WD 03/ 045660 PCT/ GB02/ 04572 PROCESS FOR FABRI CATI NG PCLYPROPYLENE SHEET
The present invention relates to polynmer sheet materials made fromoriented
ol efin pwbywwisebo bres or tapes, and in particul ar an i npreraaBopioesTess f or
maki ng such 5 materials. In recent years, devel opnments have been nade in
processes for conpacting polyolefin fibres in order to nmake sheets of high
stiffness and strengtdrocEsw-rok efnpROMqIand iFOLYPROCESS @BEEDr nel t - spun fi bres
enpl oyi ng hi gh conpacti on pressures are well known. 10 An exanple is

di sclosed in GB 2253420A, in which an assenbly of fibres of an oriented
pol ymer is hot conpacted in a two-step process to forma sheet having good
mechani cal properties. The process involves an initial step.in ich the
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(the cogrpag{at@mggressure). I n th| S process a proportion of the fibre
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cont act at ogibstedtpelymer dsrhetrcampacted uh ﬁrtwpesmp procesete fogmp? élpﬁﬁ haing 8po4 he

fibres, V\:hI|S hei.n ected to a act .Q r 0] r than
10 e, Thimseboricn SfoRuBbeT B0 ph e, pOIBR GhulioRH 8 H ol e nBsae ]

havi ng exc%tdt%'ﬁt tFEAAaRtIE 2t HEORSRH dcﬁﬁn tefnpdatihe dviiike sdbjett by espreagurdbave
been subj ect to a prior crosslin process, prefer abl%ﬁﬁg&hl rradi ation

crossl i nki myffistant ésmaum thedfites rnrqoatﬁcatarlﬁghqrr?éter FOIPRACTSS PBRTYET ng

15  (40-50 MPa) for a few seconds (the compaction pressure). In this process a proportion

of the fibre surfaces, generally from 5 to 10 percent by weight, melt and subsequently
recrystallise on cooling. This recrystallised 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 polyoiefin

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 wished the

30 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 alkyne or diene compounds, and then an



radiation in an inert environnment containing al kyne or diene conpounds, and
then an WD 03/ 045660 PCT/ GB02/ 04572 2 anneal ing step conprising annealing
t he irradwetosa4ied yner at an el evated tenperature, in anPCRAER2O72r onment
contai ni ng al kyne or di ene conpounds. In GB 2253420A it is stated that "the
hot conpacted materials are preferablyy,cooled to 5 anbient tenperature
under controlled conditions. Rapid cooling is |ess preferred. The nopst
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tenperature and pressure were applied and the assenbly was cool ed under
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al nost i destblingkate.20 properties to sl ow cool ed sanples..” W have

di scovered that unlike polyethylene, in the case of polypropyl ene the
cooling rate may have a significant effect on the final properties of the
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pressure applied. Cooling rate is not mentioned.
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In Plastics, Rubber and Composites Processing and Applications, 1998, Vol 27, No. 4,
pgs 167-171, specifically in relation to polyethylene it was stated that “the final
cooling rate does not significantly affect the structure or properties of the final
compacted sheet: quenched samples have been measured to have almost identical

20  properties to slow cooled samples..”

We have discovered that unlike polyethylene, in the case of polypropylene the cooling
rate may have a significant effect on the final properties of the compacted sheet. We
have discovered that post-compaction annealing may also have a significant effect.
25  Such measures have been shown to result in improvement of certain properties,
including stiffness and yield stress, with maintenance of acceptable ductility and
related properties. Surprisingly, this promising array of properties has been found to

be achieved in certain polypropylene materials only.

30  Accordingly in a first aspect, the present invention provides a process for production of
a monolithic article from a web of fibres of oriented polypropylene homopolymer or

copolymer having a weight average molecular weight (My) of at least 250,000, the



30 Accordingly in a first aspect, the present invention provides a process
for production of a nonolithic article froma web of fibres of oriented
pol ypr opyweng/okwsnopol ymer or  copol yner having a wei ght averagpo2mmid7ecul ar
wei ght (Mnv) of at |east 250,000, the WO 03/045660 PCT/ GB02/ 04572 3 process
conprising the steps of subjecting thesweb to elevated tenperature and
pressure sufficient to nelt a proporti on of the polyner and conpact it,
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el ongate el enents which conprise pol ypropyl ene. They may be in the form of
strands or filmeeitiscomplete;med be in the form of bands, ribbons or tapes,
15 fornmed for exanple by initiall t VWhat ever
their formt he&)f in%‘rngghlﬁatbe B%mpéﬁt%d fhi i ’ﬁlrllloq%e Vi anB&{hql%qeﬁlbé]rhe process of
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multiple fibres, or used in the formof a ng)?ofllage arn. The fibres
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fibres y.have bhe 'Eﬁ’n crosslinking process, as described 20
in V\i!)lé(g}i %ﬂg \?‘%ﬁ bdgrl‘%:lggonay onprise only fibres in the form of
strands or filaments, or they may corrprise a mxture of fibres in the form
of strands or filaments and fi
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15 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 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
20 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 which are woven from flat

tapes, as these have the best mechanical properties.

25 “A retarded rate of cooling” in this specification means cooling under conditions such
that heat is lost from the compacted web more slowly than if it were cooled from the
elevated temperature to said lower temperature under ambient conditions, that is, in

still air at ambient temperature, typically 20°C.

30 The following paragraphs further define or describe the heat treatment variant (i), of

subjecting the compacted web to a retarded rate of cooling down to a lower



el evated tenperature to said | ower tenperature under anbient conditions,
that is, in still air at anbient tenperature, typically 20C. 30 The

f ol | ow ngwpasagisephs further define or describe the heat tPcFatBoen#s72ari ant
(i), of subjecting the conpacted web to a retarded rate of cooling down to
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to said lower temperature.

15 Preferably said lower temperature is below the temperature at which the
recrystallisation of the matrix is complete. Suitably it is up to 5°C lower. Preferably it

is up to 10°C lower.

Preferably said lower temperature is in the range 100-110°C. Most preferably the

20 lower temperature is 100°C.

The following paragraphs further describe or define the heat treatment step (ii), of

annealing the compacted web at an elevated annealing temperature.

25  Preferably annealing takes place within 15°C of the temperature at which the matrix
phase is completely melted, more preferably within 10°C of this temperature, still more
preferably within 5°C of this temperature, and most preferably within 3°C of this

temperature.

30 In principle it could be possible to anneal the compacted web at a temperature at or
above the temperature at which the matrix phase is completely melted, because of the

stabilisation provided by the oriented phase, which melts at a higher temperature.



30 In principle it could be possible to anneal the conpacted web at a
tenperature at or above the tenperature at which the matri x phase is

conpl et elwormBlosswad) because of the stabilisation provi dedPoy/GBue/0ei72ent ed
phase, which nelts at a higher tenperature. WO 03/045660 PCT/ GB02/ 04572 5
Preferably, however, the annealing tenpgrature is below the tenperature at
which the matrix phase is conpletely nelted. Mst preferred, therefore, is

an anneal i %éﬁﬂ@eﬁ%w& t aﬁgeai%%g;@ée@grﬁﬁéql%%felw?ﬁ 2mbEARRE 3 Whithdhe Wi Ch

the matrix ase’is co el ow that “tenperature. Such an
anneal i ng wmeplﬁselisecdnqﬂetbl@reﬁelfadund to give excellent results. Preferably
a heat treatnent step (ii) is effected for at least 1 mnute, preferably
for at least 2 mnutes, nore preferably for at |east 3 mnutes, and nost
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necessary i n accordance with heat treatment step (|) but which is later
heated for such a heat treatnent step §ii) then to be carried out, is not
excl uded. @ueferhlyouhent titcatnient Ia@pr(nézﬁe@f ectedvieni lsastdrmplimye poefeiably fostahr ded

cooling st i). .20 The r IS, suitabl [.Id
i medi at el 3538‘%%&\’“‘3%15%5? Pt aé\%ﬁﬁ%ﬁtt e%skg%n%tﬁ%agfl SR % E rﬁf\)/lstfjlfgo%el%ar?t cool ed
first. 15hu$,mﬁlﬁgs_terrperature of the conpacted web is allowed to fall from

the conpaction tenperature to the | ower tenperature. One enbodi nent of the
present invention enploys only an annealing step (ii). 25 In one

enbodi ment Lo Log RiSh % and an
anneal i ng s‘?fle&& Ea egfsg%frp?l @pﬁdé &%Cl%aelxarrg a%élgn ann&gﬁcﬁg st ep tIS‘I} y may be
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accordance with the present invention. That is, a process in which compaction takes
15  place and the compacted web is cooled by a regime not necessary in accordance with
heat treatment step (i), but which is later heated for such a heat treatment step (ii) then

to be carried out, is not excluded.

One embodiment of the present invention employs only a retarded cooling step (i).
20  The retarded cooling is suitably carried out immediately after compaction, without the
compacted web having been cooled first. Thus, the temperature of the compacted web

is allowed to fall from the compaction temperature to the lower temperature.

One embodiment of the present invention employs only an annealing step (ii).
25
In one embodiment of the present invention both a retarded cooling step (i) and an
annealing step (ii) are employed. For example an annealing step (ii) may be followed
directly by a retarded cooling step (i), with the starting point of the retarded cooling
step being the annealing temperature rather than a compaction temperature, and with
30 the annealing temperature and said lower temperature providing the temperature end

points across which the mean cooling rate may be determined. In another example



step being the annealing tenperature rather than a conpaction tenperature,
and with 30 the annealing tenperature and said | ower tenperature providing
t he t enpeweatoaneseend points across which the nmean cool i ng PCatGBRYS7RE
determ ned. I n anot her exanple WO 03/045660 PCT/ GB02/ 04572 6 conpaction is
followed by a retarded cooling step (i) followed by later reheating to
effect an annealing step (ii). It is preferred that the hot conpaction

process of the invenfion es a.c action. 5 pressur i 10
VPa. 1t | scamBst b biReatia: Temarnro vel (PoBTRVRE Y el KIBEIIR (e
hot conpactirQR .RiReafise stpeit). preferred pressures are between 1 and 7 Mra,
particul arly between Zgand MPa. It is preferred that the hot conpaction

pressure i s maintained during cooling. 10 The mni mum tenperature at which

the fibres_should be c acted is prefer y.ct.hat - Whi t i ng
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endot herm poin proportion o e fibres which is
mel ted dur pR@sidR Mohtaiedpiathp edolfgocess is general |y between 10 and 50
percent by weight. Preferably the fibres used in the present invention have

a wei ght average nol ecular 20 weight (Mwy,) in the range 250,000 to

450, 00 : : ; ou o hod
99t TIRG R e%_?ﬁﬁf:ﬁé’t@r% eﬁ% iPihé 98 QQ8oudhe BetasH o @g%fé;?(bw gyt BBt ho
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honopol yneryhidhuthemdgadie adgopall Wine rendothpmi, sinegsysed yipr dijiesendal Scamérgal | y

5] 15367 MRploswTAo s obhe BrRfiyEd Rediies s A EERB L AT it (o
prior crosgld |ihbAdnkE 968S Prefb@bly, the temperature at which the fibres are compacted is
no greater than the constrained peak temperature of melting at the ambient compaction
15  pressure - i.e. the temperature at 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.

Preferably the fibres used in the present invention have a weight average molecular
20  weight (My,) in the range 250,000 to 450,000, most preferably 330,000 to 400,000, as
determined by the method hereinafter described. The polymer is preferably a
polypropylene homopolymer, but may be a copolymer comprising polypropylene.
Generally any copolymer containing polypropylene such as those disclosed in WO
98/15397 may be used.
25
Preferably the fibres have not been subjected to a prior crosslinking process, for

example of the type described in WO 98/15397.

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

operated as a continuous or semi-continuous process. Cooling is preferably effected



exanple of the type described in WD 98/15397. Conpaction of the

pol ypropyl ene may be carried out in an autoclave, or in a belt press 30 or
ot her appapaBossés;m whi ch t he assenbly is fed through a corpaaiBoen4zone
where it is subjected to the required el evated tenperature and pressure.
Thus, the process nay be operated as & continuous or sem -continuous
process. Cooling is preferably effected WO 03/ 045660 PCT/ GB02/ 04572 7
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significance in achieving a 10 nonolithic article of the required
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preferably g@barh@Rst 6 GPa. 25

Preferably the Young’s modulus of the matrix phase is at least 0.9 GPa, more

preferably at least 1.2 GPa, more preferably 1.5 GPa, and most preferably at least 1.7
15 GPa

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

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

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

25
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 400 MPa.

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

30 5%, more preferably at least 8%, and most preferably at least 12%.



Preferably the failure strength in the longitudinal direction of the fibre
phase is at |l east 250 MPa, nore preferably at |east 350 MPa, and nost

pr ef er ablwoat/okmast 400 MPa. Preferably the failure straPoTiGBORIES72

| ongi tudi nal direction of the fibre phase is at |east 30 5% nore
preferably at |east 8% and nost prefergably at |east 12% WD 03/045660

PCT/ GB02/ 04572 8 EXAMPLE SET A The effect of cooling rate was established
by exam ning the cooling of a conpletely 5 nelted fabric, to sinulate the
melted matri x phase in a hot conpacted sheet. It has been found that the
properti esEXAMPILIOSETQNpact ed sheet are a conmbination of the properties of
the original oriented fibres (the reinforcing phase), and the portion of
the fibres which are nelted (the matrix phase) Therefore by exam ning the
propertie I i J tes, it
IS possi bﬂ@%ﬂ%ﬁtgfg?gﬂ% E;Jgé %6%?@%&?@2 %%flﬁlq i O%hngbfgacmer%& heet at
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woven. 15 4 dof ek Enaﬁ\'@ne&e@ﬁ@reéf (thB‘%éled?&ﬁg gﬁél%{:) M ke %drﬁ&? Bf the
Fibrillated Fl at taeFat tape type les ta oung's 9.5 10.9 6.2 6.8

modul us E(f2ed whichi Etrc,u n@ltdﬁﬁheﬁratrﬁmﬂlaJQZ Thsteff@ndlyrexalﬁir(mfdn)e properties of a

melted fabric which has been cooled at different rates, it is possible to simulate the

10 effect of cooling a hot compaction sheet at different rates.

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 9.5 10.9 6.2 6.8
modulus
E(GPa)
Failure 453 350 370 422
strength
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

My and M, were measured by Rapra Technology Limited, of Shropshire, UK. Details

20  of the testing are as follows:



Failure strain 12 6 16 16 EFM Density 907 912 932 910 (k /nB8) M 38, 500
55,800 56,100 78,100 MW 191, 000 290, 000 325,000 360,000 M and M were
measur ed WY oRapised Technol ogy Li mted, of Shropshire, UK PeTaiBog/ 04320 of the
testing are as follows: WO 03/045660 PCT/ GB02/04572 9 |Instrument Waters
150CV Colums Pl gel 2 x m xed bed-B, 3@cn 10 m crons Sol vent

1, 2-di chl orobenzene with anti-oxidant 5 Flowrate 1.0 m/mn (nom nal)
Tenperature 140C (nom nal) Detector refractive index and differential
pressure GPC systemcalibrated with polystyrene 10 Wven cl ot hs made of
each of thes@ahase pol ywatess W80V conpl etely nelted by heating two |ayers of
cloth in a_hot press at 200C. The pressure applied was 2.8 MPa, although
since the SAHIMEs wer leglFox B¥xadpedd, 0em 4P HCkBE not critical. Cooling was

achi eved e'éltc)ﬁ{t_ by re”ﬂ%—%l?@xl&r@ﬁen% ﬁa@ﬁ}floﬁldgﬂtgi ng it into water

(quenchi ng in the press by passing a cool ant through the heated

pl at enss aflbwrratw t chi h@Qndfvhint(h@nihal)heat i ng. Dependi ng on the rate of
cooling required 100% water, or air containing water droplets, was used as
t he cool antMPFHAWE s e\&@nél(%or?lgél cooling in the press neans a cooling

rate of 20p3QGHM n. T%ﬁ&g}géﬁ%ﬁlainagﬁé}gﬁialéfe%ggrgi n, was achi eved by just

switching off the heating an ow ng the assenbly to cool naturally in
air. 20 MeGRE@siystein cphbptadiwidlspdlpgysne ess/ strai n behavi our of the above
cooled filnms was neasured using an RDP

10  Woven cloths made of each of the above polymers were completely melted by heating
two layers of cloth in a hot press at 200°C. The pressure applied was 2.8 MPa,
although since the samples were completely melted this was not critical. Cooling was
achieved either by removing the sample and plunging it into water (quenching) or in
the hot press by passing a coolant through the heated platens, after switching off the

15 heating. Depending on the rate of cooling required 100% water, or 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 slow cooling rate, 1-2°C/min, was achieved

by just switching off the heating and allowing the assembly to cool naturally in air.

20 Mechanical properties

The stress/strain behaviour of the above cooled films was measured using an RDP
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

25 shaped specimen. A normal strain rate of 107 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 + 2°C and a relative
humidity of 35 + 5%.

30 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



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 ng a dwpbbelics®5 shaped specimen. A nornal strain rat ePofl/GERB4321 was
used for all the tests. The sanple strain during the tests was neasured
using a Messphysik video extensoneter. five sanples were tested for each
material at a tenperature of 20 2C and a relative humdity of 35 5% 30

Typi cal stress:strain cur are sho in Figure 1, fqQr each of the_ four

ng;/ mer t eSEAPIS S W%@Hﬁeﬁ?@ﬂ 8&7’ F‘E?é%mﬁ% rsPegldig ralﬂi‘ﬁﬁrth%baﬂf?f%]rys?n thesagRlnched

sanpl es werfgr Utk ideek F8fnedlb@dethe ridaahke rggaﬂeﬂhe%&;h hhﬂ}ef &%ﬁsg}éx&éohtﬁ a
GB02/ 0457 1

stable neck region. Strain for these WO 03/045660 PCT.
sanpl es wadegiengeivaldy deomasede Howewhdber Ypveg s medubier andh aieldistrass tvaluesn t he

sanple, f LT L he,neck [ out si d he nmeasured region, the strain in
t he measur g’?%%f elat%‘g%’{ go 'ag?‘ﬁg%#f%%@r%ﬁ%ﬁ%@%ﬁ%‘t&?“ﬁﬁ@i F%%%ﬂﬁp]é‘c‘?f{)ﬂul us
and yi ebd shiafissayddiiebe xRISsiplydhior@drYo Higplay A& tfa%%fclé&i;l?.' ed and the

guenched traces have been displaced a 5 small way along fhe x-axis sinply

in order to display each trace clearly. For the sanple made using the fast

cooling reg on- L: e ! havi qur re seen. The | owest

nol ecul ar \%?I ght ﬁgﬁl %ﬁrr%?e %{8&%‘%@" ﬁ,&’"&}négﬁgl ¥ osflﬁ%r\%s\é\%gﬁerel?cﬁf ni B%HIV’lOHéar

regi on, wi twerasednnCThafmetss heeute mpasie o ymérh@olmasichasraghnplsBowad ¥h el d 10
poi nt, agai.n -hf her than the quenched sanple, then rupture. This form of
stress- st radMHa TFey With agringgased slapg campricd do thepstugnehed pampien e talddi at e

ol ecuhgr %ilﬁ,rﬁgainslﬁg]a&%ﬁEﬂ'§ g)l\%: (#Y]lgﬁﬁll%g %%%?ﬁ,sﬁlgg %}?B&S ’ﬁidg Sof sagued,; | he

formati on of a neck Se and rupture occurred at
- 25% ( 0. 25)bebavi@irnis Qfitry termedhnetkésg-rupimé.ec Tvar interngidiatéahglemiard welghaph 4)

h d st abl i foll ow li.cat] of 15 this cooling rate. All
Che. el oSumatis Ly et Bt g RRb Aot L R et GrBegm oF piers bot
behavi our . draiiag b ﬂld%rs%biﬂsé%hﬂ%uﬁﬁret&_@uﬁédhzgiﬂg% (d.@%ﬁmgﬁlmlﬁ hQgt ween

10 and 20% (0.1 and 0.2): therefore if the matrix fails s val ue
then a hot Nedegydas twedghd 1t4e(Graph 4) showed stable drawing following application of

15  this cooling rate.

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
20  would see premature matrix failure before the reinforcing phase can reach full load
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 may be seen
that ductile-type behaviour became more pronounced as M,, increases; the highest
25  failure strain was shown by Polymer 4. In most cases the initial slope of the slow-
cooled samples was higher than either of the other two cooling rates, indicating that
slow cooling gave highest Young’s modulus. The failure stress for slow-cooled
samples of Polymers 1 and 2 was less than for the fast cooled samples, but the failure
stress for slow-cooled samples of Polymers 3 and 4 was approximately equal to the

30 fast cooled samples.



20 woul d see premature matrix failure before the reinforcing phase can
reach full load carrying capacity, leading to premature del am nation. It

i s seen twato3assebhe sl owest cooling rate, none of the polrgrEB20€xIehed
this desired failure strain. In particular, the |ow nolecular weight

Pol ymer 1 showed brittle failure at a Icl stress. It may be seen that
ductil e-type behavi our becane nore pronounced as MWi ncreases; the highest
2S failure gtrain was shown by Polymer 4. In nost cases the initial slope
of the sl OM"’ | ed sanpl es was hi gher than either of the other two cooling
rates, indicating that slow cooling gave highest Young's nodul us. The
failure stress for slowcooled sanples of Polyners 1 and 2 was | ess than
for the fasthecdepsdtiessafiphexrigndg drieatdlaiaterials atd abs doatpasie@vehead! weke

sanpl es of Pol rs.3 and 4 approximately equal to the 30 fast cooled
sanpl es. V@’fﬁ%%ﬁé@g’@ W@%? © cpjumihiias pyagle from g ayzturg efsdigycidye

ori gi nals ordtigRtagd i ah ; e ]Q%,g]g a sing a
density col um. .Thg}pg(g{ uﬁ%t%m%g@?rgg[gslt??g%%a%ﬁ%gtél@?ebg? i gyc%yfe%%daeﬂéher
and i soprop@aBnigdabieve a density range of -890 to -930 kg/nB. The results
are shown in Table 2. TABLE 2 Polynmer Material and cooling reginme Density
(kg/nB8 ) 1 Oiginal fibres 907 Melted film- quenching 911 Melted film -
slow cooling 915 2 Oiginal fibres -TAgipth D 912 Melted film- quenching
920 Melted film- slow cooling 924 3 Oiginal tapes (cloth E) 910 Melted
film- quenching 920

Polymer | Material and cooling regime | Density (kg/m’)

1 Original fibres 907
Melted film - quenching 911
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.



Melted film- slow cooling 925 10 Mddulus The Young's Mdul us was
determned in the initial linear region of the stress strain 15 curve

f ol | owi ngwOha/ogrss@el i nes of ASTM D638. The results are sheem/dBu2iatike 3
bel ow. WO 03/045660 PCT/ GB02/04572 12 TABLE 3 Polynmer Young's nodul us E
(GPa) Quenching Fast Slow cooling cooljpng 1 1.04 0.02 1.85 0.05 2.08
0.13 2 1.000.03 1.580.06 1.710.11 3 1.000.09 1.240.09 1.330.01 4 0.95
0.06 1.22 0.10 1.370.08 5 Tables 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 neasure of the crystallinity ofthegf31ms, as one can attribute
increases in either paranmeter with an increase in crystallinity. As the
cooling rate is increased, the den5|ty of Young s modul us for each pol yner

type 10 decreases, suyggesti-ng expec ase—+m—crystallinit and
associated inprovenm OlYfHerductY‘P‘?"tgy%J @‘ﬁ%@‘@’@ar fromthe resul tSyII(’l
Exanpl e Set A that the cootring dgﬁén%h f|ghol cdmpawtion | process is a key
process paraneter, because it sigr i bbgant efcfogﬁﬁg on {the 15

mechani cal properti es—pf—the tz0 changes in
crystallinity. The above resul atsb%hgp ?rigﬂg ?%J%glrsr)ay Ieag to good

Young's nodulus and |[faiTure st[g@)momgopelrmegoébun r riom sed ductility;
but that for polymers_of higher M - e ctility:
3 1.00+0.09 | 1.24+0.09 | 1.33 £0.01

4 095+0.06 |122+0.10|1.37x0.08

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 of Young's modulus for each polymer type
10 decreases, suggesting the expected decrease in crystallinity (and associated

improvement in ductility).

It is clear from the results in Example Set A that the cooling rate of the hot compaction
process is a key process parameter, because it has a significant effect on the
15  mechanical properties of the matrix phase, probably due to changes in crystallinity.
The above results show that slow cooling may lead to good Young’s modulus and
failure strain properties, but compromised ductility; but that for polymers of higher My,
a useful level of ductility may be achieved, especially for uses in which stiffness and
failure strain are of primary importance. In general, slow cooled samples appear to
20 show higher stiffness values than fast cooled samples, but may be brittle if the
polypropylene is of low molecular weight. However, samples may show reasonable

ductility if the polypropylene is of higher molecular weight.



a useful level of ductility may be achieved, especially for uses in which
stiffness and failure strain are of primary inportance. In general, slow
cool ed sawploas4zappear to 20 show hi gher stiffness val ues trharcH®¥57¢00! ed
sanples, but may be brittle if the polypropylene is of |ow nolecular

wei ght. However, sanples nmay show reasqrable ductility if the

pol ypropyl ene is of higher nolecular weight. WO 03/ 045660 PCT/ GB02/ 04572
13 EXAMPLE SET B In these exanples partially nelted nonolithic articles
were prepared. Polymer 4 of 5 Exanple Set A was used, with 4 |ayers of
woven cl ot RXAnMPIDE sggrpacti on assenbly.  Conpaction conditions of 5 m nutes
at 193C and a conpaction pressure of 4.8 GPa were enployed. Slow cooling
(20-30C/ mi n) or fast cooling (1- 2C7n1n) mas effected as described in

Exanpl e Se {HE I S Eyft WO
sanpl es. { @k$1 eﬁmﬁﬁ@XQ%%E&%$ coo EEQL%%HEe h%%r%@'émﬁgrgirapld
cool i ngs t oEAafile sEha FhO s ithdd se@anlcff woaedothbiauhe 26mpadion @ssentlyr op
from193C to 150C, and about 80 mnutes to drop from 193C to 100 15

Mel ting pofAEBactien Geaflitiony ob SHAISE AL 693 Qh@dh%@@a%@etrg%ﬁsgqeé&% de using
the two co r r f $

Cal ori net rglkée%gnaé}%ﬁts }dr% Cg%llﬂf%a@ﬁgp Gb/r}ﬁﬁﬂ%n%tl é;?%Ipl tgega%/gﬁ @p‘?%s%feegteghase
wer e t her elyydedefitexdrin EzdmpReSatilA.s are given in Table 20 4 bel ow TABLE 4
Cooling Peak nelting point of Peak nelting point of matrix phase oriented
phase (C) (C) Fast cooled 162 177 Slow cool ed 168 179

10  Figure 2 shows the temperature/time plots for the two samples. It will be seen that the

fast cooled sample undergoes very rapid cooling to 150°C. The slow cooled sample
takes about 25 minutes to drop from 193°C to 150°C, and about 80 minutes to drop
from 193°C to 100°C.

15 Melting points

The melting behaviour of the hot compacted sheets made using the two cooling rates
were measured using Differential Scanning Calorimetry. Peak melting points of the

matrix phase and oriented phase were thereby determined. Results are given in Table

20 4 below
TABLE 4
Cooling Peak melting point of | Peak melting point of
matrix phase oriented phase
) S
Fast cooled 162 177
Slow cooled 168 179
25

It will be seen that with the slower cooled product the peak melting point of the matrix
is substantially increased whilst that of the oriented phase is increased only a little.

Given that the aim is to improve the microstructure of the matrix phase, preferably to



25 1t will be seen that with the slower cool ed product the peak nelting
point of the matrix 1is substantially increased whilst that of the oriented
phase is wogsea®ed only a little. Gven that the aimis POTIGRIROYI2t he

m crostructure of the matrix phase, preferably to WD 03/ 045660

PCT/ GB02/ 04572 14 be nore highly crystaldine and to have a | arger average
crystal size whilst not substantially affecting the oriented phase, this

is a proms %S testl 5 Table 5 | ow s average

results fr oﬂ?fél]?fneacr ‘lf‘yﬁlgl é&&ﬁ ‘Iﬂ{cﬂ({] 8"% \ﬁopagg[frrrp‘fvé%age ‘fﬁ@%@ SBzed‘fgll et

Modul us Stnguamﬁandfmmgmeammeﬁg?a@e thidia h prarefsinzaebgd 3.0 0.1 130 10

13 2 Slowcooled 3.3 0.1 141 11 1 10Itvm|| be seen that the

mechani cal properties of the slow cooI ed sanple were good, in show ng

i mproved ”%’t%sk‘%trﬁﬂ%sﬁhée”gt h without significant |loss of ductility. Peel

Strength 1 were al so made to assess the peel strength of the

sl ow and f ast cool ed sanples, and the averaged results are shown in Table

6 bel ow. T ction Cooling Peel strength N 10mm 4.2 MPa/ 193C
dTapreS bgow' S v

Fast cool ed PHS AT 8RSyl Arom mpchangcal testing of the two samples.
TABLE 5
Cooling Modulus Strength Failure strain
(GPa) (MPa)
Fast cooled 30+0.1 130+ 10 13+2
Slow cooled 33+0.1 141 +6 11+1

10

It will be seen that the mechanical properties of the slow cooled sample were good, in

showing improved modulus and strength without significant loss of ductility.

Peel Strength
15  Experiments were also made to assess the peel strength of the slow and fast cooled

samples, and the averaged results are shown in Table 6 below.

TABLE 6
Compaction Cooling Peel strength
N/10mm
4.2 MPa/193°C Fast cooled 7.5+35
Slow cooled 77+19

20

The measured peel strengths were all quite high, with the slow cooled value holding up

well in comparison to the fast cooled value.



The measured peel strengths were all quite high, wth the sl ow cool ed val ue
hol ding up well in conparison to the fast cool ed value. WO 03/ 045660

PCT/ GB02/W033a456866 EXAMPLE SET C Peel Strength 5 Next, sacplGm20§572a hot
conpacted conposite material from Polynmer 1 were nade as described in
Exanpl e Set B above, ie only partially nglted, and subjected to peel
strength testing. The averaged results are shown in Table 7 bel ow. TABLE 7
10 Conpact ioggém—@gﬁe strength N 10mm 4.2 MPa/193C Fast cooled 3.0
1.6 Slow c ~6 Both values are | ow but slow cooling is shown to
be di sadvant ageous, a finding not applicable to Polyner 4, having a nuch
hi gher nol ecul ar wei ght. 15 EXAMPLE SET D Qur results indi cate t hat sl ow
cool i ng canPeebBtrength hi gh stiffness and high yield stress. However with

pol ypropyl ene of low M,, the trade off of loss in ductility is severe;
such materials are brittle after conpaction and have a low failure strain.
However: sm t Neg0 sﬂ@l&@épﬁ)%bﬁé‘tﬁnﬁctéﬁ eieposiM\hehegal |f1*oTnYPo_P}{ﬂQ:r aswerel iR ths

properties such as peel stren% may be acceﬁxabl e use of a higher
MV pol ypr opSaseiifeedyint Bxanple b |ahgveaf19 emly eaﬁm nediedoarésebjesied 0 pegdect of

an article w t he basis that a
simlar bl endetﬂgtfh%%ﬁgl ?tggé/rg éjdh]?’gllgtes Behi eva t’I"a%eﬂ%iP ing the 25
conpacted article at an el evat ed tenperature for a dwell tine, annealing
experinments were carried out. The first_annealing experinments were carried
out on the fully nelted Polynmer 4, to 7

10
Compaction Cooling Peel strength
N/10mim
4.2 MPa/193°C Fast cooled 30x1.6
Slow cooled 1.8+0.6

Both values are low but slow cooling is shown to be disadvantageous, a finding not

applicable to Polymer 4, having a much higher molecular weight.

15 EXAMPLE SET D

Our results indicate that slow cooling can lead to high stiffness and high yield stress.
However with polypropylene of low M,, the trade off of loss in ductility is severe; such
materials are brittle after compaction and have a low failure strain. However with
20  polypropylene of higher M,, ductility, and associated properties such as peel strength,
may be acceptable. Thus, use of a higher My, polypropylene with slow cooling after

compaction offers the prospect of an article with an attractive blend of properties.

On the basis that a similar blend of properties might be achievable by holding the
25  compacted article at an elevated temperature for a dwell time, annealing experiments

were carried out.

The first annealing experiments were carried out on the fully melted Polymer 4, to

make an article with, in effect, 100% matrix material, as this is the phase that is most



make an article with, in effect, 100% matrix material, as this is the phase
that is nost WO 03/ 045660 PCT/ (B02/04572 16 likely to be affected, and any
ef fects sWouB@43s60 easy to interpret. The annealing regi NPETLRIdi0EZI2Wer €
150C for five mnutes and 160C for 5 mnutes. Differential scanning
calorinmetry (DSC) yielded the results in _Table 8 below, 5 indicating that
anneal i ng can substantially affect the (]:?ystal linity (indicated by the

ent hal py) and the crystal size (indicated by the peak nelting point), and
that the hilgistr to bermpiecteduped Hay offastsr @lopldog%&ﬁ%)é@ dnteEEet. Tg@@@f@hn&o

70, 11 %4 1008 seR VAT Tho:c B oy B RHBORC S el O eeted to-

tensile testing at 20C and at a range of elevated tenperatures and the

results are presented in Figs. 3 and 4. 15 Fromthe traces in Fig. 3 it was
det er mi ned Phisrentink spaping salorinesioh (BPEY cneldeg sthe sresylly ipukable-gs Pelogol ed

(no anneal i.ng. 0, ( i . al ed,
160C/ 5 %anslﬂ%g%ﬁla%ﬁ%%aﬁégwa& nt%{?ﬁsﬁggag%g%h% Hgﬁ’aﬁiggc?t%&)c ;\@21? alline
mor phol ogy énshalisf) laaé tiectriystalasize (odieaskby the poaluingiinggrodhtyland that theytiighea
stress, although the material anneal ed at 160C still remai ned
pseudo-ducttie’fn@?rat%h‘iisi%F&PT%PIPH‘@I@?W?%WHature scan shown in Fig. 4 (scan

from20 to 160C in 5C increnments, tested at frequency of 1 Hz using a
dynam c strain of 0.05% shows the

TABLE 8
10
Enthalpy Peak melting point
J/g 1% °C
As made 63.4/31 164
150°C/5 minutes 70.1/34 163
160°C/5 minutes 85.3/41 169

The articles were subjected to tensile testing at 20°C and at a range of elevated

temperatures and the results are presented in Figs. 3 and 4.

15 From the traces in Fig. 3 it was determined that the modulus of each article was as

follows:

Fast cooled (no annealing) 1.37 GPa

Slow cooled (no annealing) 1.85 GPa
20  Annealed, 160°C/5 mins 1.9 GPa

Annealed, 150°C/5 mins 2.2 GPa

The change in crystalline morphology is reflected in an increase in modulus, and also
in yield stress, although the material annealed at 160°C still remained pseudo-ductile.
25  Finally the DTMA temperature scan shown in Fig. 4 (scan from 20 to 160°C in 5°C
increments, tested at frequency of 1 Hz using a dynamic strain of 0.05%) shows the
160°C annealed sample to have significantly better higher temperature performance.

In Fig. 3 comparisons are shown with the slow cooled and fast cooled samples of



160C anneal ed sanple to have significantly better higher tenperature
performance. In Fig. 3 conparisons are shown with the slow cool ed and f ast
cool ed sawploam4ss60 WO 03/ 045660 PCT/ GB02/ 04572 17 Exanpl e PE#tGBR2/043T2Fi g. 4
a conparison is shown with an "original" article, this being one cool ed at
20-30C /mn after conpaction. EXAMPLE SET E 5 In these tests, woven | ayers
of Polynmer 4 were used for the manufacture of partially nelted hot
conpacted articles having an oriented fibre phase and a matrix phase. The
condi t i ons Exemple13s88. florFis. 4 gamparisontis shevghiyibiang Sriginek siitee ohispemgyp,
Anneal i ng | ] . Set D. 10 DTMA tenperature scan
testing as0‘§€§%0?;§%%§5%d°§2%%%5§§{3%&w§g carried out. The results are
shown in Fig. 5. The trace narked "original"” refers to a sanple cool ed at
20-30C/ m n_after cogacti on. 15 The relevance of the Fig. 5 results is that
stiffness of the tenperature at which the tests were carried
out is sn i ndi cation of expected creep or high tenperature performance. It
is likely to depend on the nmatrix phase, between the oriented phase. It

Wi Il be sedm tlidsatestsheioeen fayars ofPolgmenevtere nsedhfor pler foannfaniwes ohpartiely

anneal ed sanple at tenperatyres above 40C,  relative to the fast cool ed
sanpl e. 20 HWE@ELCWEE"*@@@@ Mg N QIEREEd lbrF’iH&?@SCaﬂ’dl/ dpa Fg- n’gl?e
applied to i d BREs! 4 2 REMHAEERNGBsoitd &F 4.DSIRY. e5@iRhli

i nvention, ngﬂngéﬁs‘?%gqg%lcf/%?gprgqgﬁeg’ {)ifa Mi;’[*rfsi)(a tat r&Iﬁ‘gsz‘asst 25 250, 000, (l)r% ers

advant ages wans as desesibaf intixgmpde bétfidess, high yield strength, high failure
strengt h, good mai ntenance of stiffness at el evated tenperatures and
surpri%Pneg good ductile-type properties such as peel strength and

failure stmsIMA dhpedtRe sbal 8§t Rfdescribed in Example Set D was carried out. The

results are shown in Fig. 5. The trace marked “original” refers to a sample cooled at

20-30°C/min after compaction.

15 The relevance of the Fig. 5 results is that stiffness as a function of the temperature at
which the tests were carried out is an indication of expected creep or high temperature
performance. It is likely to depend on the matrix phase, between the oriented phase. It
will be seen that there is an improvement in the performance in the annealed sample at
temperatures above 40°C, relative to the fast cooled sample.

20
OVERALL CONCLUSIONS

Use of slow cooling and/or annealing, applied to compacted articles made in
accordance with the present invention, comprising polypropylene of M, at least
25 250,000, offers advantages in terms of high stiffness, high yield strength, high failure
strength, good maintenance of stiffness at elevated temperatures and surprisingly good
ductile-type properties such as peel strength and failure strain. The good balance of
properties is surprising having regard to the brittleness and/or low yield strength of
corresponding articles made using polypropylene of My, less than 250,000.

30



properties is surprising having regard to the brittleness and/or low yield
strength of corresponding articles nmade using pol ypropyl ene of MVI ess

t han 250, W0®3/08B60AD 03/ 045660 PCT/ GB02/ 04572 18 CLAIMS PCTAKRROEE3s for
production of a nonolithic article froma web of fibres of oriented

pol ypr opyl ene honopol yner or copol yner {1 ving a wei ght average nol ecul ar
weight 5 (Mw) of at |east 250,000, the %rocess conprising the steps of
subj ecting the web to el evated tenperature and pressure sufficient to nelt
a proporti &LAMShe pol ymer and conpact it, thereby yielding an oriented
phase and a matri x phase, and effecting a heat treatnment selected from (i)
subj ecting the conpacted web to a retarded rate of cooling down to a | ower
10 t enper atiur e Aaproedss el godidient e npacmditiie asicleMiom weke of Sbrey of ati¢riteht i on
of the matrix is conplete; and (ii) annealing the conpacte b at  an

el evated ameBRMDYlsne depopatymes or sopdhymehaving %%’ekﬁ%éPYFé e‘l’ﬁ“’@F"\ﬁi‘%ﬁn‘”Elg\]&Eer ein
for theche r i n&,\?\% ] i r ; t

conpact Pon%ltblé’ Og%gi%%zﬁi%b’ﬁ%é gg&gssl 0 rns%%n%g%%ﬁ&?g iﬁgﬁﬁglgé)mgrgg? é? t han
5C/ mi nut e. eBvatdd peropestareasnd pessvee sufficehaiommzltehpopémioh @f thehpolymgr and

treatment step (ii) the nean cooling rate fromfhe conpaction.tenperature
down to saiCHmIPB‘%(X/é‘i’ %}feé%ﬁéflégﬁlrgeani ientsd phage ﬂ}deaa?l@&’xtMﬁe’éﬁﬁ r‘#fg{}{n@a 'a{ A
process as (chldRetiddlePRymPr €cedi ng cl ai mwherein for the heat treatmnment

step (ii) the elevated annealing tenperature is within 15C of the
t enperature at (i sibjediimg thacompagiitased fox retangadarie| of cpalingdpwip® Blowar

process as clained in an cedi.ng _cl ai m wher &i. rt . fr nt
step (%) t h_et%{ﬂ?f’éﬁmenﬁtyfng 8Wahﬁ?t8qp§rag}er? (?\?vwelh(gl Iﬂ%eénf)eecg}gstt%ﬁ%hgl% ‘%‘F‘% t he
mat ri X phase i Spatrix is complete; and

(ii) annealing the compacted web at an elevated annealing temperature.

2. A process as claimed in claim 1 wherein for the heat treatment step (i) the mean
15  cooling rate from the compaction temperature down to said lower temperature is not

greater than 5°C/minute.

3. A process as claimed in claim 2 wherein for the heat treatment step (ii) the mean
cooling rate from the compaction temperature down to said lower temperature is not

20  greater than 3°C/minute.

4, A process as claimed in any preceding claim wherein for the heat treatment step
(ii) the elevated annealing temperature is within 15°C of the temperature at which the
matrix phase is completely melted.

25
5. A process as claimed in any preceding claim wherein for the heat treatment step
(i) the annealing temperature is below the temperature at which the matrix phase is

completely melted, and up to 10°C below that temperature.

30 6. A process as claimed in claim 5 wherein for the heat treatment step (ii) the
annealing temperature is below the temperature at which the matrix phase is

completely melted, and is up to 5°C below that temperature.



conpletely nelted, and up to 10C bel ow that tenperature. 30 6. A process as
claimed in claim5 wherein for the heat treatnent step (ii) the annealing
t enper at LIWO 083043560 ow t he tenperature at which the matrix PoILGBROH4572
conpletely nelted, and is up to 5C bel ow that tenperature. WO 03/ 045660
PCT/ GB02/ 04572 19 7. A process as clained in any precedi ng clai mwherein
for the heat treatnent step (ii) the cgﬁpacted web is within the defined
tenperature range for at least 3 mnutes. 5 8 A process as clainmed in
claim7 wherein for the heat treatnent step (ii) the conpacted web is

W thin thedef 'Apgr%cés@gp [a%é’(i ﬁla%E cédﬂ{gfltﬁiﬁ% Gﬁé&léfo@tl’f@ﬁ&% tregmefit REPCESS

as clainmed in any preceding c erel eat treatnent is carried
out with tHg) iebompsdtedwalet wightinnisd define® resipenabreahagedior atll®ast 0. miAugs.ocess as
clained in claim9 wherein the heat treatnent is effected with the
conpacted web under tension. 11. A process as clainmed in claim9 wherein

the heat trgeat %g%ouclsa& %fz Eﬁ%ﬁ@cﬁj 11Wciat1'&nt'h%fl1e1]e?n tOMRRCASH ti@%ﬁnefn@tsﬁépnﬁﬁ th@ the

conmpact i on appar process as aimed I n any preceding claim

wher ei n t heompagted tvieb is witkiashe defircd ésmprarstusxergiiof @t a5 @@UES. A process
as claimed in any preceding clai mwherein the weight average nol ecul ar

wei ght (Mwv) of the fibres is in the range 250,000 to 400, 000. 14. A process

as claimed g n o gfRed3adesigkd ihNay wsﬂegézﬁn%mhﬁg@héminem& Réat WRaGfiént i6My) of
the fibres is inthe range 300,000°to 400,000. 25 15. A process as clained

in any pr ecadiadgut with thenivel wistrainke agdinst dimensionpkshangor med  fibres. 16. A
nmonolithic article manufactured by a process as clainmed in any preceding
30 cl ai'f havi ng a matri x of polymer produced by selective nelting of
oriented fifyesa process as claimed in claim 9 wherein the heat treatment is effected with the

compacted web under tension.

11. A process as claimed in claim 9 wherein the heat treatment is effected with the

15  compacted web retained in the compaction apparatus.

12. A process as claimed in any preceding claim wherein the compaction pressure

does not exceed 10 MPa.

20 13. A process as claimed in any preceding claim wherein the weight average

molecular weight (My,) of the fibres is in the range 250,000 to 400,000.

14. A process as claimed in claim 13 wherein the weight average molecular weight
(M,,) of the fibres is in the range 300,000 to 400,000.

25
15. A process as claimed in any preceding claim wherein the fibres are melt formed

fibres.

16. A monolithic article manufactured by a process as claimed in any preceding
30 claim, having a matrix of polymer produced by selective melting of oriented fibres

during the process, and oriented fibres remaining from that selective melting.



during the process, and oriented fibres remaining fromthat selective
melting. WO 03/045660 PCT/ GB02/04572 20 17. A nonolithic article as

cl ai mred iwooBa#sr@6 wherein the Young' s nodul us of the nRCTIGBRAYR is at
| east 0.9 GPa. 18. A nonolithic article as claimed in claim16 or 17
wherein the failure strength of 5 the gmtrix phase is at |east 20 MPa. 19.
A nonolithic article as clainmed in claim16, 17 or 18 wherein the failure
strain of he . 9 cle as
ol o mod 1 ! Liny QOB AREE dSeiBlpdgiR Plann AR e yBRAE bl 3F ed

| ongi t udi nalatrik plees isanleat G.9ePari ented fibre phase is at least 4 GPa. 21. A
nmonolithic article as clainmed in any of clains 16 to 20 wherein the failure
strength in the longitudinal direction of the oriented fibre phase is at

| 250 . 16
" gagtl her gf"r’]‘ thjl‘gO\f(gllﬂillé‘ rafeffl:"é){aé dinfeddhld ?]eﬁllneléj\ﬁ & Ahde 9 fiYe &ﬁengkl%fmé

rarn 1 n the 1ongitud na |rect|on
ori ent etl fihermatiik phssciisatdeast 2aMPH% 23. A process for fabricating a
nonolithic article of a polypropyl ene polyner, or a 20 nonolithic article
thus forned, substantially as hereinbefore described with particular

reference §§ tRg AP AENS GXRiE Staim 16, 17 or 18 wherein the failure strain of

the matrix phase is at least 5%.

10 20. A monolithic article as claimed in any of claims 16 to 19 wherein the Young’s

modulus in the longitudinal direction of the oriented fibre phase is at least 4 GPa.

21. A monolithic article as claimed in any of claims 16 to 20 wherein the failure
strength in the longitudinal direction of the oriented fibre phase is at least 250 MPa.

15 ‘
22. A monolithic article as claimed in any of claims 16 to 21 wherein the failure

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

23. A process for fabricating a monolithic article of a polypropylene polymer, or a
20 monolithic article thus formed, substantially as hereinbefore described with particular

reference to the accompanying examples.



