WD 03/ 045659 PCT/ GB02/ 04562 PROCESS FOR FABRI CATI NG PCLYPROPYLENE SHEET
The-. present invention relates to polyner sheet materials nade from

ori ent ed wibaBiomsespol yner fibres or tapes, and in particul &cTaBROPS6RVed
process for making such 5 materials. In recent years, devel opnents have
been made in procesBEEEERHFOROMFRE CATIFCPBILYERRFVLENE fSHBE®S in order to nmake
sheets of high stiffness and strength. Two-step conpaction processes for
mel t-spun fibres enploying high conpaction pressures are well known. 10 An

exanpl e i i .S I 4 i ich an assenbly of .fibres of an
ori ent ed ?g%f%%%ﬁf?Rﬁgﬁoéﬁgéégﬁéégﬁ%wﬁ (%g-§¥%ﬁﬂ$9@§%g%m¥8n?3?%955@heet

havi ng gogelym@cfiames gl tapéso pad tih gfurticie & eLeEs/et HOtade Fothakidgt igh step in
which the fibres are brought to and held at the conpaction tenperature
whi | st Psubjaedalso a pressure sufficient to maintain the fibres in contact,
and thereafter conpacted at a high 15 pressure (40-50 MPa) for a few
seconds (the conpaction pressure). In this process a proportion of the
fibre surflacesnt genedavdlyprhemnhdvetboer hapeicgotessys Mﬁb@h@actiﬁ%bbly@l&ﬁn
subsequen e on cooaling. This recrystallise phase binds the

tly recrystalli )
fibres t Jﬁ%‘?sh’é‘r?l)é% heheets Ydueh pEireeh iand IsupREhe riiveeR FOMARtoNNAl

sheet. 20 grdcekes TENkE ki ?ﬂ?’f}f}f?) plied to
many typespko(ice (S)ri entfggﬁ%bFlgrﬁegsr@ln?n |%E§@P§%§§§é§ﬁ%§gﬁé@{%§?@§t her

et her 1Ret dvepxdupletinatisclgseefieGRA2pHA0deria witich aini asndnloly pudl fjtake bt Ra.

Pol yet hyl ene i 5 the onl olyolefin nmentioned, and is ysed in all of the
exanpl es. o%n%ﬁ.%%/liég%apgﬁteg b SYRTHERPTPEESE Flomp 2ot B’gsgqog

di scl osed m@hmbarprapeni@sssqnﬁp?yoceés mobived ah TRdaPQLY @ Shich thi MRS 4s
maintained in intimate contact at elevated tenperature sufficient to nelt
a proport bereht t@ Hads hldetd, thaiompeacties tenpesatbjeetthdet subject donp preshwn
pressure r . . Thi s single-ste | ow- pressure process
al so pr od(l%{éféf{sweél?()tgﬁlrg?fsn t#%ﬁ?ﬁ%;f% é%(éclzz)% K Cth@@ﬁa%e?ﬁfterg%rﬁ@cﬁdg? 3 ff‘llggo wi shed
the filbr epreveyre {40-60MEH) fobibjfer k@dntlo(the PShPiction @EeskshiBki HAhRINEEES a
preferably an_ irradiation crosslinking process conprising irradiating the
fibres w PRROIGHAT dedgpre sudicss, ssneray Apm Adet L0spRirans Areraighomelianiing

al kyl ene Qﬁtﬁ]ééhﬁ‘é?ﬁ RIPAUALS: oRNDolifien TH e@g{}g@hh@%ﬁ%@%&ﬁﬁ{é fibikg

anneal i ng the i rradiated pol yner at“an
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 WO 03/045659 PCT/ GB02/ 04562 In GB 2253420A it is stated that
"the hot wormpmeicsésl materials are preferably cool ed to anipCearaBzemser at ure
under controlled conditions. Rapid cooling is |l ess preferred. The nost
convenient technique is to allow the conpacts to stand in the air until

they 5 have cooled to ambient tenperature.” The exanples of GB 2253420A do
not  nent i BrPR S3PPHPA Hils stajed thafe thahohsrmpacgied woiedly s@Tefetablycaviract i on

t enper at ur r i d t hepassenbl. cool ed ,under

t he corrpact?i %nm%@ééggér%ﬁ]{ %ﬁ&%éé@ﬁt@&lle?%oggﬁggﬁgR§p1 i Phﬁ%\{\sﬁgssaﬁw 058 wat er
t hrough t HEhehmesticogveliattaechnigie it b sllawothetcoitprci@ss ethl yn WRS:iF @imYies, from
the press and cooled to roomtenperature in air wwth no pressure applied.
Cool i n?r alfaé(ei“é)(’%é’t e8P EMPPRIE- 3 s thhesexammese of L7 2253HAA tdesnot
Processi ngnafihnARBlihEpkd.ONs, 1998, Vol 27, No. 15 4, pgs 167-171,
specifically inrelation to polyethylene it was stated that "the final
cooling rate does not significantly affect the structure or properties of

he final X d I h b d h
' most | adAt R dRagies i QS EIET alf GBBPuAICedRpPES e 5P S Betehe.
above, we Hgueang teY hSSRbEy WRs TEREShdlN e %A}:gpa%aeh 'tpg%s&éttsc@gb]ﬁ) ve a

significant effect on the final properties o onpac arti r med
from fl0br eppseng aomnixéweeef #iorogdobaperethrangh dbp diestivey phainer i Al this poipaths cul ar,

we have di r t hat unlike, polyethylene, in the case of 25

pol ypr opyl aé%egn\'@% g%é 6(3}}19\@9 3?1311% B@Eg saa’&ycé)r??efdi O4RPIPMBRIAtILG 1 %W#h Rl

properti esprefsuiePpli€@nPasiifdateabt méppieaéd.i cal |y, faster cooling rates
result in the inprovenent of sone properties, in particular ductility, and

rel ated properties such as peel strength. Accordingly, the present

i nvent i on yRmEPMk: .. .1on_of, _a.nmpnolithic rticle
froma wet ofps GouoBt BEF Bl TRERS D Muf ARG 03B Yo 2t 0 yrrer
conpr ilSi ngt, tpae 167404, sfecHfidajledh irclgtidrh® pEibethplesd avabesatgTREr&ifigaland
pressure suffici e% to melt g proportion of the polyner and conpact it,
and then c8BYH&GRtE Hpes gribepnily patfegh dheisHugtHrea o€ direnesties dofr teefingl cool i ng

i's enpl oy eEnPHaMBd tsRed: hﬁc\ﬁﬁhed 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 i1s employed down to a lower
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-2 WD 03/ 045659 PCT/ GB02/ 04562 tenperature and in which said | ower
tenperature is a predeterm ned anount below the recrystallisation

t enper at IWe 00f04368%® fibres. In a particul ar aspect, the pr@sEmBR¥BAt | ON
provi des a process for production of a 5 nonolithic article froma web of

fibres ofy bﬁﬂh@%@% Wlapydléﬂ@w&%ﬁ@@ﬂameﬁs phpredeap@insdeimoupoibplolsi ng t he

st eps of su jecting the web to el evated terrperature and pressure

suf fi ci enthetrecrpatdltisaiop teppereiuonofahe fibigs.pol yner and conpact it, and then
cooling the conpacted web, wherein an accel erated rate of cool ing is

enpl oyed dowmmn to 100C. 10 The fibres can be nade by any suitabl e process,

for exanpi£, byrRal ai"ta'sﬁé@t Qhe $edse invéRioh providedg,prbuss fmspropudionratid y by
melt formng. The term "fibres of oriented polqy;propyl ene hor@%}#’
copol yirer fnonehlhsedtlclmsfrmwe‘i’vﬁb 106 fibeasfeorigniedg W@f&?léle’éer BRBAP

conpri se o?(“n?rhgllsgg%{l%?h%ge oibﬁlb ét&?e 26 Qlev %ﬂac&ﬁ erfurd bh@nMENt S.

They may ) t apes, orrre for exanple by
initiallypgkidd isiciEat tto frﬂélﬂﬁdpbebﬂtIBn dN’thé qmlzymdirhmdr corfipacnit, ked fthérr es may
belaldinanon woven web for the process of th ventlo ternatively
they may beolingrtheepmpactsdyeth svhewrip AR 35555 faitepPﬁ IBgé%emgle W n 20 the
formof a rrggp{lllarrent yam The fibres are usually fornmed into a fabric by
weavi ng of ting. Optionally the fibres may have been subjected to a
crossi@nking process, as described in WO 98/15397. W)ven fabrics may

conprise only fibres in _the form strands _or_ fi r ma
coggrl se &b Pr%&b[f%r“é‘md?e g By 3ny Sﬂlﬁgbl? FFHS% ors‘f”faéll??&% f‘{tllog 1 %g%?a dy

fibres Inn%eht%oﬁﬁﬁl ﬁ‘l‘ ferM ﬁjy%e@tff%ﬁﬁﬁg are fabri cs 25 which are woven
fromflat tapes, s ese ave he best nechani cal properties. "An

accel erated rate of cool i ng" i n th| S speC| fication neans cooling under

conditions_  such | t fr s i qui ckly
than if i tioGeFEn c%‘gpédo f”f‘%‘ﬁ?‘? Hi’é’ é)lr%Ry Jrﬁg)%% u&eg?@lgﬂlpre req%ggm ned

| over {5 emerat i &nBe! AVelbheats e1eh@ﬁfsmsmaﬁ b@rﬁpﬁ:*.eopbly;ﬁfrpﬂem uTkeyf may bhe
material, under ambient conditions, that is, in still €I r. at_.anmbi ent

t enper at urie thet fppincef| stpndp oy filmants. s ThashmaydR AR ithe fEmaek Pands, HRHRIRAQL t he

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 yarns 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



| ower tenperature nore quickly than it woul d under anbi ent conditions.
Cooling is not necessarily accelerated throughout the tenperature range
fromthe woasat®d tenperature to the | ower tenperature. SaTtGHRpP4s6however,
an accelerated rate of -3 WD 03/045659 PCT/ GB02/ 04562 cooling may be

appl i ed t hyoolgh oy Hehpliad ﬂﬁoﬁ%ﬂ@ﬁ’t HeqagdeeitahaRe ERURE fintieRatBRWMb WP the
| oner tenperature. The actual |ower tenperature is sel ected dependi ng upon

t he recrystfléﬂqweéé%mlé?ﬁatu@-tenperature of the material being treated and
shoul d be one sufficiently below the recrystallisation tenperature to
ensure the material is prevented fromrecrystallising once the |ower

t enper at urkhehastuble dowdre eaahymgatuhiis seRyteedepehdiay eepol e dedr9Wellisation
tenperature as |little as 10C below the recrystallisation tenperature when

one enpl dyEPEaHER Phthe wateriahpeing dtcaisd andcthapigues oneeviigiently belgw thebe
h.a tween 10C

reciat - [ § Lal C S
2ha 20C or Bet amsRiofleARERtEY ob BRES Mokl D HoH R So e G ooq
effect. | mmhehqohmlteir (tmhpa‘rlatweamsl beend}escheﬁ.; ékhid giagarbeh@h&ived tWith itckwaefr g
t enperature for po I e s.selected to_be 100C. 15 An accelerate
rat6 of cOPPHLRy™ I HIB! fdDi Sobey dbniEvatbisatine arberte Bhon e
fol | owi ng MRS tempEaRird SlabNat S 1cE Lol WL B Lbdibta il o S DE oW

ambi ent tenperature 20 - contacting e conpacted we G d whi ch
is a Bétt areaterdempératugo didiectntial suvhrasdetwezn 18D bed 20 eomiataten B°0randi di ng

for relatiye Ve t between.the co ct ed a fluid;, nost

pract i cabl4y,cg§1?(g%glgﬁaﬁ‘a 1P b PP Y%BE? gpﬂ‘é\éﬁgﬁp%tﬁﬁ p@gb;_uflar 252‘1’?]%]& rate at
whi ch t he diepratiedr heRid theCRMeedehperufd BiraRlyprapyitRashs 10EctP@No Henut €,
preferably at |east 30C per mnute, still nore preferably at [east 50C per

mnute. BAFtGcularly preferred is extremely rapid cooling of at |east 100C
per mnute, preferably at |east 200C per mnute, and in the case of thin
sheets in excess of 500C per mnute. These are average val ues applying to
the endfi r A ealelenged has ef cbolaip tlag 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.



30 el evated tenperature to 100C. Very rapid rates of cooling my be terned
quenching and may, indeed, be achieved by the traditional quenching nethod
| ong usedwDr3pk®s9 net al |l urgical art, of imersing the respeTtGBoe/0& 6L cle in
water. -4 WD 03/045659 PCT/ GB02/ 04562 The accel erated rate of cooling of

the conpapfeg aRPatbd)rAC6OSSHERS BF Mid dbrhftRtcdr weeitaccordmeetwidntheniryseappl i es
down to 100C, which is signifrcantly below the recrystallisation

t enper at unsentéonl torily pppifeer dewnt it 10076, hothicho rip asignisicantih cReWorthe he
i nvention usefla §o action pressure not exceeding 10 MPa. It is also
pr ef er r ed P& P‘quﬁ%"e YEsure is used throughout the hot conpaction
process. Most preferred pressures are between 1 and 7 WMPa, particularly

between 2 and 5 MPa. It is preferred that the hot conpaction ressure is
mai nt & nell idwrefieryed dest ithey hotl eonmpRstinn PIeRsRs Ob Mse¥Eniioa Hes \f&h?%ﬁl{gat‘:ﬁ%nf i bres
shoul d be_contacted is.. el i | the, Jigapilgeddge@f the
endot herWreﬁ%uégwgaxcggdlgéﬁberent ﬁéﬁpg%grﬁ%fﬁg@ag&to:kﬁ%t% S( D§C), gf t he
constrai nﬁﬁ‘o@%o)dﬂmé hbi durgsicex ppedsaliokt brefassdpressties srdieswedrhbandhper at ur e
axis. Preferably, the tenperature_at which the fibres ar 0 ached is 15

no great eMRa aattiqularyobeiveel Aehdpe WP R dhat Rtedserdohat e ﬁ‘ﬁtgc PAHE™ anbi ent

conpactio il : 1gperature of which the endotherm reaches
it highes fe%‘%???%ﬁﬁ‘haéﬂegﬁgﬁg B T bt ee which s el ¢ od dur ng t he

hot co@rpaction process is generally between 10 and 50 percent by weight.
20 Preferably the fibres used in the present .inventiqn. hay Laht
aver age n8PeapngRum fempgiptugefh) whigh B}FeH‘Pfﬁﬁg%o% © GO q%d W?&gﬁjw:&gﬂcer tain

enbodi men icH $he e edorNGetndShdd8Rrho natuirfd®y DifferenxtalBcandadg, 000 to
400, 000. %ﬁ%‘fﬁt glllén[bgglﬁgre ggrrbotdi ments MVis i rf thg range 100, 000 to

250, 000, Catoremetrp(RSAS0{ dBC-onstraingl pogmer fipres epbanpatediQEeHP ABEIBFSt he

met hod descri bed herei.natter.. Wth suc ter] - M\ ke
present | MFKEPGHRIEE BW'dEEC?%{a]?Igu@]S SBPHMY %l‘){gﬁgﬁ%@ frﬁggeg ag%é%gung' S
modul s, Y8t grlary! that W Gonsirgindd pgiakt tendjesiuret bANMAEILng t dte teaidmbient The
olymer is preferably a pol ypropyl ene hanopal yner, but may be a. copol yner
Pty cor%paction presysure —pi.e. ¥}E1)e te?n%erature of WhFi)Ch e endotgerm reaXhes 1t glg?leﬁ y
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 (My,) 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
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conpri sing polypropyl ene. Cenerally any copol ymer contai ni ng pol ypropyl ene
such 30 as those disclosed in WO 98/ 15397 nay be used. Conpaction of the
pol ypr opywera/ommwy be carried out in an autoclave, or in aPoglGBo2#zsss or
ot her apparatus in which the assenbly is fed through a conpaction zone
where it r§ce§§’%£pB@% LateliNg 4 eSMtidueds ok f¥mi-eshtindoRepceyse @oclingy essur e.
Thus, th WO-03/ 025659 PCT/ GB02/ 04562 process may be operated as a
cont i nuommeferabd;yerwffec‘fochtwmlsbm@ pln@éesgeSt@éi@Idl FEgINSE dl%?@%@iahﬁﬁ@géf ¥ct ed

whi | st the shee al n gganpl e by
bei ng hele&aﬁﬁgﬁ‘eﬁyh} %8#{‘61} e’E)y@nﬁ %ﬁ?%ﬁ%g@g %o g%ll 0 68? essure. In
the case Iﬁfthé & bf beﬁﬁsprés@ rfoﬁaﬁdmlble thverwtbledexf ks B¢ ooley (fre examipldl (f or
exanpl e using air chilled by ice water) in the reqi og_\?ém’redl ate after

t he héat msglgzmn@hﬂkd bytia¢ avaigalin the rpglopdBumagiately @ftsfc'ililF tl%é?l?%g ates of
up to 500C per. m.nute, hEaRd ded as a
pol ypr opyPEREYe Hrip BETitle %ﬁgﬁ%ﬂ%c!aélmgcra?ers%fﬁéop en grmatrl X phase V\/m ch was

produced during the process, and a 10 polypropylene fibre phase,

proportion of which may show sel ective surface neltin arisin omthe
process. ﬁhferrq@n@b@rq tiglegpayobs Fegarisd r?ﬁtarl?glyﬁﬁﬁg%nea?ﬂn??oﬁge 1“?% éI%p(ﬁ‘; are

of signifig Vb Sodtictd ChiBingf tHeh®réRew)1 b a
properti & ypr gyfe{}%a%l%nlg‘y E dg?;? (Y’&S d0 st udi ed ngsepa?atel y. 15

Pr ef erabl olhbl@FMaﬂ@ gbe phastu b qmsop@frtubrh@f whitch nnayrshaweelﬁ@tl\@t surfgessmeliing, GPa,
nore preferab at least 1, and
nost pref EsHM ?Oﬁltthelp&fgﬁs 1@@%?“1%@?@%@] %ﬁe %ﬁe %fenpgl}g%)@of t he
matrix ph ReSh adeWhe 2 BBA& tcheirﬁélémf)the uikd |p@(§r}féttle%5aﬁd3‘a and
nost pref%}%gbly a.lC%eas a el\/li’g(;l‘a Preflerably t he fa%{alure strain of the
mat ri x phalsgnilasylwtdetfma@tanawdiédew@mtﬂly the Young's nodulus in the

| ongi tudinal direction (which may 25 alternatively be called the draw or
axial direction) of the fibre phase is at least 4 GPa, nore preferably at

| east 14 CPrferahly HRSYomid eicthlus 8f theeasdiB phke isPaefeastabldyGPhenfae | ur e
strength in the'longitudinal direction of the fibre hase is_.at,  |east 250

MPa, nor eppfahlyzllspsit.2|GRes moze prafeablynideasbdd GRaernd aMsy pferptly A 420
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%.



30 MPa. Preferably the failure strain in the |longitudinal direction of the
fibre phase is at least 5% -6 WO 03/045659 PCT/ GB02/ 04562 EXAMPLE SET A
The ef f ecwOoB/0¢36% i Ng rate was established by exam ni ng tR€ToRIRIONF20f a
conpletely nelted fabric, to sinulate the nelted matri x phase in a hot
conpact edpghedbr EIgrhas 5 been found that the properties of a hot
conpact ed sheet are a conbi nation of the properties of the original
oriented fibres (the reinforcing phase), and the portion of the fibres

WhICh are he..mat r.i x _ph perties
et TG g dte AT Hhis NP BARRls0ad PEieRAiring e AL b bfIoRAS

IOOSSI bl e hRIted Mt & tieilate tHeemblitaf maen! pige an Adiot canpatdd drets i dias at

different rates. 10 The fabrics used were made from a nunber. of different

mel t f f r nmbeenpfstupgr thpl the rsopesiesoplon Jivk cempastad sest iare FoRMPINALGR|fyihe The
woven. " 35 0Rertt DR gl Vleith Bt Re bR Gihe Rintdrlihe phisBiMat i hortieh dRe! © 1S

Fi brill at gdrdslvitiich arem&ltelt(tHeaparix tphipse).b Whelletse bypgaﬁﬁmurgghs prapérties®f9. 5 10. 9

6.2 6.8 E(GPa) Failure strength 453 350 370 422 6F g@wé Fallu strain
12 6 16 16 meteffehmc vhichdwy besmcagbest & differsny jatssnigys pSIBES EHMYIRIHH 56, 100

78,100 effect 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
er(%)
Density 907 912 932 910
p (kg/m’)
M, 38,500 55,800 56,100 78,100
M, 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)

-7 -



MN 191, 000 290, 000 325,000 360,000 M and Mh were nmeasured by Rapra

Technol ogy Limted, of Shropshire, UK Details of the testing are as

fol | ows: RO oBosIssument Waters 150CV Col utms Pl gel 2 x m x@dTherd2B845630cn 10
m crons Sol vent 1, 2-di chl orobenzene with anti-oxidant Flowrate 1.0
m/mn (n@ewaby 25 TenpasRidive iddtdGnlagreBital prefsdf® 03/ 045659

PCT/ GB02/ 04562 Detector refractive index and differential pressure GPC
syst em calGfr syssemeplitraisd wdunplyshisenpven cl ot hs made of each of the above
polymers were conpletely nelted by 5 heating two |layers of cloth in a hot
press at 200C. The pressure applied was 2.8 MPa, although since the

sanpl es wéVevaoohitet elaye 1o daelil dfhine abase illyrbérs tW@r@'oompT&@lgi mglapyachi eved
ei t her enovi ng .t he samgl e and plunging it into water guenching) or in

by r g
the hot phEEng{vedayersnef cothosl ahet Pieroeighl he Fempisesupt applied, wast 2.8r
swi t chi ng -1 g i t f ol ing required 100%
wat er, or h%%é’aiglpf‘og ﬁ?gzlil:lér%l H‘SD%E?@% gfg 6p|r°l8{“§?eté\kgs‘%8@e§dﬁ§% “fﬁ%gn%o%ﬂé o In i
t hi s exam§lmlihgsvascediidved dither bperepiossg feasasple afd plngide@iteing wi@r30C/ ni n.
The sl owezt cog%i%?g rathe 1-2C/ mn,  was achieved by just switching off the
heating andUSRFRiBg Rt the habrressdy, Passing gatoolans thipugh (e ihgatad platers, afiaip| es

whi ch wer @ugeRing &ff fhe hBRiY. G56pe \?\E.O%QHP}@% 8%5%%3\/@%@&33@0%%&,%?

tenperature had dropped to 100C, ichis e crystallr’sation
t enped@t usl cvptdning Watey dRSE:ts, Tres usedhs thg coalhat. ifn thikexahple dasdesdingiined by

the time taken ta cool fromth ctiop, tenperature down to 100C. 20
rivsi CAL BHOMERTea Rioal BB s AT p Ol i T loBier oblios Fiel-BOHE oL of
the above vwegalcBibved by5uyasyiFPRASUSE dhd! BbAhePthdRdwing 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 10 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
-8-



25 Howden servo-nechanical tensile testing machine. The tensile tests on
the conpacted sheets and the nelted filnms were carried out follow ng ASTM
D638 usi myo oa/oeisabbel | shaped speci nen. A nom nal strain ParT&GBIR/04023 S-1
was used for all the tests. The sanple strain during the tests was

measur ed Wanfplesaw MemS Yl ffoitReeroseh@ BSREBer thnV@resaYRhake WRhSe! est ed
for each material at a tenperature of 20 30 2C and a relative humdity of

35 5% Tyir éhthestgckdformed aniside ihe sneasired s¢miom the sEpiguinebd measurementh of t he
four pol yr@%@g?x%ﬁﬁﬁll dd0Easb &S ¥hd Fa W df @(tﬁolgg rgl;g(il%Llre Lﬁ%&urﬁq_gjlopll% %e? P#@he

guenched sarnples were ductile an rew |

format i on difplacedtaainat] WeCKon@lie &raxisiindlyinf@ertth 8&Blay B MR AMHFE59
PCT/ GBQ2/ 04562 sanpl es was neasured fromthe crosshéad speed, rather than
directl’y on the sanple, for if the neck fornmed outside the neasured

ion, (A : ' tual L.y d d..Th
[ aces for onee camplsyma «RE I SAB R ERLRR, O N CRR SRR el 1 vy

al ong t he lrwasti mokicnlat ywdight opadgnert Palyrag! &y Geasth 1) sB6®ed b ahitil lipedsor t he
sanpl e made .usi n% f ast cooq[lillgg di fferences in behaviour were seen. The

| owest o8GRV IHen grireaset sloks coppargdin the quepehse samplendndigating higher al
i ool . _ , e
e T et e e

i ndi cati ng higher Young's yield agai gher than
t he qu€ncheptusaafisrd-8% g elob@aticmp tTihie ot afrstréss8@ant beHaviogaisi ofen tdhied f or m of

ol coul ar “RERGRTURMNDI 02'o R SORRHa e 28 apreles (RIS 3iBdch the

formati on Gbps PRGN Huhoed W Brlbebef 2 HeaPbli &Gwalddid' (R HhRiRGnaY' F ed at
-25% (0.25) strain. Only the highest nolecul ar weight Polyner 4 aph 4)

showed st ABPErEREHTag af v33% -2 sapist i @aly itlmhighest noldcakt weghk Polyneatie. 15
Al th | i .Sh d necki.ng- t brittl
behavi our RS fedhadle A ARE L DRGEE BATEa AT S Bt BhE Est 1y bet ween

10 and520% (0.1 and 0.2): therefore if the matrix fails below this val ue

(
t hen a hot acted conposite would see premature matrix failure before
RN iR A R AT A

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.



20 carrying capacity, leading to premature delamnation. It is seen that at
the sl owest cooling rate, none of the polyners reached this desired
failure swopaBm4sebn particular, the |ow nolecular wei ght PaTyeEIR/04568howed
brittle failure at a low stress. It is clear that the cooling rate of the
hot conpaqy5@¥¥process is a key process 25 paraneter, because it has a
significant effect on the nechanical properties of the matrix phase,
probably due to changes in crystallinity. The above results show that both

guenchi ng -and.fast c i ng.enhance Lx .ductility. xpl ai ned _above,
the gr ot B gorigcel et S ERATRESHET TS 48U thn PP e n BT gher
i ts fail unfeaste@uBingtatRnsiBeédl@fn. The BBGMnSYdsURAdedhRsm a@BRREE & digydid@se | n
whi ch the properties of hot conpacted 30 sheet are dom pated by the matrix

phase. SThetherapg [sopeopanelde|sivees dengiie sanga of 0189%@,‘191“93051(8/@12@] Thy reshlte predepends
mai nly on Sb@@n?ﬁ? %tzi es of the matrix, thernoformability where
significant I'n ayeéer shear occurs (differential sliding between the

| ayers), and normal tensile properties. -9 WO 03/ 045659 PCT/ GB02/ 04562
Density The densities of the original oriented materials and the conpacted
sheets were neasured using a densi T{BE&4m. The col um was made from a
m xture of digycidyl 5 ether and isopropanol to give a density range of
-890 to -930 kg/nB. The results are shown in Table 2. TABLE 2 Pol yner
Material and cool i Rglynegi| Matéa ahd vodlkgy/razine 1| Dehgiyn@k/oi’) bf es 907 Mel t ed
film- quenching $i1—Mlted film- slow coelihg 9152 Original fibres -
(cloth D) 912 Mel{dd fil mOugirah®rsng 920 Mel {887 film - sl bw cooling 924

3 Oiginal tapes (cloth EMEtEHfWE@q%@nHiﬁé“ - qupf:h'rng’ 920
Melted film - slow cooling 915

2 Original fibres - (cloth D) 912
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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Melted film- slow cooling 925 10 Mobdulus The Young's Mdul us was
determned in the initial linear region of the stress strain 15 curve

f ol | owi ngwoha/ogissdel i nes of ASTM D638. The results are sheem/GBo2Daiske 3
bel ow. -10 WD 03/ 045659 PCT/ GB02/ 04562 TABLE 3 Pol yner Young's nodulus E
(GPa) Quenching Fast Slow cooling cooling 1 1.040.02 1.85 0.05 2.08 0.13
2 1.00 0.031.58 0.06 1.712 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. 08TABLEabl es 2 and 3 show the density and
Young's nodul us of the various nelted filns. Both of these properties can
be used as a nmeasure of the crystallinity of the films, as one can
attribute i ncr eases$ phfl it &ouR@k fBLRS BNGP)an increase §n crystallinity.
As the cooling rate I's 1n¢reased, the density and Young's nodul us for each
pol yner type 10 de¢reases. |Quenddnse i s| Bsti eved| 8lovbe a fecrease in
crystallinity. Another result is an inpeooliegent | covldgeti|ity. The present
invention is of benagfit 1 nj3idquad.igens V\PEBEﬂO’]{DB’ pyegd +ut3|lity (or related
properties such as peel sulpnat h) is required. 1t is of particular benefit

for polymers of 152 ower ML.Glgr0.8%anpl el-88 .06 | 2 dbbl hnd bel ow, since

sl ow cool i ng regi nes—provtrde_ve brit I(PW-L o i 541 such pol yners.
EXAMPLE SET B 20 Pdel ot r erndid $h2et sair;g?‘%s Rt 43330k ng Pol yirer 1
cloths, and furthenssheet Saymiesovere | 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 M,, 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
Jayers 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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made using Polynmer 4 cloths. In each case the sheet sanples were nmade of
four Jlayers of cloth, in a 0/90/90/0 lay-up (that is, the mddle |ayers
are orthogoralo43i6eo t he 25 outer |ayers), and conditions wePETWRIROM6LO i ve
a oriented fibre/matrix mcrostructure. In this way the central |ayers,
where the ? i 8GRt B chb@ RaNBe Poiyaiiral aahPolyuier @aver al |

t he sheetAg‘gﬁé{lgg Chg@gaﬁ)(g* anceté(ﬁ%?\g%grcti es. -11 03/ 04565919 .

PCT/ GB02/ 4fphes. Rpitobpnéemt ehis wapacoimpactionrigmpeahse Wed82°Ch 8 SEMPREHOT he

Pol ymer 1 and Po r..4 sanples,  For I 1 I RACt on
t enper at UPESSYFC Qgé(rge G&’%&H@&E‘W%‘h s 8’5?&%1(3{1% Eﬁs' Z%E} Wﬁtﬁdﬁg dwgl time of
5 m nut es., For:50! eiPErafurk NS 192, da @A Qedserpef A.ur@Paf add2C, a
conpacti on essure of 2.8 GPa, and a 5 conpaction dwell tinme of. 5 m nutes.

Sl ow col ¢ampastin dwhll evesiofiymiswtasc Moy celmarwies achisyed Ry Suiehing P¥f%hg the
neating p %ﬁg%’g@faﬂg%gn”éhgﬁ]eét?@glg%ﬁéé)c%ﬁﬁ%ﬁ% tlsE8PLantle 3 kool(ih-a< M n) -

was achi eved by “passi ng wat er

t hrough t heodegald)n @Bl @oBAS (3520/nfihen sheetansiaph asackiaved bhgassirgsvadr f or peel
strength (interlayer adhesion). The test was the T-Peel test (ASTM D1876).

Sanpl es f twoughshe heptingrmdate@am wi de and 100nm | ong and were tested using a
crosshead speed of 100mmmn. The testing was carried out parallel to the
warp direction. Three sanples were tested for each polynmer and the results
ver e fyer 3aedheel Sariples eseittien testeal fohpael stienFhklinedayoe bdwsioRpBIEe £sBanpl e

Cool i ng regi ne Average peel str h (N10 Pol yner Fast . C ing 2.75
0.66 SI owweddhe dgPael zgst @BM B&%S@réa@éﬁ%m@éﬁw%é’e& i&mgl ideg o‘#/v cool i ng
9.5 2.5 4 { oWk ! dndliFers @8ed g hREoRNRAN spee@BUDOMAIMES T tdshyer 4
are, as expec eé), hi gher than

was carried out parallel to the warp direction. Three samples were tested for each

polymer and the results were averaged.

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 9.1x2.2

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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the values for Polyner 1. The values for Polymer 4 are essentially the sane
for the fast and slow cool ed sanples. In contrast the fast cool ed sanpl es
of Pol ymewODb3kas68 a nuch hi gher peel strength val ue thanPChgGRRO¥S6e00! ed
sanples. 25 -12 WD 03/ 045659 PCT/ GB02/ 04562 CLAIMS 1. A process for
producti opyafipgs monolithic article froma web of fibres of oriented

pol ypr opy nopol yner or copol ynmer, conprising the steps of 5
subjecting the web to el evated tenperature and pressure sufficient to nelt

a proportion of the polyner . and c act il (o] npact ed
web, whetein ﬁ*npﬁ’(‘fﬁgl @a&%‘a@l&? eoc%o Héoélc?,l%hl’l\%%ﬂ%lée?}p o%e‘gg%%\?\nﬁﬂt?gs gpl ower
tenper at upge RO pdl foPVieRe Sinfbpofi@r beNGPoRniEre dosnpRisiiigedet atapsnefl anount
bel ow the recrystallisation tenperature of the fibres, 10 2. A process for
producd i osubgéctimgntheomiebhic elgvaied| eniperatrg Hich nspssyiep p@ficignt 1 pelht2d

pol ypr opyl ene _honopql r_ar copal M GRS ubj ecti ng
the web t BrOBPEPL 81381% et &P‘g C§ﬁ%g§r%’sgur e egl u#@gggﬁ% %E)%Bfﬁr%ﬁ Wae%’

proport i ofhefeirt e aR@leraBd rapdf campgas einployadidowhan adowti tempetagire empact ed
web, 15 wherein an accelerated rate of cooljng is enployed %own ho 100C.

3. A procésswhishc|saidrelowen &maperatreo s 2 awpasdstermingd @6‘?’&%&@ Weld"¥ s cool ed

:L 2I airrenggechﬂstwﬁpga:‘ﬁ%g;6%&%%&5&1]%@%&%1 nute, down to 100C. 20 4. A process

c erein the conpacted web is cooled at a nean
rate of at | east 30C per mnute, down to 100C. 5. A process as clained in

any precedi ng claimwherein the conpaction.pressur does. nat..exceed 10
MPa. 25 62- A pro®Easss orcpRipgipn; H’S}O%)?]@Egcﬁlwaecffe(ﬁ?rﬁ WER S R I?g fibres

are nelt . d 'glr tend - héh SS oRSc IA8d ¢dnEHngd tBE edlépid o€l ai m

oy 0 FRERRSOS B WG oSSl g
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,

15  wherein an accelerated rate of cooling is employed 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.

20 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.

25
6. A process as claimed in any preceding claim, wherein the fibres are melt
formed fibres.
7. A process as claimed in any preceding claim wherein the weight average

30 molecular weight (M,,) of the fibres is in the range 100,000 to 800,000.

8. A process as claimed in claim 7 wherein the weight average molecular weight

(My,) of the fibres is in the range 100,000 to 250,000.
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30 nol ecul ar weight (Mwv,) of the fibres is in the range 100,000 to 800, 000.
8. A process as clained in claim?7 wherein the weight average nol ecul ar

wei ght (WB)o3odseshe fibres is in the range 100,000 to 250P0IMBI2AENO

03/ 045659 PCT/ GB02/ 04562 9. A process as clainmed in claima8 wherein the

wei ght avey age mgf@@ysl AlclBied clalnMEwhesdin thewbight 8%rdgs tdledule wagge
150, 000 to 220,000. 10. A nonolithic article manufactured by a process as

cl ai med i AVanpf predtwes iwdn U8 rengs 190.0980¢ #g0.800mt ri x phase of pol ymer which
was produced by selective nelting of the oriented phase during the process
and an oriented fibre phase a fraction of which was nelted during the
process. 1D, A Agwslolittié artild hahefared!tai Mpebcess & elhimeliOinwhe pedcedinge
Young's nodulus of 10 the matrix phase is at |east 0.9 GPa. 1%, A

monol i Phi ¢Clairy hayieg agnariaiphay of pobmaer whieh Was produpeh Ry splchse mettngof
strength . i i : . : k1 hic
article astR%:P%%}ﬁn%dJ&lﬁ%egu%H f%? eoi,n%‘i(%E Slrl(?@to\%%‘gf é’?ﬁ)r? ﬁlzas%giffﬁl(g@g?lrvg%cﬁ of the
mat ri X phags métedtduripgshe pirest4. A nonolithic article as clained in any of
clainms 10 to 13 wherein the Young's nodulus in the |ongitudinal direction
of the oriented fibre phase is at least 4 GPa. 20 15. A nonolithic article

as claimed;in %%&{oﬁﬁ{i@%@}g% Q8mEd iNREES! 1D WhRGeitht "Y"o%n%@tnﬁcﬁﬁﬁkrbfi n the

| ongi tudi nal direction o e oriented fibre phase I1s at Teast 250 MPa.

16. A Itondhé thairtx plrasé o & leest @P&iBaed in any of clains 10 to 15 wherein the
failure 25 strain in the longitudinal direction of the oriented fibre phase
is at least 5% 17. A process of fabricating a nonolithic article

conpri si ngpol YRHMHliRRE artRA! M B4ined it SRGh M ORST, 110kheReiiRROf kLR Eredbihi Cl €
thus forned, substantially as hereinbefore described with particul ar

ref er ence aféha metrsgdespierdy laagt Rpl es. 30 - 14

15  13. A monolithic article as claimed in claim 10, 11 or 12 wherein the failure strain

of the matrix phase is at least 5%.

14. A monolithic article as claimed in any of claims 10 to 13 wherein the Young’s
modulus in the longitudinal direction of the oriented fibre phase is at least 4 GPa.

20
15. A monolithic article as claimed in any of claims 10 to 14 wherein the failure

strength in the longitudinal direction of the oriented fibre phase is at least 250 MPa.

16. A monolithic article as claimed in any of claims 10 to 15 wherein the failure

25  strain in the longitudinal direction of the oriented fibre phase is at least 5%.

17. A process of fabricating a monolithic article comprising polypropylene
polymer or copolymer, or a monolithic article thus formed, substantially as
hereinbefore described with particular reference to the accompanying examples.

30
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