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Environmental stress cracking of PVC:
effects of natural gas with different amounts

of benzene

J. BREEN, D. J. VAN DIJK*

TNO Centre for Polymeric Materials, Physics Department, P.O. Box 71,

2600 AB Delft. The Netherlands.

Craze initiation, craze growth and ultimate fracture were studied in PVC (polyvinylchloride)
and PVC-CPE (PVC blend with 10% chlorinated polyethylene) under a constant load in air
and in natural gas enriched with benzene. The craze initiation results are similar for PVC and
PVC-CPE. The craze initiation stress is decreased dramatically at high benzene concentrations
( = 25000 p.p.m.). Preferential and enhanced sorption of benzene molecules near surface in-
homogeneities, the craze initiators, are held responsible for this phenomenon. Initial craze-
growth rates in natural gas enriched with benzene increase compared to those in air. However,
in all the environments studied, a limited logarithmic craze growth is observed, and growth
seems limited to this constant logarithmic interval. The logarithmic craze growth and the term-
ination of craze growth are attributed to a reduction of the stress at the craze tip. The failure
mode of PVC and PVC-CPE in air and in gas with 5000-6000 p.p.m. benzene is yielding. A
brittle branch appears in the failure curve (failure stress against loading time) in the more con-
centrated benzene vapours. This branch is attributed to a reduction in the stability of the

crazes.

1. Introduction

Rigid poly(vinylchloride) (PVC) and chlorinated poly-
ethylene (CPE)-modified PVC are used as gas pipes in
the low-pressure part (< 0.2 bar) of the Dutch natural

gas distribution network. Natural gas consists mainly.

of methane, a compound which is known to be non-
aggressive towards PVC or PVC—CPE at atmospheric
pressures and at temperatures between 5 and 25°C
[1]. However, natural gas also contains small amounts
of components which are potentially harmful, such
as benzene and toluene [1]. The long-term behaviour
of PVC and PVC-CPE as a function of the concentra-
tion of suspected natural gas components has been
studied extensively at TNO.

The present article describes craze initiation, craze
growth and time to failure under constant load in
natural gas environments in which the benzene va-
pour concentration was varied extensively. The influ-
ence of benzene on the failure process of PVC and
PVC-CPE was studied for two reasons. Firstly, an
increase in the benzene concentration of the distribu-
ted natural gas will occur if gas fields other than the
Groningen one are explored [1]. Secondly, benzene
has been chosen as it is known to be a swelling agent
for PVC [2]. Therefore benzene is thought to be an
environmental stress cracking (ESC) agent for PVC
and PVC-CPE.

The ESC phenomenon can be caused by a physical
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and/or chemical interaction between the environment
and the polymer [3, 4]. A well-known chemical inter-
action is the degradation of polyethylene by photo-
oxidation [5]. By contrast, a physical interaction does
not result in degradation but is due to sorption [6].
The sorption of liquid or vapour modifies the poly-
meric matrix, and the modulus and yield stress de-
crease [6]. Notwithstanding the different origin of the
interaction, the polymer fails at lower stress levels
and/or shorter times in an ESC environment. More-
over, the polymer generally becomes more brittle.
The ESC of PVC due to benzene vapour is of a
physical origin. The penetration of the benzene mole-
cules into the PVC matrix causes a reduction in
mechanical properties and an acceleration of the fail-
ure process. The diffusion of smail molecules in PVC
has been studied by Berens and co-workers [7, 8]. The
equilibrium sorption of small molecules can be de-
scribed fairly well by the Flory~Huggins theory [8].
However, the rate of sorption is more complicated as
it depends on the activity of the molecules, their size,
the free volume of the polymer and the local segmental
mobility of the polymer chains [7-9]. Brown has
shown that even gas molecules like N,, O, and Ar
induce ESC at very low temperatures [10]. The in-
creased activity of the gas molecules near the boiling
point of the agents is responsible for this ESC. The
activity of vapour molecules scales with the relative
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saturation of the vapour. For this reason hardly any
ESC is expected in environments containing less than
1 mol % of benzene.

The sorption of small molecules by a stressed or
strained polymer leads to enhanced craze initiation
and craze growth [3,-11]: hence the enhanced brittle
fracture of polymers in an ESC environment is associ-
ated with these processes. Adequate models for craze
initiation and craze growth of unnotched PVC and
PVC-CPE materials under a constant load are not
available, despite the fact that craze morphology and
craze growth have been studied extensively [12-15].
In this article a qualitative interpretation of the ob-
served craze initiation and craze growth will be pre-
sented. Moreover, the brittle branch of the failure
curves is interpreted in terms of a weakening of the
craze fibrils.

2. Experimental procedure

2.1. Polymers

The PVC materials studied are obtained from 110 mm
diameter pipes: PVC-CPE, Polva-Hostalit Z-G41;
and PVC, Polva-PVC-W41. The first is of gas-pipe
quality, whereas the latter is of water-pipe quality. The
materials are comparable in K-value and degree of
gelation. The addition of about 10% CPE in the
PVC-CPE blend is responsible for most of the differ-
ences in tensile strength, Young’s modulus and impact
strength between PVC and PVC-CPE.

The 110 mm diameter pipes were cut into pieces
about 200 mm long. Next these pieces were divided
into four equal arc segments, which were straightened
by compression moulding at 125°C. Afterwards, a
heat treatment was performed at 95°C for 3h to
reduce internal stresses.

2.2. Equipment

A tapered test strip (thickness, 2.7 mm; width varying
from 10 to 20 mm; length, 120 mm) was used for the
craze initiation and craze growth experiments. The
strip was subjected to a constant load in a frame,
which could be enclosed by glass windows for meas-
urements in environments other than air [15]. The
constant load was realized by an oil-driven piston
which acted on one end of the strip. The stress gra-
dient. (the stress decreases by a factor of two along
90 mm of the strip) was used to determine the craze
initiation stress as a function of the loading time.

Surface crazes were observed with a light micro-
scope (magnification x 50-100) in oblique light. In
order to increase the contrast between a craze and the
background, the yellow PVC materials were treated
with hydrogen sulphide. Hydrogen sulphide reacts
chemically with the lead (IT) ions of the stabilizer used
in the PVC materials. The test strips were exposed to
hydrogen sulphide gas for 24 h. This treatment results
in a black surface layer of about 10 pm.

A dumbbell-shaped test strip, of which the dimen-
sions of the smallest part are thickness, 2.7; width, 4.0;
length, 20.0 mm, was used for the failure experiments
under constant load. The top clamp on the strip was
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Figure 1 Schematic view of the constant load measurement system.

attached to the top of the frame. The frame was fixed
to a table in which a bearing was positioned for a rod
attached to the bottom clamp (see Fig. 1). In order to
prevent gas leakage through the bearing, Teflon bel-
lows were used. The strip could be loaded by attaching
dead weights to the rod. The frame was enclosed by a
glass cover for measurements in environments other
than air.

All experiments were performed under constant
load, because this is the most severe situation for gas
pipes. In practice, the loading conditions of gas pipes
are mainly determined by the ground load. The low
gas pressure (< 0.2 bar) is of minor importance. The
soil characteristics therefore virtually determine the
actual loading conditions of the gas pipe. In the worst
case this means a constant stress.

2.3. Environments

The benzene environments were obtained by a con-
tinuous injection of liquid benzene in a natural gas
flow, and benzene concentration was monitored by a
gas chromatograph. During the experiments, a fluctu-
ation in concentration of less than 10% was observed.
Natural gas was used as the carrier gas, because the
principal aim of this study was to investigate environ-
mental stress cracking of PVC materials in benzene-
enriched gas environments.
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The composition of the benzene-enriched environ-
ments is presented in Table I; benzene concentrations
are given in p.p.m. and in relative saturations at 23 °C.
Although the temperature of a PVC and PVC-CPE
gas pipe in service varies between 5 and 10°C, the
measurements have been performed at ambient tem-
perature for practical reasons. The same reason
applies for the choice of the high concentrations of
benzene, which will be much lower in service.

3. Results
3.1. Craze initiation
The craze initiation curves in air and in natural
gas—benzene vapour mixtures are shown for PVC and
PVC-CPE under constant load in Figs 2 and 3,
respectively. The natural gas environment, which
mainly consists of methane, did not show additional
stress corrosion compared to air in our experiments.
Therefore the decrease in the craze initiation stress in
the natural gas—benzene vapour mixtures has to be
attributed to the presence of benzene.

Obviously, the decrease in craze initiation stress
becomes significant in the 25000 p.p.m. benzene envir-

TABLE I Benzene vapour concentrations used (in p.p.m. and in
relative saturations at 23 °C)

onment. By contrast, the low benzene concentration of
5000 p.p.m. induces no significant decrease in the
craze initiation stress relative to air.

Another aspect, which can be observed from Figs 2
and 3, is the fact that the craze initiation stress for
PVC almost equals that for PYC-CPE in the concen-
trated benzene ( > 25000 p.p.m.} environments. This
suggests that in these environments, the presence of a
rubber phase like CPE hardly results in a delay of
craze initiation. However, in air and in natural gas
with 5000 p.p.m. benzene, differences are seen in craze
initiation stresses of PVC and PVC-CPE, particularly
at short times. ’

The PVC-CPE results show that the curvature of
craze initiation stress against loading time decreases at
longer times. This aspect, together with the decrease in
craze initiation stress as a function of benzene concen-
tration, will be discussed in section 4 below.

3.2. Craze growth

The length of the surface crazes measured on the
surface was studied in air and in the natural
gas—-benzene mixtures. Some of the results are shown
in Fig. 4. As observed earlier by Wales in air and in gas
condensate vapour [15], we found that the surface-
craze growth in PVC and PVC-CPE also ceases in the
benzene vapours.

¢ {p.p.m.) ¢ (% rs) A qumber of mechanisms may contribute to this
cessation of the craze growth, such as shear bands and
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Figure 2 PVC craze-initiation results, applied stress against craze initiation time, for four benzene vapour concentrations: gas with [, 5000;
A, 25000; +, 60000; v, 110000 p.p.m. benzene; x, air. Temperature, 23 °C.
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Figure 3 PVC-CPE craze-initiation results, applied stress against craze initiation time, for four benzene vapour concentrations: gas with (],
5000; A, 25000; + 60000; V, 110000 p.p.m. benzene; x, air; Temperature, 23 °C.
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Figure 4 Craze lengths as a function of loading time. A, PVC in natural gas with 25000 p.p.m. benzene, ¢ =294 MPa; O, PVC,
60000 p.p.m. benzene, o = 24.0 MPa; +, PVC-CPE, 25000 p.p.m. benzene, ¢ = 26.8 MPa; x PVC-CPE, 60000 p.p.m. benzene, c

= 24.0 MPa. Temperature, 23 °C.

benzene are shown in Fig. 5. It is concluded that the
crazes formed in gas with 60 000 p.p.m. benzene are
rather short in length. This observation almost ex-
cludes a failure process in PVC by craze growth.

In order to confirm’ this statement, the in-depth
profile of a few selected, relatively large and no longer
growing crazes was examined by slicing the material

with a microtome perpendicular to the surface, and
perpendicular to the craze length. The craze depth of
subsequent slices was measured and is shown in Fig. 6
for four crazes. The craze profiles show the length of
the craze as a function of its depth. The length of the
selected crazes was about 300 pm. It is noticed that
the depth of the craze is of the same magnitude as the
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Figure 5 Final craze length as a function of applied stress for PVC in natural gas with 60000 p.p.m. benzene at 23 °C.
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Figure 6 Craze profiles for PVC after 6.1 x 10° s in natural gas with 25000 p.p.m. benzene under a constant load of 27 MPa. Temperature,

23°C.

length of the craze. A limited craze length on the
surface seems to correlate to a limited craze depth,
although the craze depth in general seems to be larger
than the craze length at the surface.

Another remarkable feature of craze growth in PVC
and in PVC-CPE can be observed in Fig, 4. The craze
length increases with the logarithm of the loading time

in the first part of the curve. The logarithmic growth

rate, d/d In t, was determined for the different environ-
ments studied. Again an enormous scatter in the
logarithmic growth rates was observed. The highest
logarithmic growth rate for PVC in the natural gas
with 60000 p.p.m. benzene was 0.25 mm per decade.

3.3. Failure
The failure behaviour of the PVC and PVC-CPE
materials was studied by constant load experiments
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on dumbbell-shaped strips. The time to failure, as a
function of the applied stress, is presented in Fig. 7 for
PVC and in Fig. 8 for PVC-CPE.

The stress which corresponds to a certain time to
failure is almost identical in air and in the gas with
6000 p.p.m. benzene. However, the more concentrated
benzene vapours cause a distinct decrease in the stress
at a given time to failure when compared to air.
Especially, the failure stress of PVC in 60000 p.p.m.
benzene decreases considerably.

Although this fall seems more dramatic for PVC
than for PVC-CPE, the long-term failure stress of
PVC in gas with 60000 p.p.m. benzene is not inferior
to that of PVC-CPE. The smaller drop in the failure
stress for PYC-CPE in the 60000 p.p.m. benzene
environment is caused by the lower failure stress in air
of PVC-CPE compared to that of PVC.

The failure of PVC materials in the concentrated
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Figure 7 Applied stress against time to failure for PVC in gas with 0, 6000 and + , 60000 p.p.m. benzene; x, in air. Temperature, 23 °C.

55

45t

o (MPa}
>

30— o AN

20+

15t

| L_J_Llllll L ;LJIIII] | L Ilillll L J_L]IIII) A i lllllll 1 1 i 11l
102 103 104 105 106 107 108
Z (s)

Figure 8 Applied stress against time to failure for PVC-CPE in gas with [J, 6000; A, 25000 and +, 60000 p.p.m. benzene; x, in air.
Temperature 23 °C. ‘

benzene environments are also studied with the SEM: 4. Discussion

a micrograph of a fracture surface of PVC-CPE in  4.1. Craze initiation

natural gas with 25000 p.p.m. benzene is shown in ~ The model of Argon [16] is used to explain the
Fig. 9. The limited craze size is clearly visible on the  observed craze-initiation curves. In this model, craze
left of the fracture surface. initiation is preceeded by cavitation. The cavitation
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Figure 9 SEM micrograph of a fractured surface for PVC-CPE in
gas with 25000 p.p.m. benzene under a constant load of 30 MPa.
Time to fracture: 1.1 x 107 s. Temperature, 23 °C,

process is produced by the stress field in the vicinity of
inhomogeneities. The surfaces of the PVC and
PVC-CPE test strips studied contain inhomogeneities
due to scratches and particles (dust, additives and/or
crystallites).

The cavitation is supposed to be thermally activated
and is stress dependent. A pore will develop when
enough energy is built up in the neighbourhood to
overcome the surface energy. A concentration of
stored elastic energy is built up by the stress concen-
tration in the vicinity of inhomogeneities. The forma-
tion of pores will thus take place near inhomo-
geneities.

When under a tensile stress a critical porosity is
exceeded, the micropores will transform into a craze.
The porosity will be less extended around the smaller
inhomogeneities, and therefore the smaller inhomo-
geneities can only act as a craze initiator at higher
stress levels. This also explains the larger craze density
at higher stress levels.

According to Argon’s model, the curvature in the
craze initiation curves (see Figs 2 and 3) is due to the
decreasing probability of pore formation at lower
stresses. An aspect which is not implemented in
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Argon’s model, but which contributes to the decrease
in curvature, is the viscoelastic behaviour (creep) of
stressed polymers. Creep will inhibit the formation of
crazes.

It is observed that craze initiation on the surface is
more favoured than that in the interior of the strip.
The enhanced dilatation in the surface layer, which is
held responsible for this phenomenon, seems to be
related to the difference in the stress field near surface
and bulk inhomogeneities [16]. It is also possible that
this preference of craze initiation for the surface in-
dicates that the pore formation is preceded by local
yielding, a process which can take place only at the
surface. The cavitation process then apparently occurs
in the oriented yielded zone, and is enhanced by the
lateral stresses provoked by the local plastic yield. In
case of an ESC environment, the penetration of small
molecules into the polymer leads to an additional
acceleration.

Brown showed that the equilibrium sorption is a
function of the interaction between the small penetrat-
ing molecules and the polymer chains, but also of the
local stress [ 17]. The higher tensile stress in the vicin-
ity of inhomogeneities results in a higher sorption. The
craze initiation is related to the equilibrium sorption,
but will mainly depend on the sorption rate. Apart
from the affinity between the penetrating molecules
and the polymer chains, the sorption rate depends on
the size of the penetrating molecules and on the
segmental mobility [7]. The highest sorption will be
realized in case of small molecules, a strong affinity
and a high polymer mobility. The mobility of the
polymer chains is enhanced by stress concentrations
(near inhomogeneities) and high temperatures.

The preferential sorption of benzene molecules near
surface inhomogeneities in PVC and PVC-CPE de-
creases the local yield stress and the local modulus,
and leads to a reduction of the craze-initiation stress.
A theory which relates the sorption (rate) with the
drop in the local yield stress and with the local
modulus is not available. In spite of this lack of
knowledge, the large drop in craze initiation stress for
the 25000 against the 5000 p.p.m. benzene environ-
ment (sce Figs 2 and 3) probably results from a change
in sorption behaviour (case I — case II diffusion) [8].

In air and in natural gas enriched with 5000 p.p.m.
benzene, PVC-CPE hardly shows craze initiation in
our experiments, because the craze-initiation stress
almost equals the yield stress. The yield stress of PVC
exceeds that of PVC-CPE by about 10 MPa, whereas
the long-term craze initiation stress of PVC almost
equals that of PVC-CPE. Therefore crazing is ob-
served for PVC in the stress interval between the yield
stress and the long-term craze initiation stress. In the
more concentrated benzene environments, the differ-
ence between the overall yield stress and the craze
initiation stress increases for both PVC and
PVC-CPE. In these environments, both materials
showed similar craze initiation behaviour.

4.2. Craze growth
The craze growth data for PVC and PVC-CPE in air
and in the natural gas-benzene environments -are



difficult to quantify. The observed growth is not linear
and thus not consistent with the models postulated by
Argon [18]. These models interpret craze growth by
pore formation at higher stresses and by a repeated
interface convolution (meniscus instability) at lower
stresses. The reason why these models are not con-
sistent with our results (logarithmic craze growth and
the termination of the craze growth) are obvious: both
models assume a constant loading and neglect any
time dependence of the molecular processes (the visco-
elastic behaviour). Although models have been pro-
posed which predict a decrease in craze growth rate as
a function of loading time, they do not predict an
abrupt termination of craze growth [19, 20]. A logar-
ithmic craze growth is obtained if creep determines the
craze growth [19]. However, craze growth is also
affected by the population of crazes and by the visco-
elastic behaviour of the bulk material [20].

An aspect which has received little attention, but
may be important for ductile polymers, is necking.
Necking will orientate the polymer chains in the
direction of the tensile stress and hence will blunt the
craze. This will strongly reduce the craze growth.

The craze growth at the tip requires a flow process,
which depends on the local yield stress. Thus the
initial craze growth rate will approximately scale with
the reciprocal of the craze-initiation time. The logar-
ithmic craze-growth rates which we found confirm this
conclusion. The penetration of benzene molecules at
the craze tip reduces the yield stress and enhances the
initial craze-growth rate.

Craze growth stops as soon as the stress at the craze
tip drops below the yield stress. This can be a result of
neighbouring crazes, viscoelastic behaviour and/or
blunting. Blunting may occur if the craze growth in
the width (creep of craze fibrils) exceeds that in the
length (meniscus instability). The dependence of these
phenomena on the distribution of surface inhomogen-
eities and on the local stress leads to scatter in the
ultimate craze length (see Fig. 5). In the benzene-
enriched environments, another termination mech-
anism is possible — swelling. If the surface layer swells
due to the sorption of benzene molecules, the tensile
stress in the surface layer is reduced.

The larger craze growth on the surface and in depth
(Fig. 6) can be interpreted in terms of the previous
arguments for the cessation of craze growth. The stress
field at the craze tip in the depth direction will be less
influenced by neighbouring crazes, because the density
of neighbouring crazes in the inner layers is lower (at
least for the larger and deeper crazes), by viscoelastic
processes, because the flow of material is reduced due
to a transition from a plane stress to a plane strain
situation for the inner layers; and by sorption, because
the transport of benzene molecules will decrease in the
craze-bulk interface for the inner layers.

4.3. Failure

The results of the constant load experiments up to
failure are presented in Figs 7 and 8. The small slope of
the failure curves in air and in gas enriched with
6000 p.p.m. benzene suggests a ductile failure behavi-

our, which is governed by yielding. This conclusion is
supported by the observation that failure in air and in
the 6000 p.p.m. benzene environment occurs by neck-
ing. Although crazes are formed in these environ-
ments, they hardly seem to determine the failure in
PVC. Figs 7 and 8 show that PVC fails at a higher
stress than PVC-CPE in air and in the 6000 p.p.m.
benzene vapour. According to the previous argument,
this can be explained by the higher yield stress of PVC
relative to that of PVC-CPE.

In the more concentrated benzene environments
( = 25000 p.p.m.) a drop in the failure stress relative to
the yield line in air is observed. This steep line is
sometimes called the brittle branch. For PVC and
PVC-CPE, this brittle branch can be related to craze
growth and craze stability. It is known that craze
fibrils fail at a critical size in inert environments [14].
The failure of craze fibrils leads to a reduction of the
load carrying capacity of the craze and in general to
an acceleration of the failure process. However, in the
gas-benzene environments a termination of craze
growth is observed and it is questionable whether a

" critical size will be reached. In the concentrated ben-

zene environments, the craze fibril stability seems to
affect the time to failure to a larger exteat than the
craze growth, From a number of studies it follows that
the craze is able to carry a stress which almost equals
the applied stress [21]. Due to the smaller polymeric
volume fraction of a craze relative to the bulk poly-
mer, the stress in an individual craze fibril will exceed
the applied stress. The higher stress in the craze fibrils
and at the craze-bulk interface subject the craze fibrils
to additional creep, especially in environments which
cause weakening [19]. This fibril creep causes a reduc-
tion of the craze stability and thereby a drop in failure
stress.

The following interpretation of the failure curves of
PVC and PVC-CPE in concentrated benzene vapours
is proposed. Yielding occurs at high stresses and short
times, because at short times the sorption of benzene
by PVC and PVC-CPE is very low. At intermediate
stresses, craze initiation and ¢raze growth occur. The
failure follows from a reduction of the load-carrying
capacity of crazes (failure or weakening of fibrils). This
seems to be in agreement with the SEM micrograph of
a fracture surface of PVC-CPE shown in Fig. 9. At
low stresses, no failure occurs because the craze
growth has stopped and the stress in the remaining
virgin part of the load-carrying cross-section of the
test strip does not exceed the yield stress.

5. Conclusions

1. At surface inhomogeneities the conditions for
pore formation and crazing can be fulfilled for PVC in
all environments studied and for PVC-CPE in the
benzene-enriched natural gas environments. These
conditions can hardly be fulfilled for PVC-CPE in air,
because in air the tensile stress necessary for craze
initiation almost equals the yield stress of PVC-CPE.

2. The craze-initiation stress is strongly reduced in
the concentrated ( = 25000 p.p.m.) benzene environ-
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ments due to preferential sorption of benzene mole-
cules in the vicinity of the inhomogeneities.

3. The craze-initiation conditions are similar for
PVC and PVC—CPE in the environments studied.

4. The logarithmic craze growth and the termina-
tion of craze growth point to a decrease in the stress at
the craze tip. This reduction is caused by neighbouring
crazes, creep of the craze fibrils and/or bulk polymer,
and blunting of the craze tip.

5. The craze growth is accelerated in the benzene-
enriched environments. However, in these environ-
ments termination of craze growth is also observed. In
the concentrated benzene—natural gas vapours,
swelling of the PVC and the PVC-CPE surface layer
can contribute to the termination of growth.

6. Although the craze growth at the surface is
measured, whereas that in depth cannot be measured,
it is concluded from craze profiles that the growth in
depth is also limited.

7. Homogeneous yielding is observed in air and in
natural gas with 5000-6000 p.p.m. benzene for both
PVC and PVC-CPE. The higher yield stress of PVC
compared to that of PVC-CPE follows directly from
the failure curves.

8. In the more concentrated benzene-natural gas
vapours, a brittle branch is observed due to reduction
of the stability of the crazes formed. Destabilization of
the crazes by sorption of benzene may explain the
drop in the failure stress in these environments.
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