wo 2016/007990 A 1[I I NPF V0 00O OO0 0 O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

21 January 2016 (21.01.2016)

WIPOIPCT

(10) International Publication Number

WO 2016/007990 A1

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

International Patent Classification:
CO8K 3/04 (2006.01) CO8L 23/04 (2006.01)
F16L 9/12 (2006.01)

International Application Number:
PCT/AU2015/000409

International Filing Date:
13 July 2015 (13.07.2015)

Filing Language: English
Publication Language: English
Priority Data:

2014902777 17 July 2014 (17.07.2014) AU
Applicant: QENOS PTY LTD [AU/AU]; 471-513

Kororoit Creek Road, Altona, Victoria 3018 (AU).

Inventors: ADETUNJI, Philip; 7 Barry Road, Burwood
East, Victoria 3151 (AU). NAEBE, Minoo; 7 Kindale
Court, Highton, Victoria 3216 (AU). EGAN, Brian; 27
Grieve Parade, Altona, Victoria 3018 (AU). MICIC, Pre-
drag; 34 Mary Street, Kew, Victoria 3101 (AU). FOX,
Bronwyn, Louise; 4 Montrose Place, Highton, Victoria
3216 (AU).

Agent: PHILLIPS ORMONDE FITZPATRICK; Level
16, 333 Collins Street, Melbourne, Victoria 3000 (AU).

(8D

(84)

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: POLYMER RESIN COMPOSITION AND ARTICLES FORMED WITH THE COMPOSITION

Figure 1

Change in Yield Stress

e
o

P

-10.0%

P

o2
&
<
o

3\6‘“

(57) Abstract: A polyethylene nanocomposite composition comprising: (i) base polyethylene resin ot medium density polyethylene
or high density polyethylene resin having a melt flow index in the range of from 0.10 to 1.4 g/10 min at 190° C and 5 kg as meas -
ured according to ISO 1133, high load melt flow index of from 4 to 20 g/10 min at 190° C and 21.6 kg as measured according to
ISO 1133 and a density in the range of from about 0.930 to about 0.970 g/em? at 23°C as measured according to ASTM D792; and
(ii) planar carbon nanoparticles having a BET (from Brunauer-Emmett-Teller (BET) theory) surface area of at least 50 m?/g, in an
amount of from 0.1% to 20% by weight based on the weight of the polyethylene nanocomposite composition.
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Polymer Resin Composition and Articles Formed with the Composition

Technical Field

[1] The present invention relates to a polymer resin composition. In particular,
the present invention relates to a polyethylene nanocomposite for manufacture of a
pipe having high resistance to internal pressure comprising planar carbon
nanoparticles and a base polyethylene resin. The present invention also relates to

articles, preferably pipes, formed with the nanocomposite.
Background of Invention

[2] Polyethylene (PE) resin has been used for the manufacture of pipes for the
transport of fluids such as gases and liquids since the 1970’s. The widespread use of
polyethylene in pipe applications is due to the lightweight properties, strength,

flexibility and chemical stability of the polyethylene material.

[3] High performance polyethylene resins such as PE 80 and PE 100 resin
have been developed for the production of pipes with improved resistance to slow
crack growth and rapid crack propagation. Accordingly, such polyethylene resins can
be used in the formation of pipes where high strength is required, such as in pipes
that are pressurised during normal use. However, while PE 80 and PE 100 resins
possess a number of favourable mechanical and physical properties, there remains a
need to develop new polymer materials that are capable of forming pipes having one

or more improved properties.

[4] It is currently possible to make pressure pipes with a minimum required
strength of 10.0 MPa using PE100 materials. A stronger PE material, suitable for
pressure pipes with a minimum required strength of 11.2 MPa (PE112) or 12.5 MPa
(PE125) would be very desirable. In general it has been found that attempts to
prepare PE materials for pressure pipes of higher resistance to internal pressure have
led to other properties, particularly toughness, processability and slow crack growth,
being significantly reduced. For example, commercially available PE composition for

pipe have been prepared to optimise minimum required strength (MRS) to 11.2 MPa
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and 12.5 MPa but the increase in resistance to internal pressure has led to brittle

failures, particularly at temperatures of 60C and 80T.

[5] In other instances, the addition of particulate matter such as mineral fillers
to polyethylene to improve strength and load bearing performance have typically

culminated in degradation of the toughness and ductility of the composite.

[6] A reference herein to a patent document or other matter which is given as
prior art is not to be taken as an admission that the document or matter was known or
that the information it contains was part of the common general knowledge as at the

priority date of any of the claims.
Summary of Invention

[7] We have found that incorporation of planar carbon nanoparticles into a
polyethylene resin suitable for manufacture of pipe enables a significant increase in
resistance to internal pressure to be realised without unduly compromising the
minimum requirements for properties such as toughness, processability and slow
crack growth. Polyethylene resin compositions in accordance with the invention
contain a base polyethylene resin and planar carbon nanoparticles dispersed in the
base polyethylene resin. The polyethylene resin composition of the invention is also

referred to herein as a nanocomposite.

[8] In accordance with one aspect the invention provides a polyethylene
nanocomposite composition comprising:

(i) base polyethylene resin of medium density polyethylene or high density
polyethylene resin having a melt flow index in the range of from 0.10 to 1.4 g/10 min
at 190CT and 5 kg as measured according to ISO 1133, high load melt flow index of
from 4 to 20 g/10 min at 190°C and 21.6 kg as measu red according to ISO 1133 and
a density in the range of from about 0.930 to about 0.970 g/cm® at 23 C as measured
according to ASTM D792; and

(i) planar carbon nanoparticles having a BET (from Brunauer—-Emmett—
Teller (BET) theory) surface area of at least 50 m?/g, in an amount of from 0.1 % to 20

% by weight based on the weight of the polyethylene nanocomposite composition.
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[9] In a preferred set of embodiments there is provided a polyethylene nano-

composite composition comprising:

(i) base polyethylene resin of medium density polyethylene or high density
polyethylene having a multimodal molecular weight distribution, a melt flow index in
the range of from 0.10 to 1.4 g/10 min (preferably 0.10 to 0.90 g/10 min) at 190C and
5 kg as measured according to ISO 1133, high load melt flow index of from 4 to
20g/10 min at 190C and 21.6 kg as measured according to ISO 1133 and a density
in the range of from about 0.930 to about 0.970 g/cm® at 23 C as measured according
to ASTM D792; and

(i) planar carbon nanoparticles, preferably exfoliated graphite, having a
BET (from Brunauer—-Emmett-Teller (BET) theory) surface area of at least 50 m?/g,
(preferably a BET surface area of greater than 100 m%g, more preferably in the range
of from 100 m?/g to 1000 m?/g, still more preferably from 200 m?%/g to 800 m?/g) in an
amount of from 0.1 % to 20 % by weight based on the weight of the polyethylene

nanocomposite composition.

[10] The base polyethylene resin generally comprises alpha olefinic
comonomer regularly incorporated in the high molecular weight fraction to achieve
between 2% — 6% weight concentration preferably 2% to 4% by weight of the weight

of the high molecular weight fraction.

[11] In accordance with one aspect of the present invention there is provided a
polyethylene nanocomposite composition for use in manufacture of pipe with a
minimum required strength (MRS) of at least 10.0 MPa comprising a base
polyethylene resin and planar carbon nanoparticles, preferably in an amount of from
0.1% to 20% by weight of the nanocomposite, dispersed in the base polyethylene
resin. The base polyethylene resin is typically of composition for the manufacture of
pipes with a minimum required strength (MRS) of at least 8.0 MPa when evaluated

according to ISO 9080 statistical procedures.

[12] In a further set of embodiments, there is provided a method of improving
the minimum required strength of a polyethylene composition for pipe manufacture
comprising providing a base polyethylene resin of medium or high density

polyethylene having a multimodal molecular weight distribution, a melt flow index of
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0.10 to 1.4 g/10 min. at 190°C and 5kg as measured according to ISO 1133, high load
melt flow index of from 4 to 20 g/10 min. at 190C and 21.6 kg as measured
according to ISO 1133 and a density from about 0.930 to 0.970 g/cm® and blending
with the composition with planar carbon nanoparticles of BET surface area of from

200m?/g to 800 m?/g, to form an extrudable composition.

[13] The base polyethylene resin employed in the nanocomposite of the
invention may be selected from any polyethylene resin that is capable of producing a
pipe having a minimum required strength (MRS) of at least 8.0 MPa. In some
embodiments, the base polyethylene resin may be capable of producing a pipe
having a minimum required strength (MRS) of at least 8.0 MPa, at least 10.0 MPa, or
at least 11.2 MPa. The base polyethylene resin employed in the nanocomposite of
the invention may be selected from a class of polyethylene resin selected from the
group consisting of PE 80, PE 100 and PE 112 resins.

[14] In general much of the work done in preparing polyethylene
nanocomposite with a range of nanoparticle types has used a base polyethylene resin
of high melt flow index. The high melt flow index has been found in many instances to
be required to provide effective dispersion of nanoparticles in polyethylene. We have
found that a low melt flow index is particularly advantageous in preparing the high
MRS resin composite compositions of the invention. Accordingly in one set of
embodiments, the nanocomposite of the invention comprises a base polyethylene
resin having a melt flow index in the range of 0.10 to 1.4 g/10 min (preferably 0.10 to
0.90 g/10 min) at 190T and 5 kg as measured accord ing to ISO 1133.

[15] In one set of embodiments, the nanocomposite of the invention comprises
a base polyethylene resin having a high load melt flow index in the range of from 4 to
20 g/10 min at 190C and 21.6 kg as measured accord ing to ISO 1133.

[16] In one set of embodiments, the nanocomposite of the invention comprises
a base polyethylene polymer having a density in the range of from about 0.930 to
about 0.970 g/cm?® at 23°C as measured according to ASTM D792.

[17] The base polyethylene resin employed in the nanocomposite may suitably
be a medium density polyethylene (MDPE) or high density polyethylene (HDPE)

resin.
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[18] The base polyethylene resin may have a unimodal or multimodal molecular
weight distribution, such as for example, a bimodal or trimodal molecular weight
distribution. In one exemplary embodiment, the base polyethylene resin has a

bimodal molecular weight distribution.

[19] The base polyethylene resin particularly suited to pipe manufacture
generally comprises a copolymer of ethylene and at least one alpha-olefinic
comonomer. The alpha-olefinic comonomer may be selected from the group
consisting of 1-butene, 1-pentene, 1-hexene, 1-heptene, 1-octene, and mixtures

thereof.

[20] The nanocomposite of the present invention also comprises planar carbon
nanoparticles. The planar carbon nanoparticles are dispersed in the base
polyethylene resin. In one set of embodiments, the nanocomposite of the invention
comprises from about 0.1 to 20%, preferably from about 1 to 15%, more preferably
from about 3 to 10% by weight of planar carbon nanoparticles, based on the total

weight of the nanocomposite.

[21] Planar carbon nanoparticles employed in the nanocomposite of the
invention are preferably selected from the group consisting of graphene, graphite,
expanded or exfoliated graphite, and mixtures thereof. Exfoliated graphite is

generally effective and is commercially available at economical cost.

[22] The planar carbon nanoparticles may have a mean particle size in the
range of from about 1 nm to 50 um, preferably in the range of from about 10 nm to 10

um, more preferably in the range of from about 50 nm to 5 um.

[23] The planar carbon nanoparticles exist in close association in graphite and
in a more separated form in exfoliated graphite. Individual separated planar carbon
nanoparticles are known as graphene. In general we have found that the suitable
nanoparticles for use in the invention will have a relatively high surface area
compared with graphite. In one set of embodiments the planar carbon nanoparticles
have a BET (from Brunauer—Emmett—Teller (BET) theory) surface area at least 50
m?/g, preferably a BET surface area of greater than 100 m2/g. We have found that
planar carbon nanoparticle material having a (BET) surface area at least 50 m?g,

preferably a BET surface area of greater than 100 m?%g (more preferably from



10

15

20

25

30

WO 2016/007990 PCT/AU2015/000409
6

100g/m?to 1000 m?/g such as 200m?g to 800 m?/g can be dispersed in the required
polyethylene base having a low melt flow index using intensive mixing, such as twin
screw mixer, despite the high viscosity and provide a high resistance to internal
pressure without unduly compromising other desirable properties such as toughness

and slow crack growth.

[24] The polyethylene composite composition may comprise further
components in an amount such as from 0 to 10 % w/w, preferably from 0 to 5% w/w.
Examples of further additives include stabilisers, antioxidants, lubricants, pigments
and fillers. The nanocomposite of the invention desirably exhibits an improvement in
one or more mechanical properties over the base polyethylene resin alone which

does not contain planar carbon nanoparticles.

[25] In one set of embodiments, the nanocomposite of the present invention
has a tensile yield stress of at least 23 MPa when measured at 23T and a strain rate
of 25 mm/min in accordance with ASTM D638. In one embodiment, the
nanocomposite has a tensile yield stress in the range of from about 24 to 35 MPa
when measured at 23T and a strain rate of 25 mm/min in accordance with ASTM
D638.

[26] In another aspect, the present invention also provides an article comprising
or formed from the nanocomposite of any one of the embodiments described herein.

Preferred articles may be containers or vessels, and pipes.

[27] In one set of embodiments, the article is a pipe, preferably a pressure pipe.

The pipe may be manufactured by extrusion of the nanocomposite.

[28] In another aspect, the present invention provides a pressure vessel
comprising or formed from the nanocomposite of any one of the embodiments

described herein.

[29] In another aspect, the present invention provides a pipe comprising or

formed from the nanocomposite of any one of the embodiments described herein.

[30] In one set of embodiments, a pipe comprising or formed from a
nanocomposite of any one of the embodiments described herein has a Minimum

Required Strength of at least 11.2 MPa when evaluated according to I1ISO 9080
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statistical procedures. In one set of embodiments the pipe has a Minimum Required
Strength at least 11.2 MPa, preferably at least 12.5 MPa, when evaluated according
to ISO 9080 statistical procedures. Pipes comprising or formed with a nanocomposite
of the invention exhibit improvements in one or more properties, when compared with
a comparative pipe prepared with the same base polyethylene resin as used in the

nanocomposite, but without the planar carbon nanoparticles.

[31] In one set of embodiments, a pipe comprising or formed with a
nanocomposite of any one of the embodiments described herein has a Minimum
Required Strength that is at least 5% greater than the Minimum Required Strength of
a comparative pipe formed with the same base polyethylene resin as used in the

nanocomposite without the planar carbon nanoparticles.

[32] In one set of embodiments, a pipe comprising or formed with a
nanocomposite of any one of the embodiments described herein has a Long Term
Hydrostatic Strength that is at least 5% greater than the Long Term Hydrostatic
Strength of a comparative pipe formed with the same base polyethylene resin as used

in the nanocomposite without the planar carbon nanoparticles.

[33] In one set of embodiments, a pipe comprising a nanocomposite of any one
of the embodiments described herein exhibits a loss in resistance to slow crack
growth of no more than 50%, when compared to a comparative pipe formed with the
same base polyethylene resin as used in the nanocomposite without the planar

carbon nanoparticles.

[34] In one set of embodiments, a composition comprising a nanocomposite of
any one of the embodiments described herein has slow crack growth resistance of at
least 1000 hours, or at least 2000 hrs when tested according to the procedure
described in ASTM F1473-97 (Pennsylvania Notched test) at 80T in air and 2.4 MPa

tensile stress with a notch depth of Smm.

[35] In one set of embodiments, a pipe comprising a nanocomposite of any one
of the embodiments described herein has a slow crack growth property of at least 500
hrs when tested at 80C and 9.2 bar pressure according to ISO 13479. The pipe is
typically evaluated as a 110mm OD SDR11 pipe.
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[36] In one set of embodiments, a pipe comprising a nanocomposite of any one
of the embodiments described herein exhibits a loss in resistance to rapid crack
propagation of no more than 50%, when compared to a comparative pipe formed with
the same base polyethylene resin as used in the nanocomposite without the planar

carbon nanopatrticles.

[37] In one set of embodiments, a composition comprising a nanocomposite of
any one of the embodiments described herein has a charpy impact strength at 0C of
at least 10 kJ/m? determined according to ISO 179.

[38] Where the terms “comprise”, “comprises” and “comprising” are used in the
specification (including the claims) they are to be interpreted as specifying the stated
features, integers, steps or components, but not precluding the presence of one or

more other features, integers, steps or components, or group thereof.

[39] Further aspects of the invention appear below in the detailed description of

the invention.

Brief Description of Drawings

[40] Embodiments of the invention will herein be illustrated by way of example

only with reference to the accompanying drawings in which:

[41] Figure 1 is a graph illustrating the percent change in yield stress over a
PE100 resin control, comparative nanocomposites comprising various comparative
nanoparticles, and a nanocomposite of an embodiment of the invention comprising

exfoliated graphite nanoparticles.

[42] Figure 2 is a graph illustrating the percent change in tensile yield stress
obtained in nanocomposites of embodiments of the invention containing exfoliated
graphite nanoparticles and comparative nanocomposites containing carbon

nanotubes, relative to a PE 100 resin control sample.

[43] Figure 3 is a graph illustrating the percent change in ultimate elongation
observed with nanocomposites of embodiments of the invention containing exfoliated
graphite nanoparticles and comparative nanocomposites containing carbon

nanotubes, relative to a PE 100 resin control sample.
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[44] Figure 4 is a graph showing the melt flow index under 5 kg of weight for a
PE 100 resin control sample, comparative nanocomposites comprising various
comparative nanoparticles, and a nanocomposites of embodiments of the invention

comprising various quantities of exfoliated graphite nanoparticles.

[45] Figure 5 is a bar graph comparing the typical time to failure at 20C of
PE100 pipe under a hoop stress of 12.4 MPa (the stress limit for typical PE100) with
the theoretical performance of PE125, and a pipe moulded from PE 100 plus 10%

w/w of xGnP1, in accordance with the invention, under a hoop stress of 13.7 MPa.

[46] Figure 6 is a schematic of the screw configuration of the twin screw

compounder used to melt mix the components of the composition.

[47] Figure 7 is a schematic of the dimensions of the pipe sample that was

pressured and assessed for hoop stress and resistance to internal pressure.

Detailed Description

[48] The present invention relates to a polyethylene resin composition
comprising planar carbon nanoparticles. The polyethylene resin composition of the
invention is also referred to herein as a nanocomposite. As used herein, the term
‘nanocomposite” denotes a composition comprising a mixture of planar carbon
nanoparticles and a base polyethylene resin. The base polyethylene resin employed
in the nanocomposite is suitably a high density polyethylene (HDPE) or medium

density polyethylene (MDPE) resin.

[49] In accordance with one aspect of the present invention there is provided a
nanocomposite comprising a base polyethylene resin and planar carbon
nanoparticles dispersed in the base polyethylene resin, wherein the base
polyethylene resin is suitable for the manufacture of pipes with a minimum required
strength (MRS) of at least 8.0 MPa when evaluated according to ISO 9080 statistical

procedures.

[50] In one set of embodiments, the planar carbon nanoparticles employed in

the nanocomposite is selected from the group consisting of graphene, graphite,
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exfoliated graphite, and mixtures thereof. Further discussion on the planar carbon

nanoparticles is provided below.

[51] The present invention relates to efforts to improve one or more properties
of a base polyethylene resin that is suitable for the manufacture of pipes that at least
meet the requirements for PE 80 pipe and preferably, at least meet the requirements
for PE100 pipe, and most preferably, meets or exceeds the requirements for a PE
112 pipe. The inventors have found that the incorporation of planar carbon
nanoparticles into a base polyethylene resin allows one or more properties of the

base polyethylene resin to be improved or enhanced.

[52] As used herein the term “base polyethylene resin” refers to a polyethylene

polymer resin that does not contain planar carbon nanoparticles.

[53] The base polyethylene resin employed in the nanocomposite of the
invention may be selected from any polyethylene resin that is capable of producing a
pipe having a minimum required strength (MRS) of at least 8.0 MPa when evaluated
according to 1ISO 9080. The MRS represents a design stress rating and relates to the
circumferential stress that a pipe can withstand at a temperature of 20T for 50 years

without failure at a specified temperature.

[54] In one set of embodiments, the base polyethylene resin may be capable of
producing a pipe having a minimum required strength (MRS) of at least 8.0 MPa, at
least 10.0 MPa, or least 11.2 MPa when evaluated according to ISO 9080.

[55] Pipes with an MRS of 8.0 MPa, 10.0 MPa or 11.2 MPa are capable of
withstanding internal pressures of at least 8.0 MPa, 10.0 MPa, and at least 11.2 MPa,
respectively, for 50 years at 20C.

[56] The base polyethylene resin employed in the nanocomposite of the
invention may belong to a class of polyethylene resin selected from the group
consisting of PE 80, PE 100 and PE 112 resins. The terms “PE 80", and “PE 100™

are classifications for polyethylene resin described in ISO 1167.

[57] Polyethylene resins falling within a particular class of resin may have
different compositional characteristics although common to each member of the class

is the ability to meet or exceed the MRS rating defined for that class.
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[58] Polyethylene resins belonging to the class of , PE 80, PE 100 or PE 112
resins may have at least one of the following properties, and may have a combination

of two or more of these properties:

e a melt flow index (MFI) in the range of 0.10 to 1.4g/10 min (preferably 0.1 to
0.90 g/10 min) at 190T and 5 kg as measured accord ing to ISO 1133;

¢ a high load melt flow index ((HLFI) in the range of from 4 to 20 g/10 min at
190C and 21.6 kg as measured according to ISO 1133 ; and

e a density in the range of from about 0.930 to about 0.970 g/cm® at 23T as
measured according to ASTM D792.

[59] It is preferred the base resin will have all of these properties.

[60] Melt flow index (MFI) and high load melt flow index (HLFI) provide an
indication of the flowability and processability of the base polyethylene resin and are
related to the viscosity of the base resin in its molten state. MF| and HLFI may also
be related to the average molecular weight of the polymer chains in the polyethylene
resin. A lower melt index at a defined load and temperature is indicative of higher
viscosity and a higher average molecular weight for the base polyethylene resin. The
density of the base polyethylene resin can provide an indication of the tensile yield

stress and toughness of the base polymer resin.

[61] In some embodiments of the nanocomposite of the invention, the base
polyethylene resin has a melt flow index (MFI) in the range of 0.10 to 1.4 g/10 min
(preferably 0.10 to 0.90 g/10 min), more preferably a melt flow index (MFI) in the
range of 0.10 to 0.40 g/10 min, at 190C and 5 kg as measured according to 1SO
1133.

[62] In some embodiments of the nanocomposite of the invention, the base
polyethylene resin has a high load melt flow index (HLFI) in the range of from 4 to 20
g/10 min at 190C and 21.6 kg as measured according to ISO 1133.

[63] In some embodiments of the nanocomposite of the invention, the base
polyethylene resin has a density of at least 0.930 g/cm?®, preferably a density in the

range of from about 0.940 to about 0.970 g/cm® more preferably a density in the
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range of from about 0.945 to about 0.96 g/cm®, at 23°C as measured according to
ASTM D792.

[64] In one set of embodiments, it can be desirable for the base polyethylene
resin to have a high density (greater than about 0.940 at 23T) and a low melt flow
index (less than about 0.90 g/10 min at 190C and 5 kg).

[65] The base polyethylene resin comprises at least one polyethylene polymer,
and may comprise a blend of two or more polyethylene polymers, such as a blend of
a polyethylene copolymer and a polyethylene homopolymer or a blend of two or more

polyethylene copolymers of different molecular weight and/or composition.

[66] The base polyethylene resin employed in the nanocomposite may have a
unimodal or multimodal molecular weight distribution. A multimodal molecular weight
distribution may, for example, be a bimodal or trimodal molecular weight distribution.
In one set of embodiments, the base polyethylene resin has a bimodal molecular
weight distribution. Generally, a multimodal resin is more preferred as this allows a
higher strength to be obtained particularly where there is regular incorporation in the

higher molecular weight fraction of an alpha olefin.

[67] A person skilled in the relevant art would understand that a polyethylene
resin having a multimodal molecular weight distribution would contain two or more
polymer fractions of different average molecular weight. A multimodal molecular
mass distribution can be determined using conventional techniques, such as gel
permeation chromatography (GPC). The different average molecular weights of
different polymer fractions in a multimodal polyethylene resin may be observed as
different distinct maxima in a molecular weight distribution curve for the polymer resin.
In some instances, the presence of different polymer fractions may also be observed
as a broadening of the molecular weight distribution curve or a deviation in the shape
of the distribution curve from a normal Gaussian curve. A bimodal polyethylene
would contain two polymer fractions of different average molecular weight, which

could be observed as two distinct maxima.

[68] The nanocomposite of the present invention may comprise a suitable base
polyethylene resin, which may be selected from any one of the polyethylene resins

known in the art that is capable of producing a pipe having a minimum required
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strength (MRS) of at least 8.0 MPa, preferably at least 10.0 MPa. Polyethylene resins

of 8.0 MPa are generally less preferred as resins of 10.0 MPa can be readily prepared
using the process technology which provides regular incorporation of alpha-olefinic
comonomer into the high molecular weight fraction of a multimodal polyethylene.
However the incorporation of planar nanoparticles also allows MRS of 10.0 MPa or
higher to be prepared from resin for which such high MRS has not previously been

accessible.

[69] Some examples of base polyethylene resins that may be used in the
nanocomposite of the invention are described in US 6,441,096, WO 01/79345, EP
1460105, US 6,878,784, US 6,787,608 and WO 2013/110452, incorporated herein by

reference.

[70] In one set of embodiments, a base polyethylene resin suitable for use in
the nanocomposite may be a bimodal polyethylene resin. The bimodal polyethylene
resin has a bimodal molecular weight distribution comprising a low molecular weight
polymer fraction and a high molecular weight polymer fraction. The low molecular
weight polymer fraction may constitute from about 10 to 90% by weight of the
polyethylene resin. The high molecular weight polymer fraction in the polyethylene
resin may constitute a weight fraction (% weight) such that the sum of the low
molecular weight polymer fraction and the high molecular weight polymer fraction is
100% by weight, with % by weight being relative to the total weight of the

polyethylene resin.

[71] In some embodiments, the base polyethylene resin is a bimodal
polyethylene resin comprising a low molecular weight polymer fraction which is from
20 to 80% by weight, preferably from 25 to 70% by weight, more preferably from 30 to
60% by weight, of the total weight of the polyethylene resin, and a high molecular
polymer fraction which is from 80 to 20%, preferably from 75 to 30%, more preferably

from 70 to 40% by weight, of total weight of the polyethylene resin.

[72] In one set of embodiments, the high molecular weight polymer fraction
comprises a polyethylene copolymer. In some embodiments, the high molecular

weight polymer fraction comprises polymer chains having a weight average molecular
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weight of more than 50,000. In some embodiments, the polymer chains of the high

molecular weight fraction have a lower molecular weight limit of 3500.

[73] The low molecular weight polymer fraction may comprise a polyethylene
homopolymer or a polyethylene copolymer. The polymer chains present in the low
molecular weight polymer fraction are generally of lower average molecular weight
than the polymer chains of the high molecular polymer weight fraction. Solution
viscosity measurements may be used to ascertain the average molecular weight of a

polymer fraction.

[74] In one set of embodiments, the low molecular weight polymer fraction
comprises polymer chains having a weight average molecular weight of 50,000 or
less. In one preference, the low molecular weight polymer fraction comprises chains

of polyethylene homopolymer or copolymer.

[75] As used herein, the term “polyethylene homopolymer” refers to an ethylene
polymer that consists substantially (i.e. at least 90% by weight, preferably at least
95% by weight, more preferably at least 97% by weight) of ethylene and thus a

polyethylene homopolymer preferably predominately comprises ethylene monomer.

[76] As used herein, the term “polyethylene copolymer” refers to a polymer that
is formed from the copolymerisation of ethylene and at least one co-monomer.
Preferably, the co-monomer is at least one alpha-olefin. The alpha-olefin co-
monomer may comprise from 3 to 12 carbon atoms, preferably from 4 to 8 carbon
atoms. In some embodiments, the alpha-olefin co-monomer is selected from the
group consisting of 1-butene, 1-pentene, 1-hexene, 1-heptene, 1-octene and mixtures
thereof. In one preference, the alpha-olefin co-monomer is selected from the group
consisting of C4, C5 and C6 alkenes, and mixtures thereof, and preferably, may be
selected from the group consisting of 1-butene, 1-pentene, 1-hexene and mixtures

thereof.

[77] Polyethylene copolymer present in the high molecular weight polymer
fraction of a bimodal polyethylene resin may comprise alpha-olefin in an amount from
about 0.5% to 8% by weight, preferably from about 2% to 6% by weight (or from 2%
to 4% by weight), based on the weight of the high molecular weight polymer fraction.
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It is preferred that the alpha olefin is regularly distributed along the polymer backbone

of the high molecular weight fraction.

[78] In one set of embodiments, the base polyethylene resin is a multimodal PE

100 resin, preferably a bimodal PE 100 resin.

[79] In some embodiments, the nanocomposite of the invention comprises a
bimodal PE 100 resin as a base polyethylene resin. The bimodal PE 100 resin may
comprise a high molecular weight polymer fraction having a solution viscosity of at
least 500 cm®/g. Preferably, the solution viscosity of the high molecular weight

polymer fraction is greater than 500 Cm3/g.

[80] A bimodal PE 100 resin employed as a base polyethylene resin may
comprise polyethylene copolymer having an amount of alpha-olefin monomer
sufficient to achieve an extent of short chain branching in the polyethylene resin of
between 5 to 25 per 1000 carbon atoms in the high molecular weight polymer fraction,
and an extent of short chain branching of between 2 to 15 per 1000 carbon atoms in

the combined high and low molecular weight polymer fractions.

[81] The base polyethylene resin employed in the nanocomposite of the
invention may be prepared using conventional processes known in the art, including
continuous and batch-wise processes, employing monomers known in the art.
Conventional processes for preparing suitable base polyethylene resins may involve
the polymerisation of appropriate monomers in the presence of catalysts, such as

Ziegler-Natta, transition metal or metallocene catalysts.

[82] The nanocomposite of the present invention also comprises planar carbon
nanoparticles dispersed in the base polyethylene resin. In one form of the
nanocomposite of the invention, the planar carbon nanoparticles are selected from
the group consisting of graphene, graphite, exfoliated graphite nanoparticles, and

mixtures thereof.

[83] Graphite consists of a plurality of layered planes of hexagonal arrays or
networks of carbon atoms. The layered planes of hexagonally arranged carbon atoms
are substantially flat and are oriented substantially parallel to one another. The carbon

atoms on a single layered plane are covalently bonded together, and the layered
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planes are bonded by substantially weaker van der Waals forces. Graphite is also an
anisotropic structure and exhibits many properties that are highly directional. Graphite
also possesses a high degree of orientation. Graphite includes natural graphite, Kish
graphite and synthetic graphite. Natural graphite is found in nature. Kish graphite is
the excess carbon, which crystallizes in the course of smelting iron. Synthetic graphite
is typically produced by pyrolysis or thermal decomposition of a carbonaceous gas at

elevated temperatures above 2500C.

[84] Planar carbon nanoparticles employed in the nanocomposite of the
invention are generally in particle form and have at least one dimension (e.g.
diameter) in the nanometre range. In some embodiments, the planar carbon
nanoparticles may be in the form of nanosheets, nanoplatelets, nanoflakes, and the
like. It is preferred that the carbon nanoparticles employed in the nanocomposite
have a planar structure as it has been found that non-planar particles (e.g. carbon
nanotubes and nano-sized carbon black particles or powder) do not provide the

desired improvement in mechanical properties.

[85] In some embodiments, the nanocomposite of the invention comprises
graphene. Graphene is a monolayer carbon material consisting of a one-atom thick
planar array of carbon atoms arranged in a two-dimensional hexagonal lattice pattern.
Graphene is a component of graphite, which is a layered planar structure composed
of stacks of graphene. Graphene may be obtained from graphite that has undergone
an expansion and/or exfoliation procedure that allows individual sheets of graphene to

be separated from one another.

[86] In some embodiments, the nanocomposite of the invention comprises
exfoliated graphite nanoparticles (xGnP). Exfoliated graphite nanoparticles are also
obtained from graphite and consist of small stacks of graphene sheets. Generally, in
exfoliated graphite nanoparticles, the sheets of graphene are not completely
separated from one another. In some embodiments the exfoliated graphite
nanoparticles have fewer than 50 single sheet layers, preferably fewer than 20 single
sheet layers of graphene. Exfoliated graphite nanoparticles may also be known in the

art as expanded graphite.
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[87] Graphene and exfoliated graphite nanoparticles may be obtained by
treating graphite using methods known in the art, such as fluorination, acid treatment,
high temperature thermal treatment, mechanical pulverisation, milling and the like.
Such treatment may result in expansion and/or exfoliation of the graphite to produce
graphene or exfoliated graphite nanoparticles, or both types of nanoparticles in

combination.

[88] To expand or exfoliate the inter-planar spacing between the layered
planes, the intercalated graphite is exposed to very high heat in a relatively short
amount of time. Without being bound by any particular theory, the exfoliated
mechanism is the decomposition of the trapped intercalating agent, such as sulfuric
and nitric acids (H, SO, +HNO;), between the highly oriented layered planes when

exposed to heat.

[89] Suitable exfoliated processes include heating the intercalated graphite for a
few seconds at temperatures of at least greater than 500°C, more preferably greater
than 700C, and more typically 1000TC or more. The treated graphite typically
expands in the "c¢" direction 100 to more than 300 times the pre-treatment thickness.
In one preferred exfoliating process, the intercalated graphite is exposed to
temperature of 1050C for 15 seconds to achieve a t hickness in the "c" direction of
300 times of that in the pre-exfoliated graphite. For natural graphite with original
thickness of 0.4 um to 60 um, the thickness of exfoliated graphite can be in the range
of 2 ym to 20,000 ym.

[90] In one set of embodiments, the planar carbon nanoparticles may have a
mean particle size in the range of from about 1 nm to 50 um, preferably in the range
of from about 10 nm to 10 um, more preferably in the range of from about 50 nm to 5
um. The average thickness (smallest) dimension may be less than or equal to 5.0

nm.

[91] In one set of embodiments, the planar carbon nanoparticles may have an

aspect ratio of greater than or equal to about 50 : 1.

[92] In one set of embodiments the planar carbon nanoparticles have a BET
surface area at least 50m?/g, preferably a BET surface area in the range of 200 m?/g
and 800 m?/g.



10

15

20

25

30

WO 2016/007990 PCT/AU2015/000409
18
[93] We have found that the range of BET from 100 m?g to 1000 m%g, more

preferably 200 m?g to 800 m%g, is particularly useful in improving resistance to
internal pressure without unduly compromising other properties. Generally below this
range the improvement in resistance to internal pressure at a given concentration is
reduced. Furthermore, above the range the process of melt blending generally
results in clusters or agglomerates of the planar composite nanoparticles which can
significantly compromise the desired strength, toughness and processing of the

nanocomposite.

[94] The nanocomposite of the invention comprises a suitable quantity of planar
carbon nanopatrticles. In one set of embodiments, the nanocomposite comprises from
about 0.1 to 20%, from about 1 to 15%, or from about 3 to 10% by weight of planar
carbon nanoparticles, based on the total weight of the nanocomposite. The present
inventors have advantageously found that significant improvement in properties can
be achieved through the use of only a relatively small quantity of planar carbon

nanoparticles in the nanocomposite.

[95] In one form, the nanocomposite of the invention may be prepared by
adding a desired amount of planar carbon nanoparticles to a desired quantity of base
polyethylene resin as described herein and melt mixing the planar carbon

nanoparticles with the base polyethylene resin.

[96] In one set of embodiments, the mixture of planar carbon nanoparticles and
a base polyethylene resin in powder form may be fed to a polymer meit extruder, melt
mixer or preferably a twin-screw compounder and melt blended to form the
nanocomposite. Melt blending of the components is conducted so as to achieve the
effective dispersion and distribution of the planar carbon nanoparticles in the base
resin. The polymer melt extruder or mixer need to be operated under conditions
suitable for forming a homogenous nanocomposite. In an exemplary embodiment,
the twin screw compounder is operated at a temperature of at least 180T with a
specific energy input greater than 0.10 kWhr/kg. In one preferred set of embodiments
of the twin screw compositions of use in the process comprises a screw configuration
consists of forward conveying and left handed screw elements in addition to kneading

blocks elements. Similar results were achieved on a Brabender rheomixer. Other
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types of compositions may be used to obtain homogenous nanocomposites having

regard to the objections and processes described herein.

[97] In some embodiments the present invention provides a process for the
preparation of a nanocomposite of any one of the embodiments described herein,
wherein the process comprises the step of melt mixing planar carbon nanoparticles
with a base polyethylene resin, wherein the base polyethylene resin is selected from
any one of the polyethylene resins described herein. Preferably, the base
polyethylene resin is suitable for manufacturing a pipe having an MRS of at least 8.0
MPa when evaluated according to ISO 9080 statistical procedures. In one set of
embodiments, the planar carbon nanoparticles may be melt blended with the base

polyethylene resin.

[98] In other embodiments, the nanocomposite of the invention may be
prepared by forming a masterbatch composition comprising planar carbon
nanoparticles and a quantity of a base polyethylene resin, then mixing an amount of
the masterbatch composition with a further quantity of a base polyethylene resin. The
use of a masterbatch may advantageously aid a more uniform dispersion of the
planar carbon nanoparticles within the base polyethylene resin on melt mixers or

extruders with less intensive kneading and dispersive capability.

[99] Thus in another aspect, the present invention provides a process for the
preparation of a nanocomposite of any one of the embodiments described herein, the
process comprising the steps of mixing planar carbon nanoparticles with a quantity of
a base polyethylene resin to form a masterbatch composition; and melt blending the
masterbatch composition with a further quantity of base polyethylene resin to provide
the nanocomposite. The base polyethylene resin used in the formation of both the
masterbatch composition and the nanocomposite may be selected from any one of
the polyethylene resins described herein as being suitable as a base resin.
Preferably, the base polyethylene resin is suitable for the manufacture of pipes with a

MRS of least 8.0 MPa when evaluated according to ISO 9080 statistical procedures.

[100] The base polyethylene resin employed in the masterbatch composition and

in the nanocomposite may be the same or different.
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[101] In preferred embodiments, the same base polyethylene resin is employed
in both the masterbatch composition and in the nanocomposite. The use of the same
base polyethylene resin will avoid any incompatibility issues or the risk of dilution or
deterioration of the properties of the base polymer arising from the use of different

types or grades of polyethylene resin.

[102] In one set of embodiments, the masterbatch composition may be formed
by mixing a desired quantity of planar carbon nanoparticles with a quantity of base
polyethylene powder in a tumble blender, then feeding the resulting mixture to a
polymer melt extruder or preferably a twin screw compounder and melt blending the
mixture. The extruder may be operated at a temperature of least 180T with specific

energy input greater than 0.10 kWhr/kg.

[103] In embodiments when a masterbatch composition is used, the masterbatch
composition may comprise from 5 to 50% by weight of planar carbon nanoparticles,
based on the weight of the masterbatch composition. In one exemplary embodiment,
the masterbatch composition may comprise planar carbon nanoparticles in an amount

of about 20% by weight, based on the weight of the masterbatch composition.

[104] The masterbatch composition may be in the form of a powder or pellets,

preferably pellets.

[105] A suitable amount of the masterbatch composition may be combined with
an amount of base polyethylene resin to provide a nanocomposite. In one set of
embodiments an amount of masterbatch composition in the range of from about 5 to
50% (w/w) is combined with a desired quantity of base polyethylene resin. The
resulting nanocomposite will then contain a desired quantity of planar carbon
nanoparticles. As mentioned above, the nanocomposite preferably comprises from
about 0.1 to 20%, from about 1 to 15%, or from about 3 to 10% by weight of planar
carbon nanoparticles. A skilled person would be able to determine the quantities of
masterbatch composition and base polyethylene resin that are to be blended together
to form the nanocomposite, having regard to the concentration of nanoparticles in the

masterbatch composition.

[106] In one set of embodiments a desired quantity of the masterbatch

composition may be melt blended with an amount of the base polyethylene resin to
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form the nanocomposite. The masterbatch composition may be melt blended with an
amount of base polyethylene resin in an extruder, such as a twin screw compounder.
The extruder may be operated under the same conditions as that used to form the
masterbatch composition. In some embodiments, the twin screw compounder may
be operated at a temperature of least 180T with sp ecific energy input greater than
0.10 kWhr/kg.

[107] The nanocomposite of the invention may be in the form of pellets, powder
or pre-mix.
[108] As used herein, the term “pre-mix” refers to a mixture of base polyethylene

resin with planar carbon nanoparticles, or planar carbon nanoparticle masterbatch or
compound, which is formed by tumble or rotary blending of the components in a mixer

to achieve homogenisation.

[109] The nanocomposite of the invention desirably exhibits an improvement in
one or more mechanical properties over the base polyethylene resin alone which

does not contain the planar carbon nanoparticles.

[110] In one set of embodiments, the nanocomposite of the present invention
has a tensile yield stress of at least 23 MPa when measured at 23T and a strain rate
of 25 mm/min in accordance with ASTM D638. In one embodiment, the
nanocomposite has a tensile yield stress in the range of from about 24 to 35 MPa
when measured at 23T and a strain rate of 25 mm/min in accordance with ASTM
D638.

[111] Without wishing to be limited by theory, it is believed that the planar carbon
nanoparticles may act to reinforce the base polyethylene resin and thereby enhance
one or more mechanical properties of the base resin. Properties that may be
improved through the incorporation of planar carbon nanoparticles in the base
polyethylene resin may be selected from at least one of the following: modulus of
elasticity, tensile yield stress, hoop stress rating, flexural modulus, UV resistance, and
reduced rate of gas transmission. The present invention therefore allows a
measurable enhancement in performance to be achieved without a significant loss of

other desirable characteristics, such as tensile strength, ultimate elongation, melt
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index, thermal stability, impact strength, slow crack growth resistance and rapid crack

propagation resistance.

[112] In one set of embodiments, the nanocomposite of the present invention
provides an improvement in tensile yield stress of at least 3%, preferably at least 4%,
more preferably at least 5%, most preferably at least 6%, over the base polyethylene
resin alone, without a detrimental loss of toughness. Any loss of toughness may be

reflected in results obtained for tensile strength at break and ultimate elongation.

[113] In some embodiments, the nanocomposite of the invention exhibits a loss
in tensile strength at break of no more than about 50%, preferably no more than about
40% more preferably no more than about 30%, relative to the base polyethylene resin

alone.

[114] In one set of embodiments, the nanocomposite of the present invention
exhibits a loss in ultimate elongation of nho more than about 50%, preferably no more
than about 40% more preferably no more than about 30%, relative to the base

polyethylene resin alone.

[115] A person skilled in the relevant art would appreciate that the ductility of a
polymer composite, as reflected by the tensile strength and ultimate elongation, can
provide an indicator of likely performance in Pennsylvania notch test (PENT)
according to ASTM F1473 and charpy impact strength according to 1SO179.
Typically, a significant decrease in tensile strength and ultimate elongation will point

to a reduction in material toughness and slow crack growth resistance.

[116] In some embodiments, the nanocomposite of the invention exhibits a loss
of charpy impact strength of no more than 50% when compared to the base

polyethylene resin alone, as evaluated according to ISO 179.

[117] In some embodiments, the nanocomposite of the invention exhibits a loss
of slow crack growth resistance of no more than 50% when compared to the base
polyethylene resin alone, as indicated by the Pennsylvania notch test (PENT) and
evaluated according to ASTM F1473.

[118] In another aspect, the present invention also provides an article

comprising, or formed from, a nanocomposite of any one of the embodiments
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described herein. In one set of embodiments, the present invention provides an
article formed with a nanocomposite described herein. Preferred articles may be
containers or vessels, and pipes. In one set of embodiments, the article is a pressure

vessel or a pipe.

[119] In one set of embodiments, the article is a pipe. The pipe may be
manufactured by conventional techniques, such as by extrusion. In one embodiment,
the nanocomposite is extruded to form a pressure pipe. The term “pressure pipe” as
used herein is meant a pipe which, when used, is subjected to positive pressure, i.e.

the pressure inside the pipe is higher than the pressure outside the pipe.

[120] In another aspect, the present invention provides a pipe, preferably a
pressure pipe, comprising, or formed from, a nanocomposite of any one of the

embodiments described herein.

[121] In another aspect, the present invention provides use of a nanocomposite
of any one of the embodiments described herein in the manufacture of an article. In
one set of embodiments, the article may be a pressure vessel or a pipe, preferably a

pressure pipe.

[122] The nanocomposite of the invention may optionally comprise other
compounds or components that are conventionally used in the manufacture of articles
such as pipes, more particularly, pressure pipes. In one set of embodiments, the
nanocomposite may optionally comprise one or more additives. The optional
additives may be selected from the group consisting of stabilisers (e.g. heat
stabilisers), antioxidants, lubricants, pigments (e.g. carbon black), fillers, UV additives,
neutralising additives (e.g. calcium stearate and zinc stearate) and combinations
thereof. The additives may constitute from about 0% to about 10%, preferably about
0% to about 5%, by weight of a pipe-forming composition comprising the

nanocomposite and the additives.

[123] In another aspect, the present invention provides a pipe comprising or
formed from the nanocomposite of any one of the embodiments described herein,
wherein the pipe has a Minimum Required Strength of at least 10.0 MPa when
evaluated according to ISO 9080 statistical procedures. In one set of embodiments,

the pipe has a Minimum Required Strength that is equivalent to or greater than 10.0
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MPa when evaluated according to ISO 9080 statistical procedures. In one set of
embodiments, the pipe has a Minimum Required Strength that is equivalent to or

greater than 11.2 MPa when evaluated according to ISO 9080 statistical procedures.

[124] Pipes comprising or formed with a nanocomposite of the invention exhibit
improvements in one or more properties, when compared with a comparative pipe
prepared with the same base polyethylene resin as used in the nanocomposite

without the planar carbon nanoparticles.

[125] In one set of embodiments, a pipe comprising or formed from a
nanocomposite of any one of the embodiments described herein has a Minimum
Required Strength that is at least 5% greater than the Minimum Required Strength of

a comparative pipe formed with the same base polyethylene resin alone.

[126] In one set of embodiments, a pipe comprising or formed from a
nanocomposite of any one of the embodiments described herein has a Long Term
Hydrostatic Strength that is at least 5% greater than the Long Term Hydrostatic
Strength of a comparative pipe formed with the same base polyethylene resin alone.
Long Term Hydrostatic Strength is measured in mega Pascals, with the dimensions of

stress, and it represents the predicted average strength at a temperature and time.

[127] The degree (%) of improvement in Minimum Required Strength or Long
Term Hydrostatic Strength over a comparative pipe may be determined by evaluating
the different pipes according to ISO 9080 statistical procedures and assessing the
change in result provided by the pipe prepared with the nanocomposite in comparison

to the result provided by the comparative pipe.

[128] In one set of embodiments, a pipe comprising a nanocomposite of any one
of the embodiments described herein exhibits a time to failure of at least 1000 hours
when tested according to 1ISO 1167 and subjected to a hoop stress of at least 13.8
MPa at 20C. In some embodiments, the pipe exhibits a time to failure of at least
2000 hours when subjected to a hoop stress of at least 13.7 MPa at 20TC.

[129] In one set of embodiments, pipe comprising a nanocomposite of any one of
the embodiments described herein exhibits a time to failure of at least 200 hours

when subjected to a hoop stress of at least 14.0 MPa at 20C.
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[130] In one set of embodiments, a pipe comprising a nanocomposite of any one
of the embodiments described herein exhibits a time to failure of at least 500 hours
when evaluated according to the Notch Pipe Pressure Test (ISO 13479) at 920 kPa
and 80C.

[131] In one set of embodiments, a pipe comprising, or formed from, a
nanocomposite of any one of the embodiments described herein exhibits a loss in
resistance to slow crack growth of no more than 50%, when compared to a
comparative pipe formed with the same base polyethylene resin without the planar
carbon nanoparticles. Resistance to slow crack growth may be assessed using
conventional techniques such as the Pennsylvania notch test (PENT) and the notched
pipe test (ISO 13479). The degree (%) of loss in slow crack growth resistance may
be determined by assessing the results in slow crack growth afforded by a pipe
prepared with a nanocomposite of the invention over the performance exhibited by a

comparative pipe prepared with the base polyethylene resin alone.

[132] In one form, specimens moulded from a nanocomposite of the invention
has a slow crack growth property of at least 1000 hours, or at least 2000 hours, when
tested following the procedure described in ASTM F-1473-97 (PENT test) at 80T in

air and 2.4 MPa tensile stress with notch depth of Smm.

[133] Pipes prepared with a nanocomposite of embodiments of the invention
advantageously do not suffer from a significant loss in slow crack growth resistance,
when compared to a comparative pipe formed with the same polyethylene resin

without the planar carbon nanoparticles.

[134] In one set of embodiments, a pipe comprising or formed from a
nanocomposite of any one of the embodiments described herein has a slow crack
growth property of at least 500 hours when tested at 80C and 920 kPa pressure
according to ISO 13479. Slow crack growth resistance gives an indication of the time
that a notched pipe can withstand a certain pressure at a certain temperature before

failure.

[135] In one set of embodiments, a pipe comprising a nanocomposite of any one
of the embodiments described herein exhibits a loss in resistance to rapid crack

propagation of no more than 50%, when compared to a comparative pipe formed with
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a base polyethylene resin without the exfoliated graphite nanoparticles. Resistance to
rapid crack propagation may be assessed in accordance with 1ISO 13477 or using

techniques such as charpy testing according to 1ISO 179.

[136] It is an advantage of the invention that articles such as pipes and more
particularly, pressure pipes, prepared with a nanocomposite of the invention at least
meet, and in some instances exceed, one or more minimum performance
requirements prescribed by various international standards for PE 100 pipe. For
instance, pipes prepared with a nanocomposite of the invention may be able to
withstand higher hoop stresses than conventional PE 100 pipe at room temperature.
Accordingly, the invention may be advantageous in the preparation of higher

performance pipes and pressure vessels.

[137] In some instances, pipes prepared with a nanocomposite of the invention
may meet or exceed one or more minimum performance requirements prescribed for
PE 100 pipe.

[138] In other instances, pipes prepared with a nanocomposite of the invention

may meet or exceed the pressure performance requirements prescribed for PE 112

pipe.

[139] In other instances, pipes prepared with a nanocomposite of the invention

may meet or exceed the pressure performance requirements prescribed for PE 125

pipe.

[140] In one set of embodiments, pipes prepared with a nanocomposite of the
invention as described herein exhibit a measurable improvement in long term
hydrostatic strength (as evaluated by ISO 9080 statistical procedures) while
maintaining acceptable performance in terms of resistance to slow crack growth
and/or resistance to rapid crack propagation. The improvement in long term
hydrostatic strength is assessed in comparison to a comparative pipe prepared with
the same base polyethylene resin as used in the nanocomposite, but without the
planar carbon nanoparticles. The improvement in long term hydrostatic strength can
be indicative of an improvement in load bearing performance for the pipe, which is

afforded through the use of the nanocomposite in the manufacture of the pipe.
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[141] Nanocomposites of the invention also retain acceptable processing
qualities while also exhibiting improvements in strength and other mechanical

properties.

[142] The nanocomposite of the present invention advantageously enables high
performance pressure pipes with one or more improved mechanical properties to be
achieved without the need to alter the chemical composition of the base polyethylene
resin. Improvements in mechanical properties are attributed to the presence of the
planar carbon nanoparticles, which are dispersed in the base polymer resin, and
provide reinforcement for the base polymer resin. The present invention therefore
allows conventional base polyethylene resins to be used in pipe manufacture,
however enables one or more desirable pipe properties to be enhanced without
significant loss of other properties, due to the presence of the nanoparticles. For
example, it has been found that a pipe formed with a nanocomposite comprising a PE
100 resin and planar carbon nanoparticles exhibited a load bearing performance, as
shown by resistance to internal pressure, that exceeded that obtained for a

comparative pipe prepared with the same PE 100 resin alone.

[143] While the above improvements have been described by reference to pipe
products, one skilled in the relevant art would appreciate that the improvements
afforded by the nanocomposite of the invention may also be applicable to a range of

other manufactured products and articles.

EXAMPLES

[144] The present invention is described with reference to the following
examples. It is to be understood that the examples are illustrative of and not limiting

to the invention described herein.

Preparation of Nanocomposite:

[145] Various exfoliated graphite nanoparticles (xGnP) were sourced from
commercial suppliers and used as the planar carbon nanoparticle. PE 100 resin was
used as a base polyethylene resin. The base polyethylene resin powder and

nanoparticles were compounded in a ZSK25 twin screw compounder schematically
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represented in Figure 6. In Figure 6 the letters A-Q represent specific screw elements
detailed in Table 1.

[146]  Table 1

Letter Screw Element
A 16/16

B 6 X 36/36

C 2 X KB45/5/36
D 6 x 36/36

E 24/24

F KB45/5/36

G KB45/5/24

H KB45/5/12

I 6 x 36/36

J 24/24

K KB45/5/24

L KB90/5/24

M 4 x 36/36

N 36/18

O 2 x 24/24

P SME 16/16

Q 2x16/16

[147] All elements of the twin screw compounder were right-handed elements

unless designated otherwise. For screw elements referred to in Table 1 the first
number is the pitch, given in distance (mm) travelled in one revolution. The second

number is the length of the element (mm).

[148] “‘KB” indicates a kneading block. The first number is the angle formed by
the paddles on the kneading block when compared to the line through the screw
shaft, in degrees. The second number is how many paddles are on one element.

The third number is the length of the element (mm).

[149] “‘LH” indicates a left-handed element.
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[150] The base polyethylene resin powder and the nanoparticles were fed into
the compounder using a gravimetric feeder. The polymer resin and nanoparticles
were tumble blended and then placed in the main hopper. A processing temperature
of least 200C was used with specific energy input greater than 0.10 kWhr/kg. The

results are shown in Table 2.

[151] Table 2. Nanocomposites formed with PE 100 resin and exfoliated

graphite nanoparticles (xGnP).

. Quantity of Quantity of % xGnP in
Example Carbor;:g:g;aartlcle nanoparticle PE100 resin nanocomposite
(kg) (kg) (wiw)
1 xGnP1 1 19 5%
2 xGnP1 1.6 18.4 8%
3 xGnP1 2 18.0 10%
4 xGnP1 26 17.4 13%
5 xGnP2 1 19 5%
6 xGnP2 1.6 18.4 8%
7 xGnP2 2 18.0 10%
8 xGnP2 2.6 17.4 13%

[152] xGnP1 — Exfoliated synthetic graphite. Average particle size 1.8 microns.
BET surface area 350 sq.m/ g. Aspect ratio — 800 — 1000

[153] xGnP2 - Exfoliated natural graphite. Average particle size 2.2 microns.

BET surface area 400 sq.m/ g. Aspect ratio > 1000.

[154] PE100 Resin: Refer Table 3.
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[155] Table 3. Composition and properties of PE100

PARAMETER UNITS TARGET NORMAL OPERATING
RANGE
Catalyst {Titanium) mol 12 10.0-14.0
Batch size kg 20,000 18.000 —22 0600
STAGE 1
Mitrogen sparge m 60 30— 20
Start Temperature °C 74 70-80
Frepoly addition kg 3800 TH0O0 - 10000
FPrepoly gas rate t'h 35 3.0-5.0
Comonomer addition kg 330 250 — 400
Stage 1 temperature o 50 75 -85
STAGE 2
Homo poly addition kg 11200 10060 — 12500
Homo poly gas rate t'h SRl 30-70
Hydrogen injection kPa 400 300 - 500
Stage 2 temperatura °G 85 280 — 80
PROPERTIES
VZ mlL/g 900 G600 — 1100
Mls pneumex reactor powder 310 min 0.35 015 -0.4
MFR pneumex reactor powder Mia1s f Mls 20 14 - 36
Density glem? 0.954 0.950 -0.960
[156] Comparative Nanocomposites:
[157] Comparative nanocomposites were also prepared by forming comparative

masterbatches containing PE 100 resin and 5% by weight of a comparative
nanoparticle. A selected quantity of each of the comparative masterbatches was then
melt blended with PE 100 resin to form comparative nanocomposites. The
comparative nanoparticles employed in the formation of the comparative
nanocomposites were: carbon nanotubes (CNT), polyhedral oligomeric
silsesquioxane (POSS), montmorillonite (MMT) nanoclay, halloysite nanotubes (HNT)
and titanium dioxide (TiO;). If necessary, a compatibiliser (such as SEBS-g-MMA or
PE-g-MMA) was added to either the masterbatch composition or to the
nanocomposite to enhance the compatibility of the nanoparticle with the polymer

resin. The results are shown in Table 4.
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Table 4. Comparative nanocomposites formed with PE 100 resin and

tity of % NP in
c Nanoparticle ?ozan e Quantity of n(;no- %
omp. (NP) / PE 100 . Compatibiliser
Example I masterbatch . composite
Compatibiliser resin{kg) (wiw)
(kg) (wiw)
CE1 TiO, 20 0 5% 0
CE2 POSS 6 14 1.5% 0
CE3 POSS 12 8 3% 0
CE4 POSS 20 0 5% 0
CES5 CNT 6 14 1.5% 0
CE®6 CNT 12 8 3% 0
CE7 MMT (Cloisite® | 8 12 2% 0
15A)
CES8 MMT (Cloisite® | 16 4 4% 0
15A)
CE9 MMT (Cloisite® | 6 14 1.5% 3%
15A)/SEBS-g-
MMA
CE10 MMT (Cloisite® | 6 14 1.5% 1.5%
15A)/SEBS-g-
MMA
CE 11 MMT (Cloisite® | 8 12 2% 1%
15A)/SEBS-g-
MA
CE12 MMT (Cloisite® | 12 8 3% 3%
15A)/SEBS-g-
MA
CE 13 MMT (Cloisite® | 12 8 3% 6%
15A)/SEBS-g-
MA
CE 14 MMT (Cloisite® | 16 4 4% 2%
15A)/SEBS-g-
MA
CE 15 MMT (Cloisite® | 8 12 2% 2%
15A)/PE-g-MA
CE 16 MMT (Cloisite® | 8 12 2% 4%
15A)/PE-g-MA
CE 17 MMT (Cloisite® | 16 4 4% 4%
15A)/PE-g-MA
CE 18 MMT (Cloisite® | 16 4 4% 8%
15A)/PE-g-MA
CE19 MMT (Cloisite® | 16 4 4% 4%

25A)/PE-g-MA
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CE 20 MMT (Cloisite® | 16 4 4% 8%
25A)/PE-g-MA
CE 21 HNT/PE-g-MA 20 0 5% 5%
CE 22 HNT/PE-g-MA 20 0 5% 10%
CE 23 HNT/PE-g-MA 20 0 5% 2.5%
CE24 0/PE-g-MA 0 20 0% 10%
[159] Mechanical Properties:
[160] The mechanical properties of the nanocomposites of Table 2 and the

comparative nanocomposites of Table 4 were evaluated using tensile testing at a
strain rate of 25 or 50 mm/min in order to determine properties such as tensile yield
stress, tensile strength and ultimate elongation. A control sample of PE100 resin

alone (without nanoparticles or compatibiliser) was also tested.

[161] Figure 1 is a graph showing the change in yield stress exhibited by
Example 1 and Comparative Examples CE1 (5% TiO3), CE4 (5% POSS), CE8 (4%
MMT), CE14 (4% MMT (Cloisite® 15A) 2%SEBS-g-MA), CE17 (4% MMT (Cloisite®
15A) 4% PE-g-MA), CE18 (4% MMT (Cloisite® 15A)/8% PE-g-MA), CE20 (4% MMT
(Cloisite® 25A) 8% PE-g-MA) and CE24 (10% PE-g-MA), over that of a PE100
control sample. The change in tensile yield stress (% increase from control) provides
an indication of potential improvement in long term hydrostatic strength that may be
achieved in a pressure pipe formed with the nanocomposite. From the results shown
in Figure 1 it can be seen that a nanocomposite comprising PE100 resin and 5%
(w/w) xGnP provides an improvement in tensile yield stress of at least 4%, whereas
the comparative examples provide no improvement in tensile yield stress over the

PE100 control sample.

[162] Figures 2 and 3 shows the results of tensile testing for Examples 1 to 3 and
Comparative Examples CE5 and CEG6, which contain carbon nanotubes. The results
of Figure 2 demonstrate that the tensile yield stress of PE100 polymer resin can be
significantly improved by adding xGnP to the polymer matrix. However, the presence
of xGnP also resulted in a decrease in ultimate elongation, as shown in Figure 3.
Moreover, the loss in ultimate elongation was less than 30%, and much less than the
loss observed with comparative nanocomposites containing carbon nanotubes.

Furthermore, as shown in Figure 3, the nanocomposites containing xGnP do not
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exhibit an unacceptable loss of toughness as indicated by the ultimate elongation of
the nanocomposite material compared to comparative nanocomposites containing

carbon nanotubes.

[163] Melt Flow Index:

[164] Melt flow index (MFI) testing under 5 kg weight was conducted in order to
evaluate the processability of nanocomposites of the invention, when compared to a
PE 100 resin control and various comparative nanocomposites containing different

types of nanoparticles.

[165] Melt flow index testing of a PE 100 resin control, Examples 1, 2 and 4 and
various Comparative Examples was conducted in accordance with ISO 1133. The

results are shown in Figure 4.

[166] As seen in Figure 4, nanocomposites of the invention containing a PE 100
base resin and 5%, 8% or 13% xGnP exhibit acceptable processability and melt flow

properties.

[167] PENT and Charpy tests:

[168] Slow crack growth resistance and rapid crack propagation resistance can
be evaluated using the Pennsylvania notch test (PENT) and low temperature charpy
impact tests. The changes in these properties are consistent with the tensile strength
and ultimate elongation data. A nanocomposite containing 5% xGnP improved tensile
yield stress while exhibiting acceptable performance when evaluated using the PENT

test and low temperature Charpy test, as shown in the Table 5.

[169] Table 5.

PENT @ 80C
5mm Notch Charpy Impact
depth Strength @ 0C Tensile yield
(Hrs to fail) (kJ/ sq.m) stress (MPa)
PE100 >2500 18 24.6
0,
PE100 + 5% xGnP >2500 10 26 3
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[170] Pipe Pressure Performance

[171] Pipes were moulded on a Battenfeld pipe extruder according to standard
industry protocols to the dimensions described in Figure 7. Refer Table 6 for pipe

extruder settings.

[172]  Table 6

Set |PE100(Example 3
point|Actual| Actual

Zone 1 Temperature (°C) 190 | 190 190
Zone 2 Temperature (°C) 200 | 195 196
Zone 3 Temperature (°C) 200 | 200 200
Zone 4 Temperature (°C) | 200 | 200 200
Adaptor Temperature (°C) | 210 | 210 210
Die 1 Temperature (°C) 210 | 210 210
Die 2 Temperature (°C) 210 | 210 210
Die 3 Temperature (°C) 200 | 200 200

)

)

Extruder Conditions

Die 4 Temperature (°C 210 | 210 210

Melt Temperature (°C 229 237

Screw Speed (RPM) 49 49

Motor Load (Amps) 72.8 75.1

Back Pressure (Bar) 175 201

Line Speed (m/min) 3.5 3.2

Haul off gearbox 248 222

Vacuum (MPa) 27 27

Water Temperature (°C) 25 25

[173] After conditioning for 24 hours, the test samples were subjected to a

specified constant internal hydrostatic pressure for a specified period of time or until

failure in accordance with the method outlined in 1ISO 1167.

[174] Referring to Figure 7 there is shown a schematic drawing of a test rig (1)
used to assess hoop stress. The test rig (1) comprises a threaded metal lid (2) of
dimension (A) of ID 43.5mm retaining a pipe sample (3) at one end (3a) of the pipe

sample between:
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(a) an assembly on the threaded metal lid (2) of external threaded metal
ring (4) with internal rubber O-ring (olive) (5) of external diameter (B) of 40mm and

internal diameter (C) 30.8mm abutting the outerside (6) of the pipe sample (3); and

(b) an internal plastic seal (thimble) (7) abutting the inside (8) of the pipe

sample (2) having internal diameter (D) of 28.9mm.

[175] The plastic seal (7) has an internal diameter (E) of 20.5mm. The pipe

sample wall thickness (F) is 1.9 to 2.2mm.

[176] The hoop stress testing is carried out by subjecting the lumen (9) of the

pipe sample (3) to hydrostatic pressure.

[177] The Long term hydrostatic strength and minimum required strength were

then determined from the data in accordance with 1ISO 9080.

[178] The results plotted in Figure 5 compare the average time to failure of
PE100 pipe under a hoop stress of 12.4 MPa (the stress limit for typical PE100) with
that of pipe of the composition of Example 3 and theoretical PE 125 (as evaluated by
ISO 9080 statistical procedures). The time to failure of the pipes is approximately 200
hours for PE 100, greater than 2800 hours for the composition of the invention of
Example 3 and about 2500 hours for theoretical PE125.

[179] The composition of the invention shows a significant improvement in hoop
stress resistance over PE 100 at higher stress levels and performance akin to what

can be expected of a PE 125 composition.

[180] Table 5 above also shows the maintenance of slow crack growth
resistance as measured by PENT, compared with PE 100 and acceptable impact
strength while achieving a very significant improvement in tensile yield stress from
24.6 to 26.3 MPa.

[181] The improvement in yield stress is also presented in Figure 1 which shows
that while other nanoparticles do not achieve an improvement in yield stress, the
composition of the invention comprising planar nanoparticles, specifically exfoliated

graphite, significantly increase vyield stress.
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[182] Figure 3 further demonstrates that while carbon nanotubes significantly
increased vyield stress of polyethylene it was at the expense of ductility and toughness
of the composition. On the other hand, the corresponding composition comprising
exfoliated graphite achieved a similar improvement in yield stress without overly

compromising the toughness of the composite.

[183] The results shown above correlate with a significant improvement in
resistance to internal pressure arising from the presence of planar carbon
nanoparticles, particularly exfoliated graphite, in a base polyethylene resin for
preparation of PE 100. In particular, the improvement in tensile yield stress and time
to failure of pipes tested at higher hoop stresses at 20T correlate with a significant
increase in MRS from PE 100.
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Claims

1.

A polyethylene nanocomposite composition comprising:

(i) base polyethylene resin of medium density polyethylene or high
density polyethylene resin the polyethylene resin having a melt flow index in
the range of from 0.10 to 1.4 g/10 min at 190C and 5 kg as measured
according to ISO 1133, high load melt flow index of from 4 to 20 g/10 min at
190C and 21.6 kg as measured according to ISO 1133 and a density in the
range of from about 0.930 to about 0.970 g/cm® at 23'C as measured
according to ASTM D792; and

(if) planar carbon nanoparticles having a BET (from Brunauer—-Emmett—
Teller (BET) theory) surface area of at least 50 m2/g, in an amount of from 0.1
% to 20 % by weight based on the weight of the polyethylene nanocomposite

composition.

A polyethylene nanocomposite composition according to claim 1, wherein the
base polyethylene resin of medium density polyethylene or high density

polyethylene has a multimodal molecular weight distribution.

A polyethylene nanocomposite for the manufacture of a pipe with a minimum
required strength of at least 10.0 MPa comprising a base polyethylene resin
and planar carbon nanoparticles dispersed in the base polyethylene resin,
wherein the base resin is for the manufacture of pipes with a minimum required
strength (MRS) of 8.0 MPa or higher when evaluated according to 1ISO 9080

statistical procedures.

A nanocomposite according to any one of the previous claims, wherein the
base polyethylene resin is a medium density polyethylene or high density
polyethylene resin and has a muitimodal molecular weight distribution
comprising at least one alpha-olefinic comonomer regularly incorporated into
the high molecular weight fraction of the polymer to achieve between 0.5% to

8% weight concentration in the high molecular weight fraction.

A nanocomposite according to claim 4, wherein the comonomer is present in

from 2% to 4% by weight of the high molecular weight fraction.
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A nanocomposite according to claim 4 or claim 5, wherein the alpha-olefinic
comonomer is selected from the group consisting of 1-butene, 1-pentene, 1-

hexene, 1-heptne, 1-octene, and mixtures thereof.

A polyethylene nanocomposite according to any one of the previous claims
further comprising one or more further components in a total amount of from

0% to 10 % w/w of the polyethylene nanocomposite composition.

A nanocomposite according to any one of the previous claims, wherein the
planar carbon nanoparticles are selected from the group consisting of

graphene, graphite, exfoliated graphite, and mixtures thereof.

A nanocomposite according to any one of the previous claims, wherein the

planar carbon nanoparticles are exfoliated graphite nanopatrticles.

A polyethylene nanocomposite composition according to any one of the
previous claims wherein the planar carbon nanoparticles have a BET surface

area in the range of 100 m%g to 1000 m?%g.

A polyethylene nanocomposite composition according to any one of the
previous claims wherein the planar carbon nanoparticles are exfoliated

graphite having a BET surface area in the range of from 200 mZ/g to 800 m2/g.

A polyethylene nanocomposite composition wherein the planar nanoparticles
are present in from 1% to 15% by weight based on the weight of the

nanocomposite composition.

A polyethylene nanocomposite according to any one of the previous claims,
wherein the base polyethylene resin has a bimodal molecular weight

distribution.

A polyethylene nanocomposite according to claim 12 wherein the bimodal
molecular weight distribution comprises a low molecular weight fraction in an
amount in the range of from 30 % to 60% by weight of the weight of the base

polyethylene resin composition and the high molecular weight fraction in an
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amount of from 70% to 40% by weight of the weight of the base polyethylene

resin composition.

A nanocomposite according to any one of the previous claims which has a
tensile yield stress of at least 23 MPa when measured at 23T and a strain rate
of 25 mm/min in accordance with ASTM D638.

A nanocomposite according to claim 15 wherein the tensile yield stress is in
the range of from about 24 to 35 MPa when measured at 23T and a strain
rate of 25 mm/min in accordance with ASTM D638.

A method of improving the minimum required strength of a polyethylene
composition for pipe manufacture comprising providing a base polyethylene
copolymer of medium or high density polyethylene having a multimodal
molecular weight distribution, a melt flow index of 0.10 to 1.4 g/10 min. at
190°C and 5kg as measured according to ISO 1133, high load melt flow index
of from 4 to 20 g/10 min. at 190C and 21.6 kg as m easured according to ISO
1133 and a density from about 0.930 to 0.970 g/cm® and blending with the
composition with planar carbon nanoparticles of BET surface area of from

200m2/g to 800 m2/g, to form an extrudable composition.

A method according to claim 17, wherein the base polyethylene is bimodal,
comprises a low molecular weight fraction of from 30% to 60% by weight and a
high molecular weight fraction in an amount of from 70% to 40% by weight of
the base polyethylene resin composition and wherein the high molecular
weight fraction incorporates 0.5% to 8% by weight of alpha-olefin which is

regularly distributed in the high molecular weight fraction.

A method according to claim 17 or claim 18, wherein the method further

comprises forming a pipe by extruding the extrudable composition.

A pipe comprising the polyethylene nanocomposite of any one of claims 1 to
16.
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Figure 1
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Figure 2

Change in Yield Stress versus Nanoparticle concentration
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Change in Ultimate Elongation versus Nanoparticle concentration
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Figure 4
Melt Flow Index (MFI) under 5kg weight
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Figure 6
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