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Abstract

The kinetics of physical ageing of un-plasticizéd®Pwas investigated using Differential
Scanning Calorimetry. A quantitative model waswgethat describes the influence of ageing
time and temperature on the well-known endotheag&ing peak. The activation energy for
physical ageing of 116 kJoule/mole is very closthtoliterature value (115 kJoule/mole).
Physical ageing of uPVC pipes leads to a decreasepact resistance and may — for uPvC
water pipes — decrease the water hammer resisttactudy this, Rapid Crack Propagation
measurements were performed, to assess the CRitiessure. Crack initiation was always
performed where the wall was at its thickest. TRRGP data was obtained with about 80%
less scatter than usual.

Excavated uPVC gas and water pipes have absorlbgdgaoncentrations of water
(maximum uptake 0.6 %) and carbon dioxide, whictinlawt as plasticizer. Along with
physical ageing these phenomena may affect imgaé&innance.

Introduction
The main question for owners of un-plasticized RMEBVC) grids for gas and water
distribution is how to evaluate the remaining quadif old pipelines. To answer this question
it must be known:
» which changes PVC pipeline materials undergo dwsergice
» what the important failure mechanisms are whenretipgselines approach their
intended lifetime of 50 years

Some PVC gas grids are nearing or have alreadggaise originally intended lifetime of 50
years. Still failures of PVC gas pipes are stiteral'he 22,500 km of installed gas pipe length
in The Netherlands still represents a consideratdmomical value. Replacement would add
costs for installation and road repair. SDR41 uRA&Ter pipes are used in the Netherlands at
pressures up to 6 bars. Here also, not many failane noted.

It is well-known that amorphous polymers such a£RWe subject to physical ageing.
Hutchinsorf!! provides an excellent overview and Berens and E&tgresent DSC results.
One of the goals of the present contribution idéove a mathematical model to describe the
rate of physical ageing. The model was extendeahéme data at 35 °C than previously
available®®. In future this model will be used to assess tttere of physical ageing in old
PVC pipes and support determining its influenceéh@mechanical properties.

The extent of physical ageing increases by botimeneasing ageing temperature and longer
ageing times" 2 . The time that has elapsed since installatioddf¥C pipes is often
relatively well known. However, the exact temperatprofile the pipe has experienced is
much more difficult to assess.

In practice, two temperature regions exist seqabntiPipe temperatures may be appreciably
above 20 °C during storage before installatiomithier the extruder’'s premises or on the
installation site, as a result of heating by the. Sthis may lead to physical ageing as well as
UV oxidation. Next, the pipes are at temperatuedsew 20 °C during most of their



underground use. In this phase ageing will be sbawthe ageing time is long.

If mechanical tests are performed on excavatedspipes important to realise that higher
temperatures may again be reached during outddeget after excavation. The extent of
ageing may influence several mechanical properigeing leads to an increase of the upper
yield strengtH* ¥ but to a reduction of the impact resistaRc®.

Next, the most important failure mechanisms offojzelines are discussed.

uPVC gas pipes have been installed in distribugiichs in the Netherlands since 1955. After
1975, only impact-modified PVC gas pipes were ilfetia but in this contribution the focus is
on uPVC pipes. The maximum gas pressure Dutch ud\d@dImpact-modified PVC gas pipes
are exposed to is 200 mbar. This is so far bel@Ndhd bearing capacity of PVC pipes, that
internal water pressure testing and tensile testreghot the most adequate methods for
assessing the residual lifetime of PVC gas distidioupipes. So for gas pipes impact testing is
more important, especially in view of any diggingnw performed at or near pipelines by
owners or third parties.

Hermkens et dl' have published tensile impact resistance dataaated PVC gas pipes.
The average impact energy they found was 126 kllntiEnd the standard deviation was 26
kJoule/n?. Both this standard deviation and the scattehénresults within one pipe are
relatively high. The reasons for this are not yeac

For PVC water pipes impact resistance is impotantell. For such pipes, a failure
mechanism not very well known is Rapid Crack Prepag (RCP), although results are
published®. In recent years, such a failure mechanism waasimeally noted in practice.
These findings have led the authors to investiB&i® in water pipes, using the S4 test.
Because of the wall thickness variations over fpe pircumference, it was decided to always
initiate the crack at the position along the ciréeirnce with the thickest part of the wall.

Other phenomena occurring during service are inapbds well. Excavated PVC pipes often
contain a low content of water and carbon dioxids. ¢?VC is not well-known for absorbing
these components from its environment. Both watdraarbon dioxide act as plasticizer in
PvC P % and variable contents of these substances maydesttitional scatter in the
impact test results of the gas pipes and the RE&tseof the water pipes. Therefore, water
and carbon dioxide contents were studied using FSpttroscopy and weight change
measurements.

Materialsand Methods

For the ageing studies the investigated pipe setgwesre taken from the Dutch uPVC gas
distribution grid, which had been in use for abdditto 50 years. The dichloromethane-
temperature test according to 1ISO 9852, but matlibye using three different temperatures (5,
10 and 15 °C), was used to assess under-gelaptimun gelation and over-gelation. Pipe
6-009 had an optimum degree of gelation and pip23¥was over-gelled (both 110 mm).

To study water and carbon dioxide content, pipepsesifrom the Dutch gas distribution
grids were used, but a Dutch water distributiore@pd a German gas distribution pipe were
investigated as well. The pipe diameter ranged f50nto 160 mm.

For the S4 tests unused 315 mm uPVC SDR41 wates pippduced in 2010 by a Dutch pipe
manufacturer were tested.

DSC analyses were performed using a Perkin EIm& D&istrument flushed with pure
nitrogen. The instrument was calibrated using yeme indium and tin, to an accuracy better



than £ 0.1 °C. The heating rate was 20 °C/minuteeéond heating experiment on the same
DSC sample was always used in the ageing studiessample is rejuvenated by the first
heating experiment to 220 °C, which brings it faowe the glass transition temperature. To
avoid an increase in crystallinity during slow cooling the cooling rate after theffineating

in the DSC was as high as possible, 400 °C/minoeimally.

Foil samples with a thickness between 25 and 1@dams were cut from the pipes for FTIR
transmission spectroscopy using a Biorad FTS 300@kkCttrometer.

For water content analysis, a thin foil was cuttesgaturated by submersion in water, dried
with paper tissue to remove adhering liquid watet weighted. Next, the sample was placed
in a desiccator containing silica gel at the boteomd its weight and spectrum measured after
different time intervals, up to complete drynesg;retime after wiping with paper tissue.

The S4 tests on the unused 315 mm uPVC pipes wef@med according to ISO 13477.
Some additional precautions not mentioned in ttaisdard were taken. The most important
one was that before the S4 test, the wall thickae42 locations equally divided along the
circumference of the pipes was measured. All pgbesved wall thickness variations
(reported below), although always within the limiggjuired by the PVC Water Pipe Standard
(ISO 1452-2:2009). Next, the location of the thstkeart of the wall was marked as the site
of crack initiation. A second precaution was tline track was also initiated on the “left hand
end” of the pipe, when the lettering on the pipdasie was legible and not “upside down”.
These two precautions were taken to make the asstsproducible as possible.

Results

Physical Ageing at Elevated Temperatures

Samples taken from the 110 mm pipes 6-009 (optinyiled) and 6-023 (over-gelled) were
oven aged in air during up to 200 days at 50 anl 22 and up to 700 days at 35 °C. Next
the aged samples were analysed using DSC.

DSC Measurements

An example of a DSC curve of a physically aged P@@ple is shown in Figure 1.

The dotted line is for the same PVC sample, whith lrecome rejuvenated during the first
heating. By subtracting the two thermograms thé paaised by ageing (in this example
around 85 °C) can be studied separately. Anothak pearound 43 °C also disappears after
rejuvenation. It remains at an almost constant &atpre during all further oven ageing. It
may be that this peak is caused by prolonged lomp&zature ageing in the soil (below

20 °C)¥. This is not further discussed.

The temperature of the peak.£]) in the DSC difference curve and its height (Hyaeve
determined as a function of ageing time, for bagiep. The measured,Ix values are plotted
in Figure 2 and the H values in Figure 3. Themastatistically significant difference
between the two PVC pipes. This illustrates that least in the region between optimum
gelation and over-gelation - the degree of gelatioes not influence the ageing phenomena
in these pipe samples.

The data on the peak heights (Figure 3) showsesdagtow 200 days at 35 °C. At this ageing
temperature the DSC peaks have a relatively loansity and their height cannot be
measured very accurately. However, at longer agemgs the peaks become more
pronounced and the scatter is reduced.
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Figure 1. DSC
curves of - further
aged - excavated
PVC pipe (solid
curve) and the
second heating
curve of the same
sample (dashed
curve).

Figure 2. DSC peak
temperature (Fay Of
excavated PVC pipe
6-009 (open symbols)
and 6-023 (closed
symbols) as a function
of ageing time and
temperature. Solid
curves: fitted model
based on all three
ageing temperatures.

Figure 3. Height of the
ageing peak in the
DSC curve of PVC 6-
009 (open symbols)
and PVC 6-023
(closed symbols) as a
function of ageing time
and temperature. Solid
curves: fitted model
based on all three
ageing temperatures.



Modelling
With a multi-variate statistics software programirtea model was derived using all of the
data shown in Figure 2 and Figure 3. The resulTfQkis given in equation (1):

Trmax =A+B/ T+ Clog(t) (2)

A second equation (2) was derived using the sarft@a@ for the height H of the DSC
ageing peak:

Log(H) =D+ E/ T+ Flog(t) (2)
Talis the ageing temperature in Kelvin and t the mgéme in days. Please note that all

logarithms are to the base of 10.
The values of the constants A until F in these Bgna are given in Table 1.

Table 1. Values of the constants in equations 12and
calculated using multi-variate statistics.

Equation 1 Value Equation 2 Value
A 218.039 D 19.437
B -44.128 E -6.044
C 2.791 F 0.740

R (corr. coeff.)  0.968 R (corr. coeff.) 0.930

The model lines for Jax as calculated with equation (1) were added toreig@uand those for
H as calculated with equation (2) were added toféi@. The values of the coefficients A
until F differ only marginally from those calculatearlier with fewer data points at 35 BC

Water absorption of PVC pipes

It was noted that excavated PVC pipes may haverabdsome water. The maximum water
content of these pipes was investigated furthdpgetable to assess its possible influence on
the properties.

A sorption-desorption experiment as described ufidaterials and methods” was
performed. The foil’s infrared spectrum was measatedifferent water contents, which
water content was calculated from the weight change

Figure 4 shows the infrared spectra at differerteweontents. In two regions band intensities
decrease simultaneously as a result of a decreasiteg content. These are the broad O-H
stretch band centred in the vicinity of 3420 tend the H-O-H bending band to the left of
1600 cni. The broadness of these peaks indicates hydrogresed water in the PVC.

By subtracting the spectrum of the dried PVC sarfrpl@ that of the same sample in water-
saturated condition more details can be discem®&d; shown in Figure 5. Sharp peaks or
shoulders at 3673, 3588 and 1607 camne noted. These frequencies are the same ase®por
by Kusanagi et dt? and are also typical for water in PVC, becaussdtzithors found that
water band frequencies are closely linked to tHgrper matrix in which the water is
absorbed. However, broad water bands centred & &dd 1644 ciare also present.
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This means that in the water-saturated PVC pipgkatwo types of water are present.

The first type is a relatively low content of wateolecules that have appreciable interactions
with the PVC matri¥*?. The second type consists of relatively largetelss(on a molecular
scale) of water which is - to a large extent -asedl from the PVC matrix, showing the

normal peak broadening due to hydrogen bondingheravater molecules and absorbing at
3418 and 1644 cih These values are relatively close to those ofidagi et al, who found
bands at 3430 crhand 1650 cr for liquid water. The band they noted at 3210"dmalso
present in Figure 5, but only as a poorly resolsfesulder.

Maximum Water Uptake of PVC Pipes

Table 2 shows the maximum water content after sufiorein water, with respect to
previously dried, as-received samples of uPVC pipes different production years.

The as-received pipes contain 0.04 - 0.11 % watieich is lost by drying with silica gel. It
must however be realised that it is unknown howmuater may have been lost during
storage before water content measurement was @¢awuie The data on the water content of
the as-received pipes is therefore only indicative.



Table 2. Excavated PVC gas pipe samples from diffgaroduction years after
complete drying in silica gel followed by submensio water at 21 °C until saturation.

Production Number of Average weight Stand. Maximum water Stand.

year samples change at 0% RH dev. uptake (%) in water dev.
1957 3 -0.08 0.02 0.57 0.02
1962 5 -0.07 0.02 0.54 0.04
2000 1 -0.04 - 0.10 -

The older pipes from 1957/1962 can absorb morefikariimes as much water (up to
saturation) compared to the relatively modern udyspe from 2000.

Carbon Dioxidein PVC Pipes

An unknown sharp peak at 2335 tmas noted several times in the FTIR spectrum of
excavated PVC gas pipes and also in some wates.fdige always accompanied by a second
peak of lower intensity at 2323 &mThis is illustrated in Figure 6. The intensitytbis

doublet is variable between different pipe samplas$ can also be zero (sample 5-020).

One sample from the series shown in Figure 6 waesiigated further (5-026). After cutting
a new sample, spectra were repeatedly taken cfame foil, but after varying time periods in
a dry nitrogen atmosphere. The resulting spece&alaown in Figure 7. In two hours about
three quarters of the intensity of the mentionedldiet is lost. This suggests a dissolved gas
or vapour which gradually evaporates.

To investigate whether the noted doublet is dusatbon dioxide gas which is dissolved in
the PVC, a foil sample was exposed to nitrogenainimtg 30% carbon dioxide. After
different exposure times the foil was taken outhig atmosphere, measured with FTIR
spectroscopy in an atmosphere containing only gincand then placed back in the
atmosphere containing 30 % ¢@as. The results are shown in Figure 8. The sambleit

that is lost on desorption (Figure 7) is appeadung to carbon dioxide absorption (Figure 8).

The spectrum of carbon dioxide which is dissolve®YC must be distinguished from that of
free carbon dioxide gas in the air surroundingsérple. At 2361 and 2340 ¢nsarbon

dioxide gas shows a well-known double absorptiamdbaften found in infrared spectra as an
unwanted disturbance. All spectra in this publmathave been carefully corrected for any
gas phase C{bands.

Therefore, it is now proven that the sharp peal2386 and 2323 cihfound in many
excavated PVC pipes are due to carbon dioxidetgngdegrees.

It was noted that whilst the PVC foil in Figure l8osvs large differences in the peak intensity
at 2335 crit due to dissolved carbon dioxide, it only showsutenwveight changes.

Therefore, weight change measurements were perfboméd 2 test bars machined from the
unused pipe from 2000 in Table 2 (6-030), eacthbamg a thickness equal to the original
pipe wall thickness (3 mm). The length of the temsts was 80 mm and the width was 10 mm,
according to ISO 8256. The weight of all 12 tesskiagether was recorded during about 600
days exposure to 100 % carbon dioxide gas with%a@®H (relative water vapour content).
The result is shown in Figure 9.
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Figure 6. Small part
of the FTIR spectrum
of 6 excavated PVC
gas pipes and one
water pipe containing
a sharp band at 2335
cmi* and a smaller
one at 2323 cthwith
varying intensity. The
spectra have been
shifted in vertical
direction for clarity.
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Figure 7. Small part
of the FTIR spectrum
of a foil sample cut
from a PVC pipe. The
spectra were taken 10
minutes (top), 60 and
120 minutes (bottom)
after cutting. A
continuous decrease
in intensity of the
doublet at 2335 and
2323 cnt illustrates

a desorption process.

Figure 8. FTIR
spectra of a PVC foil
after varying times in
30 % carbon dioxide
in nitrogen showing
an increased intensity
of the doublet at
2335 and 2323 cth
with increasing
exposure time.
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Part of the initial weight increase is due to watlesorption. From Table 2 it is known that for
this pipe the maximum water absorption is 0.10 #e Weight increase above 0.10 % must
therefore be due to carbon dioxide absorption. @ftr about 49 weeks the carbon dioxide
gas absorption of PVC is completed. The absorgdrooess at a wall thickness of 3 mm is
rather slow and this is also likely the case fasadption.

In future, the influence of water and carbon diexabsorption on the impact properties of
excavated uPVC pipes will be assessed.

Wall Thickness Variations

The wall thickness was measured at 12 locationsnarthe circumference of the pipes.
Figure 10 shows an example. A sinus was fittedutiinahe data points.

Wall thickness variations in other pipe samplesendgtermined as well. Table 3 gives an
overview.

Figure 10. Wall thickness
s af e s N variations (in %) over the
=~ A circumference of a 315 mm
8 2f PVC water pipe, measured
S at 12 locations.
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Table 3. Maximum wall thickness variation in PVG gad water pipes.

Gas Diameter Max. thicknesg Water Diameter Max. thickness
pipes (mm) variation (%) | pipes (mm) variation (%)
5-024 110 4.1 and 4.2| 6-001 315 4.0
7-004 110 0.9and 1.3] 6-012 110 0.5
8-002 110 43and 4.6| 8-123 200 1.1
9-047 63 2.4 8-003 250 1.2
9-156 200 0.6 8-122 315 2.4
10-160 110 3.2 10-053 315 1.4
10-052 315 7.1
A4 Tests

Figure 11 shows several failed water pipes afteuoences of Rapid Crack Propagation in
practice.

&5 e

Figure 11. Several uPVC water pipes after RCP mcfice. Crack length up to 10 meters.
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These incidents in buried pipes triggered an ingason into RCP in uPVC water pipes. The
method used was the S4 test, as it is a standdrgisemethod, according to ISO 13477.
Unused 315 mm uPVC water pipes produced in 201 wested. At this diameter, the pipe
length should be 2.46 m. The tests were performm@d@and at several air pressures.

The crack length in the pipe as a function of tingpgessure inside the pipe is given in Figure
12. According to ISO 13477 the transition betweeatk arrest and rapid crack propagation
occurs at a relative crack length of 4.7 (with exdgo the nominal pipe diameter) and an
absolute crack length of 148 cm (for 315 mm pipéxhis diameter the Critical Pressure in
the S4 test is around 0.58 bars.

In the transition region between crack arrest aadlcpropagation (between 0.5 and 0.65
bars) the scatter in the data points is relatil@ly (about 0.05 bar), in comparison with
measurements - also performed in the author’s &by - on another pipe for which the
initiation site had been chosen randomly (abous @2

Discussion

Activation Energy of the Ageing Process

To check the results on physical ageing the appaivation energy was calculated from
constant E in equation (2) (see Table 1). A valuklé kJoule/mole was found for the two
uPVC gas pipe materials together. This value ig ¢hkrse to the value of 115 kJoule/mole,
the activation energy for ageing of uPVC pipes Wwhi@s assessed by Visser éflalsing
tensile tests on aged samples.

Water Absorption

There are similarities as well as discrepancieandigg the FTIR spectra of water in PVC
pipes with respect to the results of Kusanagi Ef'alThe sharp peaks of water with much
interaction with PVC at 3673, 3588 and 1607 came present in Figure 5 at the same
frequencies as noted by Kusanagi et al.

However, in their paper the broad hydrogen bondatmbands in Figure 4 and Figure 5 are
absent. It is likely that this is due to the diffiet manner of introducing water in the PVC
samples. Kusagani et al have used air with a veld&timidity of only 65%, whilst the results
in Figure 4 and Figure 5 have been obtained by suion in liquid water. The latter
procedure likely introduces more water into the R¥&trix, which is also partly isolated
from the polymer matrix and more associated wghlftin clusters.

Nowack et al*¥ describe investigations on very old PVC pipes Wiiad been installed
before World War Il and were tested after excavatikhey report maximum water
absorption values for pipes which had been usesldszt 1937 and 1961 and found values of
3.4 and 3.5 %, which seem to be rather high. Th&yiavestigated a more modern pipe
which had been used between 1959 and 1984 and eepalue of 0.18 % for this pipe, which
corresponds somewhat better with the results ineTab

It is known that the resins in the very old PVCgqsgrom 1937 that were investigated by
Nowack et al were made with an emulsion polymensagbrocess, whilst the more modern
PVC pipes, produced after about 1960/1965, wereerfradh resins produced using a
suspension polymerisation proc&ss It may be speculated that emulsifier residues-PVC
pipes are responsible for the higher maximum wapéake of the old PVC pipes in
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comparison to the more modern pipes made from S-R¥i@s, which contain no or less of
such residues.

In future it will be assessed whether the noteficBhces in water content influence the
mechanical properties of excavated PVC pipes.

Carbon Dioxide Absor ption by PVC Pipes

From Figure 6 until Figure 9 it can be concludeat fAVC can absorb carbon dioxide gas,
even at atmospheric pressure and that this eféecbe illustrated by FTIR spectroscopy and
weight increase. Conversely, desorption can be unedsn the same way.

Chiou at af®’ mention that carbon dioxide is considerably maialse in glassy polymers
including PVC than helium, nitrogen, argon and raath Berens and Hodéalso report
that PVC absorbs carbon dioxide. They estimateahatmospheric pressure the maximum
content is about 0.2 weight percent at 40 °C. Tdleevof 0.19 % at 21 °C derived from
Figure 9 agrees relatively well.

Absorbed carbon dioxide also depresses the gkassition temperature of PVC which proves
that it functions as a plasticizer for PVAZ*. Based on this it may be expected that the
content of dissolved carbon dioxide also influentesimpact resistance of PVC pipes. The
magnitude of such an effect in PVC will be inveategl in future.

It is also possible that the rate of physical ageihPVC is increased by G@bsorption.

Possible Sour ces of Scatter during M easurements

Hermkens et al' have published impact resistance data of excaB¥& gas pipes. The
average impact energy they found was 126 kJodlafd the standard deviation was

26 kJoule/m. The reason for this relatively high standard dgwen is not yet understood.
However, it has now become clear that PVC pipes coayain variable water and carbon
dioxide contents. Water will have been absorbedhfgpoundwater and rain. It may be
speculated that carbon dioxide originates fromdgmlal processes in the soil surrounding the
pipes. The content of water and carbon dioxide dégmends on evaporation during storage on
site and in the lab.

It is now conceivable that the impact energy valmesitioned above are influenced by
varying water and carbon dioxide contents of tiséet PVC samples. Another factor may be
the resin type which was used for making the p{EeBVC and S-PVC with their K-values of
73-75 and 67 respectively’).

Further work will be performed to assess the infleeeof the above variations.

RCP Tests

It is well known that pipe diameter and wall thielss have a large influence on the Critical
Pressure in the S4 test. The Critical Pressureedses with increasing diameter and wall
thickness, which makes larger diameter pipes moleevable to RCP.

Thickness variations over the pipe circumfereneenarmal (Figure 10 and Table 3).
Excluding a possible source of scatter in the datalways initiating fracture at the location
of the thickest part of the wall, has a favouradifect. It now appears that choosing this
location is important for S4 tests, because th#estia only = 0.05 bars whilst previously,
when no attention was paid to wall thickness viae, the scatter was + 0.25 3},

It is very important to realise that the CriticagBsure in RCP testing is dependent upon pipe
length and the rate of decompression of the medhnside the pipe (air or water). This means
that the Critical Pressure in the S4 Test - Pc {$A)ist be multiplied by a large factor to

arrive at the Critical Pressure in the Full ScadstT- Pc (FS) - for instance for pipe lengths of
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10 meters in between mechanical joints. For PV@%tpis factor is unknown, but for PE
pipes the formula is given in EN 1555-2:

Pc (FS) = 3.6 * Pc (S4) + 2.6 (bars) (3)

Conclusions

1. A quantitative DSC model was set up based on ageipgriments on two types of
excavated PVC pipe. With the model the influencagding temperature and ageing
time on the height and location of the endothel# ageing peak can be described.
Both the optimally gelled and the over-gelled PM@eg can be described by the same
parameters using this model.

2. Old PVC gas pipes, installed in 1957 and 1962, shovater uptake at saturation of
0.5 to 0.6 %, whilst a modern pipe from 2000 shawsaximum water uptake of only
0.1 %. It will be investigated how large the plexiing effect of water on the impact
properties of PVC pipes is.

3. Excavated PVC pipes may also contain dissolvedocedioxide gas. This leads to a
plasticizing effect in PVC as well. The uptakeagher slow. Any influence of the
carbon dioxide content on the impact propertieBWE pipe will be determined in
future.

4. The Critical Pressure in the S4 Test of unused 318DR41 uPVC water pipes is
0.58 bars. However, this value is only valid fdmaited pipe segment length of 2.46
meters, at 0 °C and with the pipe filled with &onversion to longer pipe lengths will
increase the Critical Pressure quite remarkablyteWastead of air as internal
medium will also be influential.

5. For S4 Tests in PVC pipes it is recommended to dissess the location in the pipe’s
circumference where the wall is the thickest amhtimitiate fracture only there. It
appears this precaution leads to far less scattéei data.
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