperature_to ensure the material is preyented fromrecrystallising once
the | ower t%é?taﬂuiweﬁafgmse@m a5 cbeted ependfag, upen fhR; BrREalisttiona | over

t enper atyr eedpetatutd bLthd mabiGal BRI VrdalR dn@Ch¥sill B! dne abiiiert§ BRRFAIHT © When
one enploys tenperature stabilisation techniques. However it will be

appr eci at edregtystalligatipg tefnpesatare tocangere dhaumatedalfis ravented fromeeryawllisimgween 10C
and 20C or e 2 i . e | to good
effect. In @ﬁg\%jﬁoea{ratwije gu n?régagf(lgqrr'g‘? géen | g(gﬁgsgr&ﬁ ?’ia’?%rb g%ée(l}lg\?erﬁl t%egﬂg‘g\/\eerr

t enper at ur etefnperatued \apriingy |ae nH)°Gabelow | the trectydtailisation 1t8Mperafidve Avheacarl er at ed

rate of cooli may in princi.pl.e be achi eved by one or nore of the

fol I owi ng EPILYS EperaiE gl OEFS?’FB%‘@P%%\&&%F% FH“H%F@BP{TCW&PH% bel ow
anbi ent 10 t egRAEAEMpEadR: diffeRAliAGhEN S BehPee QTR EAEZD TR béiwebn 3090 4idd Whi ch is
a better thermal conductor than air at anbient tenperature providing for

rel ati ve not®hentindsed gesater may heotrprleyeddogopd sfferta In the paticygaxamplect i cabl v,
by inmpellin il ddd t t iieh the
conpact ed V\ggédlgi\edclc%d(\311l g‘?’i&‘?ﬁgﬁ‘ﬁrle eelfgglfy gl?éj fe styp%gg]%grw%i %tljét%{eed Wepl%ef erably
at least 30090%ér minute, still nore preferably at |east 50C per minute.
Particularly preferred is extrenely rapid cooling of at |east 100C per

m nute, preferably at |east 200C per mnute, and in the case of thin sheets
I n excesds OAn%0&Merated rate of cooling may in principle be achieved by one or more of the

following means:

- contacting the compacted web with a fluid which is below ambient
temperature
20 - contacting the compacted web with a fluid which is a better thermal
conductor than air at ambient temperature
- providing for relative movement between the compacted web and a

fluid; most practicably, by impelling the fluid over the compacted web.

25  The rate at which the compacted web is cooled is preferably at least 10°C per minute,
preferably at least 30°C per minute, still more preferably at least 50°C per minute.
Particularly preferred is extremely rapid cooling of at least 100°C per minute,
preferably at least 200°C per minute, and in the case of thin sheets in excess of 500°C
per minute. These are average values applying to the entire cooling phase, from the

30 elevated temperature to 100°C. Very rapid rates of cooling may be termed quenching
and may, indeed, be achieved by the traditional quenching method long used in the

metallurgical art, of immersing the respective article in water.



per mnute. These are average values applying to the entire cooling phase,
fromthe 30 elevated tenperature to 100C. Very rapid rates of cooli ngnfﬁx be
termed quenching and may, indeed, be achieved by the traditional qu Ynlyﬂﬁ
met hod | ongyyosekséss the netallurgical art, of inmersing igg respective
article in water. -4 2 5 MAY 2006 WD 03/ 045659 PCT/ GBO210X58/5BP{ki562

accel erated,rate .of cogli f t conpacted web in accordance with the
present i ﬁvgnatcf%ﬁra% Irae 8Eg?9?18§ Ogﬁkﬁrfogg’actﬁcg&’b %?cﬁwd%ces‘ylghﬁfipé%?ﬁ?tl y bel ow
the recryshedntion abhlgn apgliveedawhr @ FOOPC, iwhigh efsekigaiichittt Bdiew Nete

conpacti on 1_proce S of the invention uses a conpaction pressure not

exceedi ng FECTYpA Isjuontemperatyen of erred that a single pressure is used

t hroughout the hot conpaction process. Mst preferred pressures are between
1 and 7 MPa, particularly between 2 and 5 MPa. It is preferred that the hot
conpact i%on It py prefasred that thevhett erepadtiehupioness fdhe inyentibd USke arromripaciinn
tenperature ' . fi.br S ld b ed.i s preferab that at
whi ch t he Iperggé}l%gﬂoggée 0 gtlﬁe ﬁ’dggﬁseg?ﬁ Srﬁgegigeéﬁgag abi}n%efpfcg?lgﬁtlf g%’/e canni ng
Cal ori met ryﬂlfdri]i&‘éut tiefhot bumpsacticd pxa'cd%adlfwwﬂ %‘fféﬁe& liF]rbsrsems axctbeapeehdtand V\7}1 0 ﬁ er(r)\

i ntersects e tenperature axis. Preferably, the tenperature at, which the
fibres are ﬁp%?ggm{ysbﬁe%zgﬁnéast M?Path s thERferssnibat HienQt qompRe®rper at ur e
of melting ﬁr&ssﬁfé%ﬁmﬂit&wdduﬁﬁgp@dﬁhgpn pressure - i.e. the tenperature of
whi ch the endothermreaches it highest point. The proportion of the fibres
which i¥ nmelted during the hot conpaction process is generally between 10

and 50 per t | r.af erabl. | . sent

i nvention ﬁ'gf\ﬁ}emgﬁ%ﬁiﬁg %@ﬁ%{%%%a‘gﬁ rﬁ%‘ @glﬁﬁéeﬁs %(\}\l;el{ig%? g?tﬁﬁf&jllsrﬁ?f%%&r"gthgte 100, 000
t o 800, 000. atl whick rtha lcadingimige nfnthe ebildthem, méaered by D feZéntialD GBarining4 50, 000,

for exanpl e.330, 000 400,,000. In gertain_ other  ephodinments Mvis in the
range 100, 0B O’F@e%g,sg@@ ,"P‘Ehﬁrcog é"’%’&r é%ff’steéuip?g;?ﬁg@; zerq ARy

det er mi ned Ay tdofjRrdtit AR, BREGINIPARE Repeianaé howhichAht fibfed aft doRigatle@lss of 25

| owner Mwv the present invention provides a route to high yield stress and
Young' s15 no greater than the constrained peak temperature of melting at the ambient

—*

compaction pressure - i.e. the temperature of which the endotherm reaches it highest
point. The proportion of the fibres which is melted during the hot compaction
process is generally between 10 and 50 percent by weight.

20  Preferably the fibres used in the present invention have a weight average molecular
weight (M) in the range 100,000 to 800,000. In certain embodiments My, is in the
range 250,000 to 450,000, for example 330,000 to 400,000. In certain other
embodiments My, is in the range 100,000 to 250,000, for example 150,000 to 220,000,
M, being determined by the method described hereinafter. With such materials of

25 lower My, the present invention provides a route to high yield stress and Young’s

modulus, yet should show a yield point rather than brittle failure.

The polymer is preferably a polypropylene homopolymer, but may be a copolymer
comprising polypropylene. Generally any copolymer containing polypropylene such
30 as those disclosed in WO 98/15397 may be used.

Compaction of the polypropylene may be carried out in an autoclave, or in a belt

press or other apparatus in which the assembly is fed through a compaction zone

where it is subjected to the required elevated temperature and pressure. Thus, the
-5-



nodul us, yet should show a yield point rather than brittle failure. The

polymer is preferably a pol ypropyl ene honopol yner, but nmay be a copo?;sr}ggl{¥
conpri sing pol ypropyl ene. Cenerally any copol ymer contai ni ng pol ypropyl 62006

such 30 asybli9e@edi scl osed in WO 98/ 15397 may be used. ction of the
pol ypr opy! ene ?ray“ge carried out in an autoclave, or in acgggfqmz’ﬂﬁf’&s or
ot her apparatus in ich the assenbly is fed through a conpaction zone
where it i P EGY] léléi’gg ({p8raw:eﬁeasr%&?ﬂ%é“se?reﬁﬁ‘é:ﬂmf@ﬁg%P’éﬂcﬁﬁse g?fgmﬁrléssur e.
Thus, the prdferdbly Sffo¢tedORBilsYVEhe) SHdRd D Bdtriihdd @BAmst Qb&rkidiab clfhge,RY be
operated as a cor?qta{i nuous . or sem -cont | nuous Ejrslocess. Cooling 1s preferably
ef fect ed wKEpleybemgcheld puder teasionor by bsingi sHE (under AFRMRAGHOT PSS, f or

exanpl e by 1heleehsb R 4 BeRg5Ess 6N Sl MMbIO thdBelP RiMOImaY bt lcobtBd @for 2x&ApRACt i ON
pressure. In the case of a belt press for exanple, the belt 1tself may be

cool ed ff orsiag aimehéllesl bysice gvater) incthe ir¢gien hymedielyeafter thejheatingszanegilon

i mredi atel y,. r. : i Ng..zone.. 19eY o~ L ] ossi ble to achi eve
cool i ng ra%&é‘gt"%ﬁ' lﬁ}ﬁrbt%%gl]@g&ég gleeﬁe &r:?e(’rlllll}#géteslﬁe@rtr%\ﬁ%q Ictp&ﬁ lj(r:lﬁléll?et'i cle may be
regarded as a pol ypropyl ene conposite nade up of a polypropylene matrix

phase whi ch_was prqduced during the process, and a 10 pol ypropyl ene fibre
bhase, a priBBOReTOUIG AGleiTERY BreipEeede & PRRPOPHeRs ropaRoBitertibe HEOf A f si ng
fromthe prg ?@yle_]ila_emaﬁﬁp@ﬁ&sheﬁ,ﬂ&h Rak h;gbﬁ\ﬁ:e@?&dnné fRaggocedd dnaeafibre

phase are of significance in achieving a nonolithic article of the required
pr oper tl0es polypropyldne fibreeghassea grobprios of Mhirhapaypshew seleetiygsufedeymelting, pr ef er abl y

the Young's,_. f I i .

pr ef er abl ysaggEB ggllé)gf th%pﬁéc%éﬁ%g%@eg%gﬁ gpg@lﬂ?%%ﬁﬁég%sg a%d@% é?ar%gﬁg nost

pr ef er abl y aat of kigaificarte 8n Géldeviky efmeonmmlithjc adiielefafitheirequistd progedienfanthe mat ri x
phase is at,|east, 2 , r referably 20 at |east 25 MPa, and nost
preferably %ﬁym@é@?%g%ﬁﬁ&gﬁggﬁgﬁ? Ythe failure strain of the matrix
phase is at |least 5% Preferably the Young's nodulus in the |ongitudinal

direction (which may 25 alternatively be called the draw or_axial
di rect ilgn) Tatferahly thepYeungnngodplys of the quqtriy phesg is at least 0.9 GPa, more

preferably at least 1.2 GPa, more preferably at least 1.5 GPa, and most preferably at
least 1.8 GPa.

Preferably the failure strength of the matrix phase is at least 20 MPa, more preferably
20  atleast 25 MPa, and most preferably at least 35 MPa.

Preferably the failure strain of the matrix phase is at least 5%.

Preferably the Young’s modulus in the longitudinal direction (which may
25  alternatively be called the draw or axial direction) of the fibre phase is at least 4 GPa,
more preferably at least 6 GPa, and most preferably at least 8 GPa.

Preferably the failure strength in the longitudinal direction of the fibre phase is at
least 250 MPa, more preferably at least 350 MPa, and most preferably at least 420

30 MPa.

Preferably the failure strain in the longitudinal direction of the fibre phase is at least
5%.



nore preferably at |l east 6 GPa, and nost preferably at | east 8 GPa.
Preferably the failure strength in the |ongitudinal direction of the fibbre
phase is at |east 250 MPa, nore preferably at |east 350 MPa, and nost 9 MAY 2006

preferablywdod@ssh 420 30 MPa. Preferably the failure sgrain.j he
| ongi tudi nal direction of the fibre phase is at |east 50/(?&@E%¥/@5‘{\3AY 2006

WO 03/ 0456%%155T A PCT/ (B02/ 04562 The effect of cooling rate was
establ i she #rifig the cooling of a conpletely nelted fabric, to
sinmulate the nelted matri x phase in a hot conpacted sheet. It has 5 been
found that fhe properti.es of a hot .conpacted, sheet are a conbinatjion of the
properties ﬁ’fe etfﬁét ?og?,lﬂ%lfat%}"?%?ﬁ%’ Stﬁgﬁaryeeé‘af"ﬂrﬁ’ég : icﬁ?%?fr?gc%’i‘é‘%tﬁl)y , and the
portion of hhrd thir, 85 sl 4 thRReli¥B I vh gk %hé&% il 8ot orRptRRA@)sheetNF Rsor € by
exam ning the properties of a nelted fabric which has been cool ed at

di fferemt rheeedound: thathgprepepios af @ Botraompaeted jsheet afef @ combimaievpf g a hot
conpacti on : ' . . | G froma
nu%er of di gttrleesﬁc}tf ﬂgr?e(}r[g? 4%&%%@3%@%&%@%&88 Eh)i&:s@pgr? @ n%tﬁgﬁl?g{sgﬁ%ed in

Tabl e 1 belfihaes Whieh asi méledthoenitrix pipse)i MThetsfidre by ekenihingehe mbpdrtisef from
which the fabrjc, is.woyen. 15 TABLE.1 P nmer  No. 1234 Rei nf or cement
VL e e Dok fabrs SR hes Beeh aERALEbEH DL L B Ao BE LA SPVELRE s modul us

9. 510. 96. 26sff3ct of cooling a hot compaction sheet at different rates.

10
The fabrics used were made from a number of different melt formed polypropylene
homopolymers detailed in Table 1 below. The reinforcement type indicates the type
of fibre from which the fabric is woven.
15 TABLE 1
Polymer No. 1 2 3 4
Reinforcement | Multifilament | Fibrillated | Flat tape | Flat tape
type bundles tape
Young’s modulus 9.5 10.9 6.2 6.8
E(GPa)
Failure strength 453 350 370 422
or (MPa)
Failure strain 12 6 16 16
ex(%)
Density 907 912 932 910
p (kg/m’)
M, 38,500 55,800 56,100 78,100
My 191,000 290,000 | 325,000 | 360,000
M, and M, were measured by Rapra Technology Limited, of Shropshire, UK.
Details of the testing are as follows:
20
Instrument Waters 150CV
Columns Plgel 2 x mixed bed-B, 30cn 10 microns
Solvent 1,2-dichlorobenzene with anti-oxidant
Flow-rate 1.0 ml/min (nominal)
25  Temperature 140°C (nominal)
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E(GPa) Failure strength 453350370422 ap (MPa) Failure strainl261616 Density
907912932910 p nB) M 38, 50055, 80056, 10078, 100 .
MN, 191, 000290, 000325, 000360, 000 M and M were neasured by Rapra Tech%él%%oos

Limted, of Shropshire, UK Details of the testing are 3,?#%5@#% ﬁg

| nst r ument WR4E150cv Col utms P gel 2 x m xed bed-B, 3 %o

Sol vent 1, 2-di chl or obenzen Lth anti-qxidant, Flowrate 1.0 m/mn
(nomi nal ) 2%°%%&Mper at ure i"'i@\é%v(edﬁ%f‘ﬁ&?%fe?e’%‘a@fwu%oe WO 031045659
PCTI GBO2 10458 sysedne dlidkaté b fiinpdlyst@endrdex and differential pressure GPC

systemcalibrated with pol ystyrene Wven cl oths made of each of the above
polynmers were conpletely nelted by 5 heating two layers of cloth in a hot

bress at_20fuenT BRI SAREE AP B Wefe oluldRewedl bhRHEIS idhes e sanp! es

were conpletely ne IS was not critic I ng” wa ved either
by renmovi ndeating tenisiyers afi¢lqth imgihot piess atn209°VatThe présgure rappliedgyvasn2.8i n t he hot

press by p I ng,.a cool ant.. t hrough the hea gypl t ., after. switching off
the. heat | na e boRgiouER uEf o, SuRHP visr® sompleily Pl MBis Foodbuafiliel or "T0%ai r
cont ai ni ng @&liag wisogdhiived cithe Bis fincving! the saoPleaid plufgihBiic ity avarre f ast
cooling in the press, rrealr_Ps a cooling rate_of 20-30C/ mn. The sl owest
cooling r at(é, enghing) g 1ﬁ,the ot press by passing a coolant through the heated platens, after

switching off the heating. Depending on the rate of cooling required 100% water, or

10  air containing water droplets, was used as the coolant. In this example fast cooling in
the press means a cooling rate of 20-30°C/min. The slowest cooling rate, 1-2°C/min,
was achieved by just switching off the heating and allowing the assembly to cool

naturally in air.

15 Samples which were cooled in the press were removed from the press when the
temperature had dropped to 100°C, which is 20°C below the crystallisation
temperature measured by DSC. The cooling rate is therefore determined by the time
taken to cool from the compaction temperature down to 100°C.

20 PHYSICAL PROPERTIES

Mechanical properties

The stress/strain behaviour of the above cooled films was measured using an RDP
25 Howden servo-mechanical tensile testing machine. The tensile tests on the

compacted sheets and the melted films were carried out following ASTM D638 using

a dumbbell shaped specimen. A nominal strain rate of 102 s was used for all the

tests. The sample strain during the tests was measured using a Messphysik video

extensometer. Five samples were tested for each material at a temperature of 20 +
30 2°C and a relative humidity of 35  5%.

Typical stress-strain curves are shown in Figure 1, for each of the four polymer tests.

The results show that for all four polymers, the quenched samples were ductile and

drew in a stable manner with the formation of a stable neck region. Strain for these
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was achieved by just switching off the heating and allowi ng the assenbly to
cool naturally in air. 15 Sanples which were cooled in the press vverzg
renoved fromthe press when the tenperature had dropped to 100C, whi HMAYS2006

20C bel ow tallisation tenperature neasured by DSer/dgisesge! ing rate
I's theref o‘fklg%gg{%sr%m ned by the tine taken to cool fromthe conpaction

t enper at ure_do t 00C. .20 PHYSI CAL PROPERTI ES, Mechani cal . properties The
stress/straine e%@i%‘?ﬁsmg? %ﬁof?etﬁgﬁ%’\g@e?:&; a%cg rflt;l’Fl}T%’a{}\lgg a"g’d}lg T”ng an RDP
25 Howden sfer votherebiafiorart dueside the nieasired) ggitns fhen@rainl iethe afdashreme@st S on t he
conpacted sheets a he nelted fil re carried out follaow ng ASTM D638
using a dufrBioB IaFm&Eké@Be%ﬁﬁé‘ﬁ@SE&r%ﬁF%? %’f‘rqélF‘i‘F%F%?aénR}?S hegye geeg 1 was
used for aldisgiftRd alsBRll way bithg RRhEs SilipB) il ofdér t @ spIFedcR dhée MBSIyMeasur ed
using a I\/Essp%ysi K vi deoy extgensorre% e?i.bg‘lzli ve sarrpisﬁegse?/\ere testec)i, for each
materiald at a tenperature of 20t 30 2C and a relative hunidity of 35 5%
Typi cal str | Y | | e C f e four

pol yrer tesﬁozf.sthé%%@bfraelgﬁet lgs?nsg?]%agtv ﬁ%@q@fd E)f?ergr}c?&’inoaéﬂ%%) yn“%?es?eeﬁhef%uenc hed
sanpl es werlewdstcibleeulaneeight poulymer Pciya&d &, Geaphel) stiowledtdneinitinl tmearon of a
stable neck region, Strain for these -8 2 5 Y, 2006 WD 03/.045659

PCT/ GB02/ 04%81Ns¥Hb R incrgase %&P@@W%Wﬂée%e% & - Sikating E‘&g‘ﬂ'er t han
directly onysiiy’SaoRhigs - tHeRla yifld P, @ai Higher®hnQHé ghédRhdd@niprashened regi on,

the strain in the neasurenent re’g%gn actual | y decreased. The traces for the
cool ed Hhd Woeweafted 7s8%hpef elengation formgpfSpeescstidingdebaniour inefiendemieg t he

X-axi s si |0 r | . npl e nmade
usi ng fasﬂ%wr@ tgfef fzggﬁg%@ﬁatﬁgﬁgb\ﬁﬁ%ﬁﬁ%\g‘& g%@é%@ﬁ%”%\%ﬂi? nol ecul ar
wei ght pol y@Gmphg Paing 89 shdwedGhe fdrnihfios lob westclabuti driatingl didl noestabiliseeayidon, wi t h

an increased sl ope conpar e.quenc .S | e. - (i ndi.cat] hi gher
Young' s rmdﬁlpﬁlge : cf‘ﬁgﬂgtaﬂ&%’e@g"sé)gtfam', Sﬁéﬁ%ﬁﬁ%ﬁwlefwaﬁw?ﬁ@tﬁd’%% Hed sanpl e,
then 10 rup{Gtash 4fshewed stdSte BfawdlgfODGWing pplithtién dfahdTadfcoblidg@te: St rai n

behavi Oi,lsl‘ is often terned

All the samples made by slow cooling showed necking-rupture or brittle behaviour.
The failure strains of the original fibres were mostly between 10 and 20% (0.1 and
0.2): therefore if the matrix fails below this value then a hot compacted composite
would see premature matrix failure before the reinforcing phase can reach full load
20 carrying capacity, leading to premature delamination. It is seen that at the slowest
cooling rate, none of the polymers reached this desired failure strain. In particular,

the low molecular weight Polymer 1 showed brittle failure at a low stress.

It is clear that the cooling rate of the hot compaction process is a key process
25 parameter, because it has a significant effect on the mechanical properties of the
matrix phase, probably due to changes in crystallinity. The above results show that
both quenching and fast cooling enhanced matrix ductility. As explained above, the
greater the ductility of the matrix phase (and therefore the higher its failure strain) the
better, in many situations, especially those in which the properties of hot compacted
30 sheet are dominated by the matrix phase. These include interlayer adhesion (or peel
strength) which depends mainly on the properties of the matrix, thermoformability
where significant interlayer shear occurs (differential sliding between the layers), and

normal tensile properties.



necki ng-rupture. Two internedi ate nol ecul ar wei ght sanples (Polyners 2 and

3, Gaphs 2 and 3) showed the formation of a neck but drawi ng did not
stabilise and rupture occurred at -25% (0.25) strain. Only the hi gheft5 .

nmol ecul ar wei ght Polymer 4 (Graph 4) showed stabl e draw ng foI I owi ng MAY 2006
appl i cati oyfsnolidss fast cooling rate. 15 Al the sanpl es 1;@

cool i ng showed necking-rupture or brittle behaviour. he al?ure stralns of
the origi najberj %_gres were nostly between 10 and 20% (O. 1 and 0.2): therefore
if the matrix tails belowthis value then a hot conpacted conposite would
see premature matrix failure before the reinforcing phase can reach full

| oad 20 car a tur el am nat i S seen
that at th Ff‘}iﬁl 8&75 5 @o@% ag %n rfgat?ﬁ' ?ﬁ‘ngtg‘F fﬁ@PgCt?Jea&%def’ﬁ s desired
failure st rﬁbd%ureﬂ'ﬁsﬁgratdbﬁd#ﬂy%blumnt |'Fhe loMmiNBY B Gieda FropPa dituBRf Wigpéidyi showed
brittle failure at a | ow _stress. is clear that the cpoling Tate of the

hot conpact§test apd dwpEpand] to give ¢ dﬁﬁ*%‘é’é%e 0of 589 Foar30die/mb cEhgurswlte frehas
significant h%%%ﬁ pothe mechanical properties of the matrix phase,

probably due to ¢ anges in crystallinity. The above results show that both
guenchi ng and fast cooling enhanced matrix ductility. As expl ained above,
the greater the ductility of the hase (and therefore the higher its
failure strain) the better, in mﬁ%%@tl ons, especially those in which
the properties of hot corrpact ed 30 sheet are dom nated by the matrix phase.

These include inter peel—strength)_which depends mainly
on the properties pPolymer iiaferial andiceplngrsgimeni | Pegsity (ke di gni fi cant

interlayer shear o¢gurs ( At st dimng en the flayers), and
normal tensile proogrti es g 5 2 Flsapy 2006 WO g%/ 045659 Density

PCT/ GB02/ 04562 The|densit Bkltedﬁlrmeqmmclgnglal of9Hnted naterlials and the

Froma mxture of di gycl djMASGRHbr ORGONGBor obBhbl To gi vd & density range
of -890 to -930 kgfpB8. Th ,oh%u]ﬁﬁe@r@lomsbpvm g12labl e 2.
Melted film - quenching 920
Melted film - slow cooling 924
3 Original tapes (cloth E) 910
Melted film - quenching 920

Melted film - slow cooling 925

10
Modulus
The Young’s Modulus was determined in the initial linear region of the stress strain

15 curve following the guidelines of ASTM D638. The results are shown in Table 3

below.
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TABLE 2 Pol ynmer Material and cooling regi neDensity (kg/m) 1O gi nal

fibres907 Melted film- quenching91ll Melted film- slow cooling915 20r| %I nal
fibres - (cloth D)912 Melted film- quenching920 Melted film- slow Z9 MAY 2006
cool i ng924 wWéni/eusew! tapes (cloth E)910 Melted film - queggi}dﬁ%‘% I\/EI ted -
film- slow cooling925 10 Mydul us The Young's Modul us was t ® in the
initial linear region of the stress strain 15 curve follow ng the

gui del i nes of ASTM D638. The results are shown in Table 3 below. 2 5 MNAY
2006 WO 03/ 045659 TABLE 3 Pol ymaB¥YBWNg' s nodul us E (GPa) Quenchi ngFast Sl ow
cool i ngCooling 11.04 0.021.85 *_ 0.052.08 0.13 21.001.58 0.061.71 0.11

31. 000. 091. 240. 091. 330. 01 40.95 0.061.22 0.101.37 t 0.08 5 PCT/ GBO2104562

Tables 2 and 3 show [Tgy NotnAl hoda s e GP dutrus—of the various nelted
films. Both of the Qmooeileggcar?lg ( 50 a _neasure of the
crystallinity of the fil ns, | &uenching Fast Slow
cooling cooling

1 1.04 2 0. 02 1.85+0.05 | 2.08 £0.13

2 1.00 £0.03 1.58 £0.06 | 1.71 £0.11

3 1.00 £ 0.09 1.24£0.09 | 1.33£0.01

4 0.95£0.06 1.22£0.10 | 1.37 £0.08

Tables 2 and 3 show the density and Young’s modulus of the various melted films.
Both of these properties can be used as a measure of the crystallinity of the films, as
one can attribute increases in either parameter with an increase in crystallinity. As
the cooling rate is increased, the density and Young’s modulus for each polymer type
10  decreases. The cause is believed to be a decrease in crystallinity. Another result is an

improvement in ductility.

The present invention is of benefit in situations where improved ductility (or related
properties such as peel strength) is required. It is of particular benefit for polymers of
15  lower My, for example of M,, 250,000 and below, since slow cooling regimes provide

very brittle products, with such polymers.

EXAMPLE SET B

20  Peel Strength

Sheet samples were made using Polymer 1 cloths, and further sheet samples were
made using Polymer 4 cloths. In each case the sheet samples were made of four
layers of cloth, in a 0/90/90/0 lay-up (that is, the middle layers are orthogonal to the
25 outer layers), and conditions were chosen to give a oriented fibre/matrix
microstructure. In this way the central layers, where the peeling takes place, are in

the same orientation, but overall the sheet samples have balanced properties.
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one can attribute increases in either parameter with an increase in
crystallinity. As the cooling rate is increased, the density and YOUZ;EQIMEY 2
nodul us for each polymer type 10 decreases. The cause is believed to 4" 006
decrease i Ryghyedsedo! i Nity. Another result is an inprovenment in ductility.
The present invention is of benefit in situations where i BST&RFOGtility

(or related properties such as peel strength) is required. It is of
particul ar ‘ARPREAlE §QIRPAGHER, QgF wEES F}Eﬂf@% Fhe Fotyest dndePI¥meit 250, 000

and bel ow, gginPleg FbOPHIGRCY! | Bbs WaOh BRBpARIOY tetterat@h or 1829t h @ompRFYRLS, With
such polyners. EXAMPLE SET B 20 Peel Strength Sheet sanples were nade using
Pol ymer 1 diressyrs,of a8 GRey anéra dwddbtimeofp} avnutes: e ForRabymes dngisPors aer 4

cloths. In S e e le e f cloth,
'n"a o7 oor SOTBA A Boiesfdl G 1PFT o SoleplbiEnsle P e AV R 701 01
out er | dyerceinpactivd deeildinid efifsminatee Slowsenlingwas achiexed by svitchihgfoffsthe/ mat ri x
m crostructure. | IS the central |ayers, ere the peeling takes

pl ace, are heﬁ“ngt‘ﬂ'@ aéﬁﬁ%nﬁ\l)\ﬁ%éﬁf‘% ﬂ?nsb&qnt%%lggélpq w\éﬁ'esaﬁi’g%tt&)%%ﬂlrﬂ have
bal anced pr(ppecuife Fast dobling (55O s WRARRPYBORYIET bEBERAD 4aee
Appropriate conpaction conditions were chosen for the Polynmer | and Pol ymer
4  sanpl es.thoggh thehoating platensi s was a conpaction tenperature of 182C, a
conpaction pressure of 2.8 GPa, and a dwell tine of 5 mnutes. For Polymner

4 this was a conpaction tenperature of 192C, a conpaction pressure of 2.8
GPa, antd a Thechegiaemples witvethen tdstee faf pesl strenpthe(@nterlyenadhegibn)n dTheasstachi eved

b i t chi f heat,i | | Qi he heat | t t ai ni
Che sheot Some T-Pesl a5 st RS s, | Sehnlh, jor°edbit wEdh Mg (Bexthfin ('t hos
exanpl ) wamoaed idy amdWerd assddnGinged Gbsshéddr Peed of DEOM@AkInNOhBltadtiags. 10 The

sheet sanples were then tested for peel strength (interlayer adhesion). The
test was tWe camRg-qutpamallel iocth/watm diggctions, Fhreessamples ivesae fesigd i@k €achonm wi de

and 100mm 4 ange-ang ieGE&ick GRtSetdgdd’d @ crosshead speed of 100mmimin. The
testing

15

The results are shown in Table 4 below.

TABLE 4

Sample Cooling regime | Average peel strength (N/10 mm)

Polymer 1 | Fast cooling 2.75 £0.66
Slow cooling 1.77+£0.32
Polymer 4 | Fast cooling 9.1+22
Slow cooling |9.5+2.5

20
It will be seen that the peel strength values for Polymer 4 are, as expected, higher than
the values for Polymer 1. The values for Polymer 4 are essentially the same for the
fast and slow cooled samples. In contrast the fast cooled samples of Polymer 1 have
a much higher peel strength value than the slow cooled samples.

25
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was carried out parallel to the warp direction. Three sanples were t?i ed
for each polyner and the results were averaged. 15 The results are 0
Tabl e 4 bel ow. TABLE 4 Sanpl eCool i ng regi neAverage peel strength (N 10 nmm
Pol ymer 1Fast cooling2.75 0.66 Slow coolingl.77 0.32 Polymer 4Fast
cooling9.1 2.2 Slow cooling9.5 2.5 20 It will be seen that the peel
strength values for Polyner 4 are, as expected, higher than the values for
Pol ynercﬁmp;gﬁe val ues for Polyner 4 are essentially the sane for the fast
and sl ed sanples. In contrast the fast cool ed sanpl es of Polymer 1
have a much hi gher peel strength value than the slow cool ed sanples. 25 25

MAY 2006 IMS 1. A progess for prodyction qf a nonoljthj¢ article froma
web of fi E:TLQ Pggcesy NP “°tfg5’8l 9 Po‘B?l‘P‘;i'ﬁlEc pdToher W8|9 Qfoﬁb‘l%r?ér?“emed
conpri si ng }d@glp_%p%/[é%e %Bm%?&b'ﬁ@lt bmp&?ﬁxe%meﬁsmghﬁvs@ép%fhﬁﬁr&%gftﬁerﬁetﬁtﬂd
pressure sufficient to nmelt” a proporfion of the polyrmer and conpact it, and
t hen cool i nglavaied demperatureretyd preRsureiguidicienetd melttdaropotiioncefi thatpedymer and

pol ypropKAN)ng?lIB?&qul%%ﬁgﬁ Min %poéo%gs%r&%‘g&s a wei ght average nol ecul ar

wei ght ( ess$ an or equa , 000; and the conpact web is cool ed
to a | ower tchamaetedtadrigethashi ch is a predetern ned anount bel ow t he
recrystallisation re of the fibres, under condjtions such that heat

t enper at i
is lost frd 9%@%&5@&2{9 eqGRPIROLYMf O IEPROlYREMmN3sra WFlg&k?\@r%ssdn@acqlaﬁ still

air at ambi qlioht(RIPEF RisUthsh orequdl tBh 96,86 ah®" Production of a nonolithic
article as clafned in claam1 characiérised in that the conpacted web is

cool ed under conditions
the compact web is cooled to a lower temperature, which is a predetermined amount
below the recrystallisation temperature of the fibres, under conditions such that heat is
lost from the compacted web more quickly than if it were cooled in still air at ambient

temperature.

2. A process for production of a monolithic article
as claimed in claim 1 characterised in that the compacted web is cooled under conditions
such that heat is lost from the compact web more quickly than if it were cooled in still air

at ambient temperature, down to 100°C.

3. A process as claimed in claim 1 or 2 wherein the compacted web is cooled at a mean rate

of at least 10°C per minute, down to 100°C.

4. A process as claimed in claim 2 or 3 wherein the compacted web is cooled at a mean rate

of at least 30°C per minute, down to 100°C.

5. A process as claimed in any preceding claim wherein the compaction pressure does not
exceed 10 MPa.

6. A process as claimed in any preceding claim, wherein the fibres are melt formed fibres.
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such that heat is lost fromthe conpact web nore quickly than if it were
cooled in still air at anbient tenperature, down to 100C. 3. A pr ocegémyzm
claimed in claim1 or 2 wherein the conpacted web is cooled at a nean rate
of at least 10C per mnute, down to 100C. 4. A process as clainmed in claim2
or 3 wherein the conpacted web is cooled at a nean rate of at |east 30C per
m nute, down to 100C. 5. A process as clained in any preceding clai mwherein
t he conpaction pressure does not exceed 10 MPa. 6. A process as clainmed in
any precebi fyPrIcgssnds claped; in anyeprepgsding clapre wherein fthe weight jayerage moleculgny 2006
7. A proces ay f i i rein the wei ght average
mol ecul ar \?vee?%lﬁgﬂd(*%ﬂ%?%eﬁgy 2 ?E@gng(?\]’g(t)(ﬁg@rsg]n%@?loo, 000 to 250, 000. 8. A
process as claimed in claim8 wherein the weight average nol ecul ar wei ght

Mn)  of he fib is.in th 150,,000 to 220,000., 9. A | thi
G o) ol i BISPES da YA bt Selit 8 Sherain sheneieRt SamE® pesi MR AM Shavi ng
a matrix phasefikts B heRingehisojoodves220rduced by sel ective nelting of the

ori ented phase during the process and an oriented fibre phase a fraction of
whi ch was nelted during the process.

9. A monolithic article manufactured by a process as claimed in any preceding claim,
having a matrix phase of polymer which was produced by selective melting of the
oriented phase during the process and an oriented fibre phase a fraction of which was

melted during the process.
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