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The craze initiation of PVC and PVC-CPE in a number of vapour and liquid environments was
studied. The observed decrease in the craze-initiation stress could be ascribed to the
absorption of components by the PVC and the PVC-CPE matrix. The magnitude of the
absorption depends on the activity of the components and on their interaction with the PVC
matrix. The activity of the components was defined according to thermodynamics. The
interaction of the components can be obtained from measurements of the angle of contact,
though it is preferred to quantify this interaction by absorption experiments. A simple model is
presented to predict the long-term craze-initiation stress of PVC in environments.

1. Introduction

In a previous paper, the failure mechanism of PVC
(polyvinyichioride) and PVC-CPE (chlorinated poly-
ethylene-modified PVC) materials in benzene-en-
riched natural-gas environments was studied under
constant loading conditions [1]. It appeared that on
increasing the benzene saturation of the environment,
the critical stress level for crazing decreased. A qual-
itative interpretation in terms of sorption and plasti-
fication has been presented. The research programme
was continued to obtain more insight in the environ-
mental stress cracking of natural gas on PVC and
PVC-CPE gaspipes of the low-pressure gas distribu-
tion system in the Netherlands. The objectives of the
programme were (1) to find the origin of the environ-
mental stress cracking in natural-gas environments,
and (2) to predict the long-term failure process. In this
paper the first objective will be treated. In forthcoming
papers attention will be directed towards the second
objective.

The research on environmental stress cracking of
amorphous polymers by organic liquids has a long
history (see, for instance, [2-47] and references therein).
The more important studies present an explanation of
environmental stress cracking in terms of physical or
chemical phenomena occurring at the interface of a
stressed or a strained polymer in a certain environ-
ment. Environmental stress cracking by physical ac-
tions is considered to be responsible for the failure
process of PVC and PVC-CPE in gas environments.
Therefore, this paper only deals with the physical
phenomena related to environmental stress cracking.

In one of the first comprehensive studies on envir-
onmental stress cracking by physical actions, the ac-
celerated craze initiation, craze growth and failure
were interpreted by the wetting of the polymer surface
by the liquid, its diffusion into the polymer and
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swelling due to its sorption by the polymer [5, 6].
Other interpretations of the environmental stress
cracking were based on solubility parameters and
plasticization [7-9]. The relations between the sorp-
tion of liquid or vapour by the polymer, the swelling
and plasticization of the polymer by this sorption, the
reduction of the surface energies and the solubility
parameters mean that several explanations are pos-
sible and that the fundamental origin of environ-
mental stress cracking is obscured.

Complicating factors which have to be considered
in studying environmental stress cracking are the
origin of the crazing and the homogeneity of the
materidls under study. Accelerated crazing is directly
associated with the environmental stress-cracking ca-
pacity of the environmental agent. It has been shown
that surface crazes start at inhomogeneities, scratches
or other stress raisers at the surface layer [10, 11].
However, the criterion of craze initiation does not
seem obvious (see, for instance, the numerous criteria
in [12]). In this paper, a simplified craze criterion, in
which the influence of the stress raisers is incorpor-
ated, will be used.

The environmental stress-cracking capacity of
stress-cracking agents was studied by sorption, surface
tension and craze initiation. The experimental results
are presented and explained in terms of these physical
actions. The sorption experiments were performed on
PVC and PVC-CPE specimens in benzene/n-hexane
mixtures. The surface-tension experiments were per-
formed only on PVC-CPE specimens with various
liquids. The craze-initiation results were obtained in
vapour and liquid environments.

2. Theory
If a polymer product is brought into a liquid or
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vapour, it will adsorb this environment until equilib-
rium is reached. The equilibrium adsorption will be
reached almost instantaneously. Besides this adsorp-
tion on the polymer surface, in vapours, capillary
condensation can occur in small pores at the polymer
interface. The condition for capillary condensation in
cylindrical pores is given by [13]

2 - o (1)

in which p/p, is the degree of vapour saturation
(p = actual vapour pressure; p, = vapour pressure at
saturation), I" the surface tension of the condensed
vapour, ¥ the molar volume of the condensed vapour,
R the gas constant, T the temperature (K), and r the
radius of the cylindrical pore. Notwithstanding the
capillary condensation, the activity of the (vapour)
molecules in the pores and in the environment is
identical. Thus an enhanced absorption due to capil-
lary condensation will not occur.

For components like benzene and. n-hexane, the
right-hand part of Equation 1 is about — 1077 r~ ! at
ambient temperature. This means that the capillary
condensation of vapour (p/p, < 0.9) will only occur in
small pores with radii less than 10 nm. The size of a
craze exceeds the pore size needed for capillary con-
densation by at least two orders of magnitude. Fur-
thermore, the time-scale for the long-term craze
initiation contradicts an adsorption process. There-
fore, it is concluded that capillary condensation and
adsorption do not determine the long-term craze-
initiation process.

The equilibrium absorption will not be reached
instantaneously. The penetration of liquid and vapour
molecules into the polymer matrix takes time. If the
absorption process is described by a Fickian behavi-
our, the penetration (absorption) scales with [14]
(D £)/2, where D is the diffusion coefficient and ¢ the
period of exposure. At a low degree of vapour satura-
tion, the diffusion coefficient of benzene in PVC is
2x107*¥ m?s™ ! at 30°C [15]. From this value it can
be concluded that it takes about 10°s to saturate a
1 um thick PVC layer. However, this value of the
diffusion coefficient does not hold for the relatively
highly saturated vapours and liquids under study and
for stressed PVC products. If the (local) stress equals
the drawing stress, the material will locally be in a
kind of rubbery state. In the rubbery state the value of
the diffusion coefficients of small molecules can be six
orders of magnitude larger compared to the value
corresponding to the glassy state. This can be verified
by comparing the diffusion coefficient of alkanes in
PVC and PE at room temperature [14, 15].

A high degree of vapour saturation or exposure to a
liquid state can result in a non-Fickian absorption
behaviour. This occurs when the equilibrium sorption
of the environment by the polymer matrix is con-
siderably large. In this case the penetration does not
scale with ¢t'/2 but with [14] ", n > 1/2. When the
penetration rate of a sharp penetration front is domin-
ated by the stress-relaxation process at this front, the
power n equals 1 [16].
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Environmental stress cracking is often assumed to
be determined by the equilibrium absorption [5-9].
The equilibrium absorption depends on the activity of
the component that is absorbed and on the interaction
between this component and the polymer. The equi-
librium volume fraction of a liquid or a vapour in an
amorphous polymer can be obtained in first approx-
imation from [17]

Ina = Inv + (1 — ) + (1 — v)? 2

where a is the activity of the component in the envir-
onment, v the equilibrium volume fraction of this
component in the polymer matrix and » the inter-
action constant. The activity of a vapour is given by

(17]

a =L 3)

Po
where p is the actual vapour pressure and p, the
vapour pressure at saturation.

Equation 2 is based on the Flory—Huggins lattice
theory [18], in which the influence of the entangle-
ment network is neglected. This is permitted at low
equilibrium absorptions. However, at higher absorp-
tion values, the neglect of this influence results in
wrong values of v. Instead of Equation 2, then, a
modified equation, derived by Kramer [4], has to be
applied. The interaction constant » can be calculated
from the cohesion energy density by solubility para-
meters [9]. The solubility parameters can be obtained
from Barton [197] or by measurements of the angle of
contact.

In the surface-tension experiments, a droplet of
liquid is put on the polymer surface and the angle of
contact is measured. This angle depends on the surface
tension of the liquid used and on the interaction
between the polymer surface and the liquid. From the
equilibrium condition of a droplet on a polymer sur-
face it follows [13]

y1€080 = Yo — Vo1 4)

where v, is the surface tension of the liquid in air, 0 the
angle of contact, v, the surface tension of the polymer
in air and vy, the surface tension of the liquid at the
polymer interface. The surface tension can be divided
in a polar and a dispersive part [13]

o= Y+ (%)
where the superscripts p and d stand for the polar and
the dispersive interactions, respectively. The surface
tension associated with the interaction between the
liquid and the polymer can then be written as

vy (6)

Substitution of Equation 6 into Equation 4 leads to

Y /1+cose) Wi YPNY2
= o+ (L) w0
w2 W ) O

Thus by measuring the angle of contact of several
liquids (with known values of y;,¥? and v{) at the

polymer surface, a polar and dispersive surface tension
can be found for the polymer surface. Measuring the

Yo = Yp + N — 20yPyD)? —




angles of contact of several liquids at a polymer
surface and calculating the surface tension of the
polymer is a way to quantify the interaction between
the polymer and the environment. The values of the
surface tension are related to the interaction constant,
%, of Equation 2.

The surface tension can be written in terms of the
solubility parameter, &, [19]

v o= kY (8)

where v is the surface tension, k a constant (k~ 1.8
x 10™° mol'/?) and V' the molar volume. The inter-
action constant » consists of an enthalpic term, ¥y,
and an entropic term, xg [9]. The entropic term is
approximated by a constant (0.3-0.4) [9]. The enthal-
pic term can in first approximation be given by [9]
vV
gy = ﬁ(Sp - §)° ©

p and 1 represent polymer and liquid, réspectively.
Substitution of Equation 8 into Equation 9 results in
a relation for »y in terms of values for the surface
tension. Equation 9 becomes more accurate if the
different contributions (polar, dispersive and hydro-
gen bonding) to the solubility parameters, defined in a
way similar to Equation 3, are introduced [9, 19].

Nevertheless, a number of assumptions remains in
calculating the interaction constant, %, from the angle
of contact measurements. If » is known, the equilib-
rium volume fraction absorbed by the polymer can be
obtained from Equation 2. For a limited number of
liquids, the equilibrium absorption can be obtained
directly from sorption experiments. Then measure-
ments to obtain % can be omitted. The absorption of
small components by the polymer matrix will decrease
the glass—rubber transition temperature of the
amorphous polymer [17]. The glass—rubber transition
temperature of an amorphous polymer, in which the
volume fraction of small components amounts to v, is
approximated by [17, 20]

T(v) = 0.630T, + (1 — v) T0) (10

where T, is the melting temperature of the absorbed
component and 7,(0) the glass—rubber transition tem-
perature of the pure amorphous polymer (v = 0).
Although the exact criterion for crazing is not
obvious, there seems to be a direct relation between
the drawing stress and the long-term craze-initiation
stress for PVC materials studied in tension. According
to the results obtained for PMMA by Ward [21] a
simple relationship between the drawing stress and the
glass-transition temperature can be assumed

Ty~ T

o4v. T) = T0) =T

40, T) (11)

in which T,(0) and T(v) are defined as in Equation 10.
T is the actual temperature and o,4(0, T) represents the
drawing stress of the pure amorphous polymer at this
temperature. The drawing stress is defined as the stress
value which leads to cold drawing.

With the relationship between the drawing stress
and the craze-initiation stress, the latter can be inter-

preted in terms of absorption (diffusion), plasticization
and drawing stress. The discussion of this interpreta-
tion will be presented later.

3. Experimental procedure

The PVC and the PVC-CPE materials are described
earlier [1]. The chemicals used for the sorption, the
angle of contact and the craze initiation were of
analytical grade.

The sorption experiments were performed at 23 °C.
Rectangular samples of about 1 g were put into the
n-hexane/benzene mixtures for several months. The
increase in weight of those samples as a function of
the time of exposure was measured. Before each meas-
urement, the reductant fluid droplets were wiped off.
The surface-tension experiments were performed at
room temperature. The samples were cleaned by n-
hexane extraction for 7h and a subsequent drying
period for 14 h under vacuum. The surface tension of
the liquids was measured with a Kriiss K-8600 tensi-
ometer. The angle of contact was determined from the
shape of the droplet (advancing method).

The craze initiation measurements were described
in the previous paper [1].

4. Results

The increase in weight of the PVC samples in the
n-hexane/benzene mixtures as a function of the period
of exposure are shown in Fig. 1. It is apparent from
this figure that the equilibrium sorption decreases as
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Figure | Relative increase in weight of PVC samples in benzene/
n-hexane mixtures as a function of the time of exposure. (a) Heat-
treated PVC samples; (b) untreated PVC samples. () 90%, ( +)
80%, (®) 70%, (A) 60%, (x) 50%, (V) 40% benzene (vol.).
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the concentration of n-hexane in the mixture increases.
From this observation it is concluded that the inter-
action between benzene and PVC is more favourable
than the interaction between n-hexane and PVC. The
interaction can be quantified in terms of the inter-
action constant, %, presented in Equation 2. For PVC
it is found that » (benzene) = 0.8 and % (n-hexane)
= 2.1. Further it is observed that the absorption rate
also decreases with increasing n-hexane concentra-
tion. Although the diffusion coefficient of benzene in
PVC exceeds that of n-hexane in PVC by an order of
magnitude, this only partly explains the lower absorp-
tion rate with increasing n-hexane volume fraction.
According to a Fickian diffusion behaviour and the
diffusion coefficients found by Berens and Hopfenberg
[15] it should take more than 100 years to saturate the
PVC samples with benzene and even longer to satur-
ate PVC with n-hexane. From this argument it is clear
that the observed diffusion behaviour is non-Fickian.
The deviation of the initial slope of the absorption
curve from 0.5 also suggests a non-Fickian behaviour.

The initial slope depends on whether the samples
were exposed to a heat treatment. Without heat treat-
ment the samples showed an initial slope of about
0.6, whereas with a heat treatment the samples showed
an initial slope of 1.2. The heat treatment consisted
of 0.5 h at 125 °C under slight compression and 3 h at
95°C followed by a slow cooling to 23°C. The de-
pendence of the diffusion rate on the annealing pro-
cedure was observed earlier by Gilbert and Mulla and
was ascribed to recrystallization and ageing [22].

The observed diffusion behaviour can be explained
by a diffusion coefficient which increases with the
concentration of absorbed liquid and by stress relaxa-
tion at a sharp penetration front in the polymer matrix
during the absorption process. The latter phenom-
enon will probably dominate in the heat-treated PVC.

The absorption results for the PVC-CPE material
are very similar to those for the PVC material and are,
therefore, omitted.

The surface tension experiments are presented in
Fig. 2 and in Table 1. From the values for the disper-
sive part of the surface tension, v{, the ygyc_cpr and
Yhve_cpe are calculated according to Equation 7.
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Figure 2 Representation of the surface-tension data according to

Equation 9.
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The results are Ypye_cps = 154mIm™2% YByc_cpr
=199 mIm™ %ypyc_cpp =353 mIm™2 The large
Yhve-cpe Value is probably due to the additives (CPE,
stabilizers, etc.) used in PVC—CPE. No surface-tension
experiments were performed on the PVC material.

The interaction between the liquid and the PVC or
PVC-CPE will be more favourable the smaller the
difference in the values of the corresponding surface
tensions. The smallest difference is obtained for cyclo-
hexanone, which is known as a solvent for PVC. The
next one is toluene, known as a swelling agent for
PVC. The other liquids do not lead to significant
changes in a PVC matrix, which does not experience a
stress. However, in stressed PVC test strips, all liquids
lead more or less to a decrease in the craze-initiation
stress as can be observed in Fig. 3.

The craze-initiation curves (stress versus loading/
exposure time) in saturated vapour of water, glycol,
ethanol, n-hexane, toluene and cyclohexanone at
23°C are shown in Fig. 3. The water vapour hardly
influences the craze-initiation process. The glycol va-
pour lowers the craze-initiation stress slightly, where-
as a moderate decrease is observed for the n-hexane
and the ethanol vapour. In toluene and cyclohexanone
vapour, a drastic decrease in craze-initiation stress is
observed. Notice that the magnitude of the decrease in
the craze-initiation stress correlates with the difference
in the values of the surface tension of PVC-CPE and
the corresponding liquid (see Table I). Notwithstand-
ing this correlation, to relate the craze-initiation stress
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Figure 3 Loading stress versus time to crazing in air and in
saturated vapours at 23°C. ( + ) Air, (A) water, (V) ethanol, (M)
toluene, () glycol, ( x ) n-hexane, (A) cyclohexane.

TABLE I Angle of contact at the PVC-CPE surface for a number
of liquids; experimental surface tension and dispersive part of-the
surface tension for these liquids

Liquid 8 ¥, (mJm™%) v$ mim~?

[23-25]
Water 67+ 2 726 +1.0 21.8
Glycol 50+ 3 48.8 29.3
Cyclohexanone 36+2 356 -
Ethanol 10+2 233 -
Toluene 4+2 29.3 26.1
n-hexane 0 21.2 19.5
Ethoxyethanol 0 21.6 23.6
Methylene 60 + 3 571 49.5
iodine




to the surface tension requires a number of assump-
tions (see Section 2). If possible, an approach using
absorption data is preferred. With this approach the
relative saturation of the vapour is simply taken into
account. Furthermore the effect of mixtures on the
craze initiation stress can also be investigated relat-
ively easily.

The influence of the relative saturation of benzene
in natural gas at 23 °C on the craze initiation stress of
PVC and PVC-CPE was presented in a previous
paper [1]. Here the influence of the relative saturation
of n-decane in natural gas at 23 °C is shown in Fig. 4.
Despite the scatter in the data points and the less
pronounced effect of the relative saturation of
n-decane compared to the effect of benzene vapour,
the trend is clear. The higher the relative saturation,
the lower is the craze-initiation stress.

Apart from experiments in vapour environments,
craze-initiation experiments were performed in pure
liquids and mixtures. The n-octane/benzene mixture
was chosen to model the environmental stress
cracking of natural-gas condensate. The results for
PVC-CPE in air, n-octane and two n-octane/benzene
mixtures are shown in Fig. 5. It is seen that a small
amount of benzene lowers the craze-initiation stress
dramatically.

The initial slope in the craze-initiation curves is due
to a dynamic process, the absorption of vapour or
liquid by the highly stressed zones around the stress
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Figure 4 Loading stress versus time to crazing in air and n-decane-
enriched natural gas at 23°C. (4 ) Air, (&) 12.5%, (¥) 25%, (0)
50%, (®) 80% n-decane vapour saturation.
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Figure 5 Loading stress versus time to failure for air, n-octane and
n-octane/benzene mixtures. ( + ) Air, (A) 100 vol %, (¥) 90 vol %,
(M) 80 vol % n-octane.

concentrators at the polymer surface. The subsequent
decrease in curvature is related to the creation of a
pseudo equilibrium situation in which the highly stres-
sed zones at the surface are saturated with compon-
ents from the environment, whereas the nominal
stressed zones have hardly absorbed any component
from the environment. The long-term craze-initiation
stress as a function of the composition of the environ-
ment will be interpreted in the next section.

5. Discussion

The calculation of the long-term craze-initiation stress
as a function of the relative vapour pressure of
n-octane or benzene can be performed starting from
Equation 2, where the activity is given by the relative
vapour pressure (Equation 3) and x(benzene) = 0.8
and %(n-octane)~ x(n-hexane) = 2.1. From Equation
2, the equilibrium volume fraction of benzene or
n-octane as a function of the relative saturation can be
obtained. The results are shown in Fig. 6. Owing to
the large amount of absorption, the PVC matrix will
become rubbery in the highly saturated benzene va-
pours. On the contrary, the absorption of n-octane
by the PVC matrix remains low, even in the highly
saturated n-octane vapours.

The equilibrium sorption of a one-component
liquid by PVC can be obtained from Equation 2 by
substituting a = 1. To calculate the equilibrium sorp-
tion of a mixture, Equation 2 has to be modified.
The following equation can be derived from the
Flory-Huggins lattice model for a two-component
liquid [ 18]

Inv, + %, = Ino, + (1 — v, —0,) +
(1 — v + y(v0)* + (12 — %y — %051 — vy)
(12)

where %, quantifies the interaction between the two
components of the mixture, %, is the interaction be-
tween component 1 and PVC, w, the interaction
between component 2 and PVC, v, and v, the volume
fraction of, respectively, components 1 and 2 in the
polymer matrix and v; and v, the volume fraction of,
respectively, components 1 and 2 in the mixture. It is
assumed that the individual molecules of components

Figure 6 Calculated equilibrium volume fraction, v, of ((J) benzene
and ( + ) n-octane vapour by PVC as a function of activity (relative
saturation) of the vapours.
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1 and 2 occupy the same volume in the lattice. Using
%y, = 1.1 (this value follows from curve fitting of the
sorption results presented in Fig. 1) and the earlier
mentioned values of the interaction constants for
benzene and n-octane, the equilibrium volume frac-
tion v; + v, in the polymer matrix can be calculated.
The results of this calculation are shown in Fig. 7.

The next step in modelling the long-term craze-
initiation stress of PVC arid PVC-CPE in vapours
and liquids is to calculate the glass—rubber transition
temperature of the saturated PVC matrix. For the
one-component environment, the procedure is
straightforward. Substitution of T,,v and T,(0)
= 358 K into Equation 10 leads to the required value.
However, for the multicomponent systems there will
be a number of T, values involved. For a two-
component system the following approximation is
used

vl = vy + 0T, (13)

where the 1 and 2 represent the two components. A
long-term craze-initiation stress of about 25 MPa was
obtained in an inert environment for the PVC and
the PVC-CPE material under study (air, 23 °C, 50%
humidity). Thus, if the drawing stress, o4, is replaced
by the craze-initiation stress, o, and a value of 25
MPa is introduced into Equation 11 for o.(0), the
long-term craze-initiation stress of PVC and
PVC-CPE can be calculated from the reduction of the
glass—rubber transition temperature. In Fig. 8 the
calculated craze-initiation stress in one-component
vapour environments is shown as a function of the
degree of saturation. For the n-octane vapour there is
a good agreement between the predicted and the
experimental values of the long-term craze-initiation
stress. For the benzene vapour environment, this
agreement is less satisfactory. The deviation for the
highest benzene vapour pressure is probably caused
by swelling of the surface. The deviations for the
intermediate benzene vapour pressures could be
caused by additional stresses which arise as a result of
the fast and relatively large absorption of benzene in
the vicinity of the stress raisers at the surface.

In Fig. 9 the experimental and the calculated results
are shown for the n-octane/benzene mixtures. Here,

0.50
0.45
0.40
0.354
0.30
N 0.25+
0.20 4
0.15 1
0.10 1
0.05

0.00 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

f,

benzene

Figure 7 Experimental equilibrium volume fraction, v, of (®) n-
hexane/benzene and the calculated equilibrium sorption versus
benzene fraction in benzene/n-octane mixtures.
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also, a reasonable agreement between the experi-
mental and the predicted craze-initiation stresses is
observed.

It is not always possible to obtain the equilibrium
sorption directly from experiments. If the equilibrium
sorption is reached very slowly or is very low, this
sorption can be calculated from Equation 2 for a
liquid and from Equation 12 for a two-component
mixture. In order to perform this calculation, the
interaction constant, , must be known. The entropic
contribution to this interaction constant is considered
to be 0.4. The enthalpic contribution can be obtained
from surface-tension data and solubility parameters
using Equations 8 and 9. The results are summarized
in Table II.

The solubility parameter of PVC-CPE (3,.)
was obtained using Ypyc-cpp = 35mIm~? and
V(PVC-CPE) = 5x10 3 m®kg~!. The solubility
parameters calculated from the surface-tension data
are not in agreement with the data given by Barton
[19] for liquids which show hydrogen bonding (water,
glycol and ethanol). On the other hand, the values of
the solubility parameters of the organic liquids »-
hexane, toluene and cyclohexanone calculated from
the surface-tension data compare well with the data
from [19].

G {MPa)
«
/

o T T T
0.0 0.2 0.4 06 0.8 1.0
a

Figure 8 Experimental and calculated long-term craze-initiation
stress as a function of activity of n-octane and benzene vapour. (V)
Benzene (experimental), () n-octane (experimentatl), (~—-) benzene
(calculated), (—) n-octane (calculated).
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Figure 9 (A) Experimental and (——) calculated long-term craze-
initiation stress as a function of volume fraction of benzene in
n-octane/benzene mixtures.



TABLE II Solubility parameters from surface-tension data according to Equation 8, 8,,; solubility parameters from [19], §,;,; enthalpic
interaction constant, %y, calculated from these solubility parameters according to Equation 9; volume fraction, v, calculated using x = xq4
+ 0.4 and Equation 2; relative drawing stress, o4(v)/o(0) , according to Equations 4 and 5

Component Squre Biiy K, surf MH, 1t v g4(v)/o4(0)
(MPa'/%) (MPa'/?)

Water 39 47.8 1.9 51 0.002 0.99

Glycol 27 349 04 4.1 0.004 0.99

Cyclohexanone 21 19.6 0.2 0.1 1 0

Ethanol 18 26.5 0.6 0.6 0.32 0

Toluene 20 18.2 0.4 0.4 046 0

n-hexane 15 14.9 34 2.2 0.034 0.86

PVC-CPE 23 214

If the solubility parameters are divided into a polar,
a dispersive and a hydrogen-bonding part, the enthal-
pic contribution to the interaction constant % can be
calculated analogously to Equation 9. Instead of the
square of the difference of solubility parameters be-
tween liquid and polymer, the sum of the squares of
the differences in the polar, the dispersive and the
hydrogen-bonding part of the solubility parameters
has to be used. Although this division leads to a more
detailed treatment of the interaction, the value for the
interaction constant, , obtained in this way is not
realistic (too high). Therefore those results are not
presented in Table II.

The decrease in drawing stress due to the calculated
sorption (the uy j; data are used) compares reasonably
with the experimentally observed decrease in the craze-
initiation stress for the water, glycol and n-hexane
vapour environments (see Fig. 3). The disagreement
between the decrease in experimental craze-initiation
stress and predicted drawing stress for the toluene and
cyclohexanone vapours can be explained by a phase
transition. At high sorption, PVC-CPE becomes rub-
bery and initiation of crazes becomes impossible.

A real discrepancy between the decrease in drawing
stress and craze-initiation stress is observed for the
ethanol vapour. In order to describe the decrease in
craze-initiation stress, xy~2 should be used. This
discrepancy means that one has to be careful when
using solubility parameters to predict the craze-initi-
ation stress.

6. Conclusion

The long-term craze-initiation stress of PVC and
PVC-CPE in vapours and mixtures is a function of
the activity of the different components and the inter-
action between these components and the polymer
matrix. More precisely, there seems to be a direct
relation between the reduction of the glass-rubber
transition temperature due to the absorption of the
environment and the reduction of the long-term craze-
initiation stress.

Although surface-tension experiments give informa-
tion about the interaction between the polymer matrix
and a liquid, the relation between the surface stress
and the environmental stress-cracking capacity is not
straightforward. It appears that the Flory-Huggins
interaction constant can be used for a prediction of the

long-term craze-initiation stress if no sorption data
are available. This interaction constant is best approx-
imated using the solubility parameters from Barton
[19]. The solubility parameters calculated from the
experimental surface-tension data are less satisfactory.

Adsorption and capillary condensation are not ex-
pected to affect the craze initiation process signific-
antly.
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