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ABSTRACT

This paper presents the results of a series of notch tests on bars and pipes. Tests were
performed on PE, PEX (peroxide, silane and radiation), PP and PB resins. The temperature
was 80°C. Large differences were observed between the various polyolefin grades. Differences
were also observed between different PEX-grades in failure times. The longest slow crack
growth failure time was more than 56 times longer than the shortest one. One of the PEX-
grades and the PB pipe grade showed very good slow crack growth resistance. When
comparing test on notched bars (PENT) with tests on notched pipes (notch pipe test) the failure
time for the pipes were always longer than for the PENT. But the qualitative ranking was the
same for two PEX-grades. The results show that slow crack growth (SCG) testing can rank
different pipe grades. But it is not possible to make a certain general ranking between PEX
made from different cross linking methods. Each producer of PEX pipes must ensure the
quality of their own pipes, and not rely to a general belief that one cross-linking method is
superior to another. This investigation shows that one of the PEX pipes is worse than a typical
MDPE pipe in SCG-resistance. At the same time another PEX pipe grade is much better than a
typical MDPE pipe in SCG-resistance. Also the polybutylene pipe showed a very good SCG-
resistance, the same levels as the best PEX pipe. '

INTRODUCTION

The lifetime of plastic pipes is controlled by material, environment and loading factors. The
creep rupture curve of plastic pipes may be divided into three parts, Stages I, IT and IIL. Slow
crack growth is the dominant failure mechanism within Stage II (1). Pipes which fail within
Stage III are chemically degraded. It has been suggested that Stage II crack growth occurs
preferentially through segregated domains of brittle low molar mass material (2, 3). Factors
such as molar mass distributions, branch content and thermal history determines the level of
segregation. For PEX pipes the cross-linking also plays an important role.

Hydrostatic pressure testing is the established method of determining the lifetime of a plastic
pipe. Pressure testing is however expensive and time consuming. There is thus a need for
alternative less time-consuming testing methods. Within Stage II there is a possibility to
accelerate the brittle failure by applying a notch to the specimen. The development of a brittle
failure starts by crack initiation which is followed by a slow crack growth period. The crack
initiation period constitutes a significant part of the total time to failure (4). By introducing a
notch in a specimen the time to crack initiation may be greatly reduced. Studies of the crack
growth mechanisms (5) and advanced fracture mechanical models (6) to describe crack growth
have made it possible to predict lifetimes for several PE-gas pipe systems. Recently developed
PE-grades have an enormously high crack growth resistance and simple linear fracture
mechanical approaches are not strictly applicable. But these highly SCG-resistant materials may
be evaluated qualitatively by slow crack growth testing. The purpose of this investigation was
to rank the SCG-resistance of pipes made from different materials, and for PEX pipes made
from different cross-linking methods.

INVESTIGATED PIPE MATERIALS

Table I shows the materials included in the investigation. All of the pipe grades were tested
using the uniaxal SCG-test (similar to PENT, ASTM F 1473-94). Two PEX pipe grades have
been tested according to the notched pipe test (ISO 13479:1997(E)).
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Table I Investigated pipe materials

Color Dimension Degreel) Density!) ~ Remarks?)
Dyxt of crosslink.
mm X mm % kg/m3
Natural 110x 10 >74 946 PEX25
Natural 110x 10 >74 947 PEX36
Natural 110x 10 80 939 PEX43
Black 110x 10 - - PEX44
Yellow 125 x 14.4 - 937 MDPE
Grey 110x10 - - PB
Grey 110x10 - - PP-R

1) According to supplier
2) Studsvik codes. PEX43 and PEX44 are made from the same cross-linking method.

The cross-linked materials are made by peroxide, silane or radiation cross-linking techniques.
The given numbers of the PEX grades are Studsvik codes.

EXPERIMENTAL PROCEDURE

All tests are performed at the Polymer laboratory at Studsvik Polymer AB. The pressure tests
are performed with water-filled pipes and the outer environment have been water. The water
used is deionized. The uniaxial tests were performed in air at 80°C.

Uniaxial slow crack growth test (PENT)

Slow crack growth testing was performed through uniaxial (constant) loading of specimens
milled from a 110 x 10 mm pipe. The principles of the test are similar to PENT (ASTM F
1473-94). PENT was developed by Norman Brown at the University of Pennsylvania. All
tests were performed using a 25 x 8 mm cross section and a notch depth of 3 mm (with 1 mm
side notches). The specimens were sampled from the same tangential clockwise position and
notched from the external side in the pipe. The notch plane in an uniaxial SCG-specimen was
perpendicular to the axial direction of the pipe. The notch was applied by slowly pressing a
razor blade into the specimen at a speed of 0.5 mm/min. 1 mm deep side notches were applied
following the same procedure. Each razor blade was only used two times. The specimens were
conditioned 12 hours in air prior to loading. Figure 1 shows a principal sketch of the sample
preparation of the PENT.






. The notched uniaxial testing (PENT) was performed at 80°C and at the nominal stresses 3.0 and
2.4 MPa, which corresponds to a initial net uniaxial stress of 5.20 and 4.16 MPa respectively.
In total 14 specimens were tested. Of these three are still under test. The longest test has been
performed for 30 456 h (3.5 years). Two pipe grades shows outstanding slow crack growth
performance, PB and PEX25. The failure times of these materials are longer than 22 608 h.

PEX36 failed after about 500 h.
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Figure 3. Failure times of different polyolefin pipe grades using the PENT at 80°C in air.

The following ranking was obtained for the different materials if the failure times were

recalculated relative to PEX36:

Table II Failure times from PENT at 80°C.

Material Failure times (h) at 80°C Relative
0=520MPa  0=4.16 MPa failure times!)
PEX36 434 601 1.0
MDPE 2815 3272 59
PP-R : 3069 5256 8.0
PEX43 (natural) 3659 5932 9.3
PEX44 (black) 7116 8 810 15
PB >22 608 >22 608 >44
PEX25 27 648 >30 456 562)

1) Average relative failure time at the initial net stress

2) The value refers to 0=5.20 MPa. The specimen at 0=4.16 MPa is still under test

The ratio in failure times between the shortest and the longest is a factor of more than 56! It

should be mentioned that these rankings are only valid for the investigated pipes. The

properties may vary substantially depending on the extrusion conditions. For PEX pipes the
properties also depends on the cross-linking process and dimensions of the pipe. In this case
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PEX43 (natural) {*

the pipe dimensions are 110 x 10 mm, which is larger than the common dimensions for hot
water pipes. For the same cross-linking process it can be difficult to produce PEX-pipes of
110 x 10 mm with good quality. '

Figure 4 shows the failure times in a linear scale.
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Figure 4
Failure times of different pipe materials using the PENT.

As can be seen in Figure 3 and 4 the time to failure is not so dependent on the stress level. One
explanation to this might be that the crack propagation causes a relatively rapid reduction of the
cross sectional area. As the crack propagates the tensile net stress in the specimen will therefore
very soon increase to levels where the remaining ligament is fully plasticied, which leads to
failure caused by plastic collapse.

Comparison with other investigations
In an external investigation PEX-peroxide, PEX-silane, PEX-radiation and PE were tested in
detergent water solution at 95°C (according to DVS 2203 Teil 4). It was not the same pipes as

those tested at Studsvik. But the basic cross-linking methods were the same. The following
relative failure times were obtained:
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Table III

Pipe material Relative failure time Relative failure time

External investigation Tests performed at Studsvik
Detergent, 95°C Air, 80°C

PEX25™) 1 56

PE® 3 5.9

PEX36™ 21 1

PEX43/44™) >37 9.3/15

*) The PEX-pipes are not identical in the two investigations. The cross-linking method is however
the same.

As can be seen in Tabel III different rankings were obtained in the two investigations. The
reason for the different rankings might be that the media and temperatures are different and due
to the fact that the pipes are not identical. The conclusion from this example is that it is not
possible to make a certain general ranking between PEX made from different cross linking
methods. Each producer of PEX pipes must ensure the quality of their own pipes, and not rely
to a general belief that one cross-linking method is superior to another. This holds also for
other pipe grades such as PE, PP and PB.

Notch pipe testing (ISO 13479:1997(E))

Pressure testing was performed at 80°C of one natural PEX pipe grade and one black PEX pipe
grade. The outer and inner medium was deionized water. The results obtained from the pressure
testing are presented in Table IV,

A total of 9 pipes were started. The longest failure time is 23 448 h (2.7 years). Three pipes
have failed at 4.60 MPa in water/water after an average failure time of 11 319 h. This indicates
that the PEX43 pipes have very good slow crack growth resistance.

Three pipes are still under test at 4.0 MPa (net stress 5.0 MPa). The testing time is longer than
23 448 h. The black pipes are also still under test at 4.6 MPa (net stress 5.75 MPa) after longer
than 23 448 h. The results show that the pipe material PEX43 has a better SCG resistance than
the natural PEX43. The results are presented in Table IV below:
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Table IV Results of notch pipe testing

Failure mode

Pipe grade Temperature Nominal Initial net Failure time
hoop stress
C MPa stress, MPa h

PEX43 (natural) 80 4.60 5.75 9718 Brittle
PEX43 (natural) 80 4.60 5.75 12 038 Brittle
PEX43 (natural) 80 4.60 5.75 12 201 Brittle
PEX43 (natural) 80 4.00 5.00 >23 448

PEX43 (natural) 80 3.99 4.98 >23 448

PEX43 (natural) 80 3.99 4.98 >23 448

PEX43 (black) 80 4.60 5.75 >23 448

PEX43 (black) 80 4.60 5.75 >23 448

PEX43 (black) 80 4.60 5.75 23 448

Comparison between notch pipe test (NPT) and PENT

The time to failure for NPT and PENT-specimens have been compared when using the initial
net stress on the Y-axis. The results are presented in Figure 5. PENT gives between 3 and 6
times shorter failure time than the notch pipe test. This has also been observed in previous

investigations (21).
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Figure 5

Comparison between PENT and notch pipe test. The tests were performed on natural and black
PEX-pipes (PEX43, PEX44). The temperature was 80°C.

The black PEX44 shows approximately 1.6 times longer failure time than the natural PEX43,
in the uniaxial PENT test. If the same ration also holds for the Notch pipe test the failure time of
the black pipe should be about 18 000 h. But today the exposure time of these pipes is

23 448 h.
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The slope of the stress - failure time curve is more flat in the notch pipe test compared to the
PENT. This may be explained by the differences in geometry. The load carrying cross section
is lowered faster per unit crack growth in the PENT compared to the NPT.

Slow crack growth testing and resistance to chlorinated water

As shown in a separate paper (Ifwarson, Aoyama, 1998) the lifetime of plastic pipe materials in
chlorinated water depends on a combination of material properties. These are e.g. the efficiency
of the antioxidant system to chlorine attack and slow crack growth resistance. When an
oxidized layer is formed at the inside of the pipe very sharp micro cracks are formed in the
embrittled layer. These will act as crack initiation spots. If the non embrittled material has a
poor SCG resistance, the crack will continue to propagate through non degraded material. In
such case the properties of the resin, rather than the antioxidants, will play the most important
role in determining the lifetime.

DISCUSSION AND CONCLUSIONS

It was possible to obtain macroscopically brittle failures on all the investigated pipe grades. The
three different cross-linking types of PEX showed surprisingly large differences in slow crack
growth resistance. When comparing test on bars (PENT) with tests on pipes (NPT) the failure
time for the pipes were always longer than for the PENT. But the qualitative ranking was the
same for two PEX-grades.

The results show that slow crack growth testing can rank different pipe grades. But it is not
possible to make a certain general ranking between PEX made from different cross linking
methods. Each producer of PEX pipes must ensure the quality of their own pipes, and not rely
to a general belief that one cross-linking method is superior to another. This investigation
shows that a one of the PEX pipes is worse than a typical MDPE pipe in SCG-resistance. At
the same time another PEX pipe grade is much better than a typical MDPE pipe in SCG-
resistance. Also the polybutylene pipe showed a very good SCG-resistance, the same levels as
for the best PEX pipes.

REFERENCES

U. W. Gedde, J. Viebke, H. Leijstrom and M. Ifwarson, Polym. Eng. Sci., 34, 1773 (1994).

U. W. Gedde, Polym. Eng. Sci., 34, 1773 (1994). v

T. Trinkner, M. Hedenqvist and U. W. Gedde, Polym. Eng. Sci., 21, 34 (1994).

X. Lu and N. Brown, J. Mat. Sci., 26, 612 (1991).

X. Lu, R. Quian and N. Brown, J. Mat. Sci., 26, 917 (1991).

M. F. Kanninen and P. E. O’Donoghue, Eng. Fracture Mech., 6, 36 (1990).

A. P. Gray, Thermochim. Acta, 1, 563 (1970).

B. Wunderlich, in "Macromolecular Physics"”, Vol. 3.,"Crystal Melting", Academic Press, New

York (1980).

I. D. Hoffman, Polymer, 23, 656 (1982).

0. B. Wunderlich and H. Baur, Adv. Polym. Sci. 7, 151 (1970).

1. M. T. Conde Brani, J. L. Irragorri Sainz, B. Terselius and U. W. Gedde, Polymer, 30, 410

(1989).

12. H.P. Klug and L. E. Alexander, in "X-ray diffraction procedures for polycrystalline and
amorphous materials”, Wiley, New York (1973).

13. B. Christ and N. Morosoff, J. Polym. Sci., Polym. Phys. Ed., 11, 1023 (1973).

14. D.C. Basset, A. M. Hodge and R. H. Olley, Disc. Faraday Soc., 68, 218 (1979).

15. H. H. Kausch, Polymer Fracture, 2nd edition, Springer-Verlag , Berlin (1987).

16. M. Hedenqvist, M. T. Conde-Brana, J. Martinez-Salazar and U. W. Gedde, Polymer, (1995).

17. M. Ifwarson and T. Triankner, Kunststoffe , 79 (1989).

18. X. Lu, Z. Zhou, N. Brown, Pol. Eng Sci., 2, 34 (1994).

19. Standard Extrapolation Method ISO/TR 9080, 1992(E). Technical Report from the
International Organization for Standardization.

20. C. H. Popelar and V. H. Kenner, Pol. Eng. Sci., 31, 24 (1991).

21. T. Trinkner, M. Hedenqvist and U.W. Gedde, Pol. Eng. Sci., 36, 16 (1996).

~=© XNoOUBLN-—

328



