WO 02/ 090082 PCT/ GB02/ 02031 POLYOLEFI N SHEET The present invention rel ates
to polynmer sheet materials made fromoriented olefin polyner fibres or

t apes, amdoto/opreresses for nmaki ng such materials. |n recear/Grans)l

devel opnment s have been nade in processes for conpacting polyolefin fibres
in order to make filnms of high-strength. Two-step conpaction 5 processes
for melt-spun fibres enploying high conpaction pressures are well known. _
An exanple is disclosed in GB 2253420A, in which an assenbly of fibres of
an oriented polynmer are hot conpacted in a two-step process to forma
sheet havi ng good nechanical properties. The process involves an initial
step in which the fibres are brought to and held at the conpaction
tenperature whilst subject to a pressure sufficient 10 to maintain the
fibres in contact, and thereafter conpacted at a high pressure (40-50 MPa)
for a few seconds (the conpaction pressure). In this process a proportion
of the fibre surfaces, generally from5 to 10 percent by weight, nelt and
subsequently - recrystallise on cooling. This recrystallised phase binds
the fibres together, resulting in good nmechanical properties of the final
sheet. 15 In WD 98/15397, an inprovenent to the above process is disclosed
in which an assenbly of nelt-fornmed fibres is maintained in intimte
contact at elevated tenperature sufficient to nelt a proportion of the
fibres, whilst being subjected to 8 i Hessure of no greater than
10 MPa. This single-step, |owpre t so produces products

havi ng excel | ermerﬁ@seﬂtrlm@imarr@la@ét yméPshet thineridlb ade BfoRc &SRSy t he
nmelt-formed fibres or tapes enp are commercially avail abl e products

such as BPRlARRAYPeGHERT o1 taprs, W@gymwsﬁ@rp@akmgmen@t@p@s have a draw
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No. 4, pgs 167-171, the present inventors disclose the conpagction of
uni di r éct DERFEFSES (errmﬂtréman fahrps emplojingdygh ¢quppastion pisprresrargicl knawe. " hi ghl y

drawn®, 1. e)gaHﬁXe RANK1RE 5PN 22534204, in which an assembly of fibres of an

oriented polymer are hot compacted in a two-step process to form a sheet having good

mechanical properties. The process involves an initial step in which the fibres are
brought to and held at the compaction temperature whilst subject to a pressure sufficient

10  to maintain the fibres in contact, and thereafter compacted at a high pressure (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.

15 In WO 98/15397, an improvement to the above process is disclosed in which an
assembly of melt-formed 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.

20 In the above processes, the melt-formed fibres or tapes employed are
commercially available products such as BP Amoco Propex® polypropylene tape.

These tapes have a draw ratio of 6:1 (i.e. they are stretched to 6 times their original



5 ratio greater than the usual 6:1. Figure 5 (page 169) shows that the
nodul us of the conpacted sheet fornmed fromthe highly drawn fibres is only
slightly WwoDghesooshan that of the sheet forned fromthe tapEsRIR/ORGIEK
nodulus. As a result, it is concluded (beginning of page 170) that “"there
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aspect of e I nvention provides a roduction of an article
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mol ten polymer. They may be non-woven nelt-spun and WO 02/ 090082
PCT/ GB02/ @ 1but additionally it is possible to obtain products having mechanical properties
which are improved in several other respects.
Accordingly in a first aspect, the present invention provides an article
20 comprising melt-formed fibres of oriented polypropylene homopolymer or copolymer in
the form of a woven fabric Whicll has been subjected to hot compaction, characterised in
that said melt-formed fibres have a draw ratio of at least 7:1. -
A further aspect of the invention provides a process for production of an article
from a woven fabric of melt-formed fibres of oriented polypropylene, homopolymer or
25  copolymer, comprising subjecting the woven fabric of melt-formed fibres to elevated
temperature and pressure sufficient to melt a proportion of the polymer, characterised in
that the draw ratio of said melt-formed fibres is at least 7:1.
The article of the invention is preferably monolithic, which is to say that it is
comprised of a single type of structure, namely an array of fibres or tapes surrounded by
30  asolidified melt phase of the same material.
The term "melt-formed fibres" is used herein to mean strands of polypropylene

which have been formed via molten polymer. They may be non-woven melt-spun and



drawn fibres laid in a web, or nelt-spun and drawn fibres conprised wthin
yans, or they may be in the formof woven bands or tapes, forned for
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to zero |nn<ﬂtedects the tenperature axis. The proportion of the fibres
which is nelte uri e hot conpaction process is generally between 10
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the peak temperature of melting at the ambient compaction pressure - i.e. the
temperature of which the endotherm measured by Differential Scanning Calorimetry
(DSC) of the constrained polymer fibres reaches its highest point. The minimum
20  temperature at which the fibres should be compacted is preferably that at which the
leading edge of the endotherm extrapolated to zero intersects the temperature axis. 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
25  molecular weight (Mw) in the range of 100,000 to 800,000, preferably 250,000 to
450,000, for example 330,000 to 400,000. The polymer is preferably a polypropylene
homopolymer, but may be a copolymer comprising polypropylene, in which case a
copolymer comprising at least 50% polypropylene is preferred. Generally any
copolymer containing polypropylene such as those disclosed in WO 98/15397 may be
30 used.
Articles produced according to the present invention have improved mechanical

properties compared with those disclosed in the prior art in several different respects.



Articles produced according to the present invention have inproved
mechani cal properties conpared with those disclosed in the prior art in
several dwDfoengns2 respects. 3 WO 02/ 090082 PCT/ GB02/ 02031 pCWsHvawzn3i ound
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were conpacted in a continuous process usi a belt press. The fabrics
were the BPP‘?I\?&FHG.S 2 EgRRYOug/ P S‘Wg‘\‘@ﬁtlb‘&?%@%c%ﬁene fabric available from
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Fabric V2: woven pol ypropyl ene fabric available from Anoc opex(r)
Geot ext i | &ibrex® tagepie pbO6 In hberichgpress dndsubjentédtoaf slight dontabhpressmpe ftabri cs wer e

conpagt ed ef¥VatBd ge(r)rlljpl%lra Ibe,e{;vhic%rise Raintaine I?I(I:th "ﬁrleegqt?i)r/ed degree of melting has
occurred. At this point, the compaction pressure is then applied after which the fabric is

cooled under the compaction pressure before being removed from the bench press.
EXAMPLES
EXAMPLE 1 -- Preparation of compacted sheet

20 Two fabrics having different draw ratios were compacted in a continuous
process using a belt press. The fabrics were the following:
Fabric V1: woven polypropylene fabric available from Amoco as Propex® Geotextile
type 6060, having a draw ratio of 6:1.
Fabric V2: woven polypropylene fabric available from Amoco as Propex® Geotextile
25  type 6060, having a draw ratio of 10:1.
The two fabrics were compacted on a double belt press manufactured by
Hymmen GmbH, of Bielefeld, Germany. The compaction conditions were slightly
different, as the higher draw ratio V2 material has a higher melting point. The
conditions were as follows:
30 VI: compaction was at 186°C, at a pressure of 4 MPa, and a belt speed of 3.0m/min.
V2: compaction was at 192°C, at a pressure of 4 MPa, and a belt speed of 2.5m/min.

The resulting compacted materials used for the tests below were in the form of



Hynmen GrbH, of Bielefeld, Germany. The conpaction conditions were slightly
different, as the higher draw ratio V2 material has a higher nelting point.
The condwoioeng00sere as foll ows: 30 V1: conpaction was at PCRIR02Aa203a
pressure of 4 MPa, and a belt speed of 3.0nmmn. V2: conpaction was at
192C, at 3 rteSEQPe 0 MPa, and a belt speed of 2.5mmn. The resulting
corrpacted Y efia nh Yr the tests below were in the formof 4 WO
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material. After tion e sar re stored jn pol|yethyl ene sanple
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machi ne, usSin vi deo extensoneter su to track
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apart on t | es evi ou unt ested sanpl e was used for each test,
aﬁd 5 sanﬁP&Q%?@s@%@f tg&i%ﬁmﬁ%tﬂ%ﬂ al for each property (nodulus and
strength) at aﬁif%ﬂ@%pﬁﬁdﬂ%ﬁ i sa%ﬁﬁ& W&@@t%ﬁ'%%léﬁ%ﬁﬁ% WL el d in

standard 1kN pneunmatic ag | st the strengt’h sanples weré held in 5kN
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video extensometer supplied by RDP Howden Ltd. to track targets (white paint lines on
the black polypropylene sheet) placed 50mm apart on the samples. A previously
untested sample was used for each test, and 5 samples were tested for each material for
each property (modulus and strength) at a temperature of 20+2°C. The modulus

20 samples were held in standard 1kN pneumatic grips whilst the strength samples were
held in 5kN self tightening grips, which provided sufficient force to prevent slippage.

The crosshead speed for modulus determination was set at 25mm min-!, for-

strength determination it was 125mm min-l.

Nominal Strength

25 The nominal strength was determined from the peak load exhibited by the
material, by dividing the peak load in Newtons by the cross sectional area in square
metres. This peak load occurred immediately prior to the sample failing. The results
are shown in Table 1 below.

" TABLE 1

Material | Average Strength (MPa) | Standard Deviation
V1 86-2 5-01
V2 166 16-2

30



strength determnation it was 125mm m n-1. Nom nal Strength 25 The nom nal
strength was determ ned fromthe peak | oad exhibited by the material, by
di vi di ng wbhe2psmk2 | oad in Newt ons by the cross sectional &cC&sBR/oOIGUAr e
nmetres. This peak |oad occurred inmmediately prior to the sanple failing.
The resul Eg atr.e,ghgwn!i n Table 1 below TABLE 1 Material Average Strength
(MPa) Sta n VI 86.2 5.01 V2 166 16.2 30 5 WD 02/090082
PCT/ GB02/ 02031 ThELRRAgadoA bfeak%vﬁa&étem%ealwa{a QRerBbmPlePRKmYBSind &t €r m ned
fromthe extensoneter as the point at which an I nstantaneous reduction in
| oad of gmibathem instantan@ys outtionth logd ef grestut then 40% ocshwywh Tire fEabitser@ bel ow.
5 TABLE 2 ,Materi El ongation (% Standard Deviation V1 20.6 2.20
V2 13.9 O%V %A\g%ﬁﬁg’ul us was determined in the initial |inear region
of thesstmaggmsirain curve using the software supplied with the video
extensoneter following ASTMDA3I8 The 10 results are shown in Table 3

bel ow. TABU¥ariat PlA\@tagA\IﬁomaoMﬁ%DnA u§ta(n®zd)D<Stifa;'rmiard Deviation WM 3.25
0.16 V2423022 Ht—~ecanheseenfromthe—agboveresylts of that the V2
mat eri al haszs‘lO% better 206 220

V2 139 0-90

Modulus
Modulus was determined in the initial linear region of the stress strain curve
using the software supplied with the video extensometer following ASTM D638. The
10 results are shown in Table 3 below.
TABLE 3

Material | Average Modulus (GPa) | Standard Deviation
Vi 3-25 0-16
V2 4-23 0-22

It can be seen from the above results of that the V2 material has 30% better
modulus and 100% better strength than the V1 material. The lower elongation to break
15  of the V2 compared with the V1 is attributable to the higher draw ratio of the V2

material, which is known to lead to a reduction in elasticity.

EXAMPLE 3: NOTCHED IZOD IMPACT

Samples for testing were machined from thick sheets of compacted

20  polypropylene, prepared by taking several 0.9mm sheets prepared as above and gluing
them together using Gluco (polypropylene) adhesive. The samples were as defined in
the ASTM standard (rectangular bars 60-4mm long, 12-7mm high and approximately
5mm thick with a notch of 2-5mm depth 31-5mm from one end).

The samples were tested on a Rosand Type 5 Instrumented Impact Tester with a

25  specially designed anvil to hold the samples in place. The samples were struck with a
wedge shaped dart with a rounded tip 22mm from the notch at a speed of 3-46m/sec. A



nmodul us and 100% better strength than the VI material. The | ower el ongation
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of the way through. TAB Mat eri al Tenperature I'npact Energy Break Type
CY®6 V1 -40 3976 378 H V2 -40 7522 552 N V1 20 3310 392 H
TABLE 4
Material | Temperature Impact Energy Break Type
°C X c
V1 -40 3976 378 H
V2 -40 7522 552 N
, V1 20 3310 392 H
V2 20 4756 164 N

The above results show that the higher draw ratio V2 material exhibits a
15  significant increase in the notched impact energy over the V1 material. This is
surprising, as it is not possible to predict with any confidence from theory what effect
increasing the draw ratio of the initial fibres would have on the impact performance of a

compacted sheet.

20  EXAMPLE 4: HIGH SPEED PUNCTURE

As specified by the standard, these tests were performed on a Rosand Type 5
instrumented impact tester using a falling dart (with a spherical tip of 12-7mm diameter)
attached to a 25kg weight with an impact speed of 200m min™. The samples were
gripped between steel plates 120mm square with a 76mm diameter aperture in the

25  centre. The side of the steel plates in contact with the sheet had emery paper stuck to it

to provide extra gripping force.



V2 20 4756 164 N The above results show that the higher draw ratio V2
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other than roomtenperature (20C) the sanple was allowed 10 m nutes to
st abi hpse atgRer ature before testing. 10 Definitions Peak Force The
peak force i s the maxi num decel erating force experienced by the dart as it
passes t hisalghotche sanple, and usually occurs at the point of rupture of

th le. Digt Peak 15 The di t 5 h t
Lravell 6a by {HOCGATE Ko R PRI AN H & REe SHpE b Beseritefict ng t he

peak forceasses tHrSudht8E 8iRpIe, dndtisamBLetcufiat dRf ) Raldf eibthlRaf the sample.

Distance to Peak

15 The distance to peak is the distance travelled by the dart from first contacting the
sample to experiencing the peak force. It is therefore the amount of deflection that
occurs in the sample.

Energy to Peak

The energy to peak is the energy absorbed by the material from the point at
20 which the dart makes contact until the peak force is experienced. It is calculated by
integrating to obtain the area under the force extension curve.

The results are shown in Tables 5 to 7 below. -

TABLE 5: Peak Force (kN) - X

V1 V2
Temperature (°C) X c X c
-40 1-95 0-22 3-37 0-15
20 1-73 0-13 296 0-15
70 1-29 0-20 2-89 0-08
100 1-77 0-13 3-05 0-28
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occurs in the sanple. Energy to Peak The energy to peak is the energy
absorbed by the material fromthe point at 20 which the dart makes cont act
until thewpeakodszr ce is experienced. It is calculated by PCmtGRyr@2i3mg t o
obtain the area under the force extensi on curve. The results are shown in

Tables 5 Fo_rce (kN) - x V1 V2 Tenperature (QC
ax a W@goﬂﬁnﬁey%%gmﬁ )73 0.13 2.96 0.15 70 1.29 0.20 2.89

0. 08 10 177 0.1I3 3.05 0.28 ZFV];SW\D 027 nguaz PCT/ GBpZ/ 02031  TABLE 6:
D stancelTo Peak Forcel(mm - x V1 V2 Tenperature (C) x a x 6 -44Q 7.65
0-58 9. 2(; ’Dﬁ:m;&ratﬁ&(i(l) 81 0.69 12.27 0.84 70|10.6% 0.7413.630.97 | 100
12. 75 1. 353491056 FABLE+~—FrergytoPepk—{3) *—V—2—Tenpdrat ure
(O x 6 6 -4070710071;@.05145 5308180 14]20%65 70 |5. 96
1.46 17.%7 2. 030 100 10.601{g87 2[1. 65 (%975 12:27 0-84

70 10-69 0-74 13-63 0-97

100 1275 1-35 14-97 0-56

TABLE 7: Energy to Peak (J) - X

V1 V2
Temperature (°C) X o X G
-40 7-07 1-00 14-05 1-45
20 818 0-84 14-12 0-36
70 5-96 1-46 17-57 2:03
100 10-60 0-87 21-65 275
5 From the above results, it can be seen that the V2 material is better than the V1

material at all temperatures tested. It should be noted that the results obtained for the
V1 material at 70°C appear to be anomalous. As with the notched Izod results above,
the superiority of the V2 material over the V1 material is not predictable from theory,
and is therefore particularly unexpected. The increase in energy absorbed as the

10 temperature 1s increased is likely to be caused by the increase in extensibility of the
tape at the elevated temperature, resulting in greater energy absorption even though the

strength and modulus of the tape will have decreased.

EXAMPLE 5: HEAT DEFLECTION TEMPERATURE

15 Sheets of compacted polypropylene approximately Smm thick were prepared by
using Gluco adhesive to stick together 6 sheets of 0-9mm thick sheet prepared as in
Example 1 above. The resulting thick sheets were then machined into the specimen
geometry stated in the standard (rectangular bars 120mm long and 13mm high with a
thickness of between 3mm and 13mm).

20 The bars were loaded into a three point bend apparatus with a 100mm span

which was then immersed in an silicon oil bath.

9



5 Fromthe above results, it can be seen that the V2 material is better
than the VI material at all tenperatures tested. It should be noted that

t he resulwe oelot@sned for the V1 material at 70C appear t eChs&GRRODEBIOUS. As
with the notched |zod results above, the superiority of the V2 material

over the VI material is npt predictable omtheary, .and is therefore
particul arly uneXpEet gglpecg%%eﬁgp%%g%m’; ?ftéﬁgxﬁ?méﬁé(%%@&c 1§l @ag o

t enper at Uidgtelfinkd SlotpRdoliSwink kghatich® be caused by the increase in
extensibility of the tape at the elevated tenperature, resulting in
greater energy ab9spgti on even though the strength and nodul us of the tape
wi |l have decre€ased,; EXAVPLE 5: HEAT DEFLECTIEN TEMPERATURE 15 Sheets of
conpact ed pol ypropyl'ene approxi mately 5mmthi ck were prepared by using

G uco adhediewe to stick together 6 sheets of 0.9mmthick sheet prepared as

in Exanple | aboyve, The resulting thick sheets were then machined into the
speci rrgn Pg%@WPW%@é@&UNPWOEIHe standard (rectangul ar bars 120nm | ong and

13mm hi gh g 13 RsirddifekNRSS! (255108100 8P0IdRN and 13mm . 20 The bars were
| oaded into a three polint bend apparatus with a 100mm span which was then

i mrer sed ibrr B vadihiaddhe sniploanh. 9 WO 02/ 090082 PCT/ GB02/ 02031 The nass

pl aced on t_h&%ﬁ'ené}r% 18oi nt 10{‘9@? t hree point | oad nechani sm was

det er mi ned T P& IFPROTL 23R tion: P 2Sbhd2 (1) 3L where 5 P = the
applied Iqadtﬂergpg{em.prﬂy S = the desired stress |evel (455kPa or 1820kPa) b

= the wdth of the sanple (m d = the degth of the sanple (0.013m L = the
span (0 | n) 10 Thhdoddowsas apatichfmsifivedninuies béfore the dinl gaugsettioeleditpghedhrde gauge

g;: ﬁc Ih ﬁld t fpg%né Egn&ﬁhé%%% gﬁg%\gén(ﬁgen ?18% IogEh\évg)%l ot %?tgaté”‘d? dl“tﬁeeo%ttﬁ Wi gatetdha aoi |
constant rate of 2°C per minute and was stirred continuously.
The heat deflection temperature is defined as the temperature at which the centre
of the test specimen has deflected by 0-25mm, and the test was stopped at this point.
15 Two samples were tested at each stress level for each material. The results are

shown in Table 8 below.

TABLE 8
Material Stress Level (kPa) Temperature (°C)
V1 455 156
V2 455 160
V1 1820 92 -
V2 1820 102

The conclusion from the above results is that both materials exhibit a high heat
20  deflection temperature at the low stress level, with heat deflection temperatures superior
to unfilled polypropylene (100°C) and comparable with 40% short glass fibre filled
polypropylene (157°C). The V2 material is slightly but significantly better than the V1

material at both stress levels.

25
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constant rate of 2C per mnute and was stirred continuously. The heat

defl ection tenperature is defined as the tenperature at which the centre

of the tewDmpem82ren has defl ected by 0.25mm and the testrCraGBR2EBped at
this point. 15 Two sanples were tested at each stress |evel for each
material. The results are shown in Table 8 below. TABLE 8 Material Stress
Level (kPa) Tenperature (C) VI 455 156 V2 455 160 VI 1820 92 V2 1820
102 The conclusion fromthe above results is that both materials exhibit a
hi gh heat 20 deflection tenperature at the |ow stress |level, wth heat

defl ection tenperatures superior to unfilled polypropylene (100C) and
conparable with 40% short glass fibre filled polypropylene (157C). The V2
material is slightly but significantly better than the V1 naterial at both
stress levels. 25 10 WD 02/ 090082 PCT/ GB02/02031 dCainms 1. Process for
production of an article froma woven fabric of nelt-fornmed fibres or

tapes of oriented pol ypropyl ene honopol yner or copol yner, conpri sing

subj ecting the woven fabric of nelt-formed fibres or tapes to el evated
tenperature and pressure sufficient to nelt a proportion of the polyner,
characterised in that the drawratio of said 5 fibres or tapes is at |east
7:1. 2. Process according to claim1, wherein the conpaction pressure does
not exceed 10 MPa. 3. Process according to claiml1l or 2, wherein the
conpacti ogrpgpRssure is between 1 and 7 MPa, preferably between 2 and 5
MPa. .10 4. Process according to any preceding claim wherein a single
pressure ils usdudocess for production of an article from a woven fabric of melt-formed fibres or

tapes of oriented polypropylene homopolymer or copolymer, comprising subjecting the
woven fabric of melt-formed fibresor tapes to elevated temperature and pressure
sufficient to melt a proportion of the polymer, characterised in that the draw ratio of said

5  fibres or tapes is at least 7:1.

2. Process according to claim 1, wherein the compaction pressure does not exceed
10 MPa.
3. Process according to claim 1 or 2, wherein the compaction pressure is between 1

and 7 MPa, preferably between 2 and 5 MPa.

10 4. Process according to any preceding claim, wherein a single pressure is used
throughout the hot compaction process.
5. Process according to any preceding claim, wherein the temperature at which the
fibres or tapes are compacted is no greater than the peak temperature of melting at the
ambient compaction pressure

15 6. Article comprising melt-formed fibres or tapes of oriented polypropylene
homopolymer or copolymer in the form of a woven fabric which has been subjected to
hot compaction, characterised in that said fibres or tapes have a draw ratio of at least
7:1.
7. Article or process according to any preceding claim, wherein the article is

20 monolithic.
8. Article or process according to any preceding claim, wherein the draw ratio is at

least 8:1, preferably at least 9:1.

11



t hroughout the hot conpaction process. 5. Process according to any
preceding claim wherein the tenperature at which the fibres or tapes are
conpact edwD21020082 eat er t han the peak tenperature of neltiPeg/GRo20M081

anbi ent conpaction pressure 15 6. Article conprising nelt-formed fibres or

wbven Tabi ¢ whEHOREE S B RU g, VHET L gt 0 s Sdbaster i sed i n

that sai dphdfaBl ©I td BRes have a draw ratio of at least 7:1. 7. Article or
process according to any preceding claim wherein the article is 20
nonol i t hi d0- 8. Asfiele o prasesspceerd s taeep pHiceding sladnywhnreindbi¢ Abres Paiapes wher ei n

the draw ratj.o i t : r I | X 02/ 090082
PCT/ GB02/ 6’28{?10#@?‘3% P%’%pg‘@h%n?e *%% 8%5?28%’%6% 63’% gYerl%%’lg,]aq’%ﬁ fein the
draw r at i endlecu®ir vdight {8Iwl), in tipy @hgs @bl 00, W0to1800,000.1. 10. Article or process
according to any preceding claim wherein the fibres or tapes of the

ori ented pol ypropyl ene honopol yner or copol yner have a wei ght average 5
nol ecul ar weight (Md) in the range of 100,000 to 800,000. 10 15 20 25
30 12
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