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Styrenics materials and cyclopentane: problems
and perspectives
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The use of chlorofluorocarbons (CFC) and hydrochilorofluorocarbons (HCFC) has been
greatly limited in recent years because of their high ozone depletion potential (ODP)
(Montreal protocol). The manufacturers of refrigerators have tried various new blowing
agents for polyurethane (PU) foams used as insulating panels, and currently the chosen
organic compound in Europe seems to be cyclopentane (CP), due to its acceptable insulating
power and null ODP and toxicity. Unfortunately the interaction of CP with high impact
polystyrene (HIPS) panels of the refrigerators produces blisters and can possibly induce
environmental stress cracking (ESC). The aim of this work is, then, to explain the growth of
blisters with a theoretical calculation and also to investigate the mechanical behaviour of
HIPS in contact with gaseous and liquid CP, in comparison with usually used Freon® 11 (F11).

By means of the group contribution one can calculate with the Flory—-Huggins equation an
isothermal adsorption curve for the polystyrene (PS) matrix/organic system and with the
Chow equation calculate the lowering of 7,. From the calculation it is evident that the lower
CP vapour pressure causes a considerable absorption, and this is simultaneous to the lesser
CP amount needed to reach a 23°C T for the PS matrix: it is then possible to state that the
blisters form from a sort of micro blow-moulding, induced in the plasticized PS by the
thermal treatments that are introduced in the refrigerator production cycle. The use of small
amounts of acrylonitrile (AN) in the PS matrix may be sufficient to avoid this inconvenience,
as it has been confirmed by lab and industrial experiences.

From a mechanical point of view two experimental set-ups were designed in order to
evaluate the ESC resistance in gaseous and liquid environment: for the first case slow crack
propagation (SCP) experiments were performed in controlled atmospheres on compact
tension (CT) specimens, while in the second case the essential work of fracture (EWF)
technique was applied to double edge notch (DEN) specimens fully immersed in the
considered liquids at different temperatures. In the first case it can be immediately
concluded that the ESC produced in the presence of the same pressure of the two different
agents (CP and F11) is very different, the CP one being much more aggressive than the F11.
However, if the data are plotted versus the thermodynamic activity, there is no meaningful
difference between CP and F11, suggesting that this parameter controls the ESC in gaseous
environment for the considered blowing agents. In the case of ESC in the presence of
a liquid, that could have a practical relevance in refrigerators if condensation phenomena
take place, one observes that ordinary HIPS becomes rapidly brittle, while an AN modified
HIPS maintains an appreciable ductility also in the presence of the liquid solvents.

1. Introduction

The 1987 Montreal protocol and its revised version
produced a progressive ban of chlorofluorocarbons
(CFC or Freon®) because of their high ozone de-
pletion potential (ODP). Recently, environmental
laws have been promulgated across the whole of
Europe, which not only limit the usage of CFCs
but also modified CFCs (HCFC) which have a
lower or null ODP. Furthermore, an important
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ecolabel, the Blauwe Engel (Blue Angel), has been
introduced in Germany for those goods that
present a very low environmental impact: this
initiative has also proved to be a successful market-
ing tool. As a result, CFCs and HCFCs are now
virtually banished from use in Europe as blowing
agents for polyurethane (PU) foams that are used
to thermo-insulate domestic and industrial
refrigerators [1].
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The refrigerator manufacturers are now oriented
towards the utilization of cyclopentane (CP). This
change created problems in the material used for the
internal panels of the refrigerators which is usually
high impact polystyrene (HIPS). In CP based refriger-
ators it was often observed that the presence of small,
anti-aesthetic blisters on the internal surface of the
refrigerators (the one in contact with food) were occur-
ring. This effect has called into doubt the continued
utilization of HIPS in CP based refrigerators.

The aim of this work is then to investigate the
interactions between CP and HIPS, both from theor-
etical and experimental points of view, with the speci-
fic objective of understanding and improving the
behaviour of the real system represented by the
refrigerator.

2. Background

HIPS is a polymeric material composed of a matrix of
polystyrene (PS) and a population of well dispersed,
composite particles, whose rubber component is ordi-
narily crosslinked polybutadiene (PB) (Fig. 1). The
main problem that HIPS experienced in Freon® 11
(F11) based refrigerators was environmental stress
cracking (ESC). The HIPS panel in a refrigerator is, in
fact, subjected to stress of different origins during its
service life and can break down more easily due to the
chemical aggression. Some papers have appeared in
the literature concerning the ESC of HIPS in contact
with liquid substances such as oils, alcohols, hydrocar-
bons [2, 3] and gaseous substances such as fluoro-
carbons [4-6]. These studies demonstrated that the
parameters to work on in order to enhance the ESC
resistance were the matrix molecular weight, the rub-
bery phase content, the rubbery particle size and mor-
phology and the mineral oil level; on the basis of these
observations the HIPS producers were able to develop
special grades that could withstand the action of F11
and guarantee a good ESC resistance [7-9].

For practical purposes, a routine test protocol for
the control of the ESC resistance became an accepted
standard in the field: in 1970 the Arbeits Gemelnschaft
KilteIndustrie (German Association of Refrigerator

Figure I TEM picture of a typical HIPS: the light regions represent
the PS matrix, whilst the dark, circular regions represent the PB
composite particles.
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Producers) adopted the standard known as AGK 31
[10]. The AGK 31 protocol is briefly summarized as
follows: strips of HIPS are obtained from manufac-
turers and are then loaded for a given amount of time
in an environment containing a controlled atmo-
sphere (0.5065 x 10° Pa) of F11, a constant flexural
deformation and an initial stress which is considered
to be of the same order of magnitude as the stress
inside a refrigerator, but below the yielding stress
{1520 MPa for ordinary HIPS), are applied. After
this phase the strips are removed from the aggressive
atmosphere and deformed in tension in a standard
testing machine with a constant grips displacement
rate. The relative reduction of the elongation at break
with respect to unexposed specimens is considered
a practical parameter measuring the chemical damage.

This protocol has proved to be very useful due to its
simplicity but has, unfortunately, many controversial
points. These include:

1. ESC fractures that take place in service are charac-
terized by the fact that the loading, the attack and
the fracture are simultaneous and concomitant,
whilst the AGK 31 protocol introduces an arbit-
rary separation between the phase of the attack and
the loading and the phase of the fracture,

2. the temperature of the test (room temperature) is
quite far from the service temperatures. In service
conditions it is very probable that local condensa-
tion of F11 can take place, the boiling point of F11
being about 24 °C (see Table I), giving rise to local-
ized intense HIPS solubilization phenomena which
are not accounted for by the AGK 31 test,

3. the elongation at break in a specimen without
a notch is a very questionable parameter: in this
case, in fact, the fracture always originates from
accidental weak spots (dust particles, local in-
homogeneities, etc.) that exist inside the material
and act as stress concentrators, possibly producing
enormous experimental scattering,

4. the choice of a relaxing stress does not seem to fit in
a realistic way the stress conditions that can take
place in a refrigerator. Furthermore the chosen
stress value could be possibly too low, considering
the fact that in correspondence of critical points,

TABLE I Physico—chemical characteristics of the considered PU
blowing agents. CP is from EniChem SpA and F11 from Ausiment
SpA

Cyclopentane Freon®11
Purity (%) 99.2 99.7
Molecular weight  (gmol™?) 70.134 137.368
Density (23°C) (gem™3) 0.752 1.482
Molar volume (em®mol™Y)  93.239 92,710
23°C)
Boiling point (9] 49.25 23.82
Vapour pressure (x102 Pa) 389 991
(23°C)
Vapour pressure (x10? Pa) 141 401
(0°C)
Vapour pressure (x10% Pa) 41 133
(—23°C)




Figure 2 SEM picture of blisters on the inner surface of a HIPS
panel in a CP based refrigerator.

like edges, the material can undergo a stress higher
than the yielding one.

For these reasons the extension of the AGK 31 proto-
col to different aggressive agents does not seem to be
applicable, taking also into account that in the specific
case of CP the vapour pressure is lower than
0.5065 x 10° Pa at ambient conditions.

On the other hand, CP based refrigerators present
problems that only rarely occurred when the PU
blowing agent was F11: for example the appearance of
blisters (Fig. 2), which whilst not necessarily inducing
observable fractures, constitute an aesthetic drawback
that can result in the rejection of the produced piece,
with the consequence of a considerable loss of profit.

The present work will be, then, divided into two
parts; the first of which considers the occurrence of the
blisters and advances an explaining hypothesis based
on theoretical calculations, and the second one prop-
osing and studying some methods, different from the
AGK 31, for the characterization of the ESC resist-
ance of HIPS in CP in comparison with the tradi-
tional blowing agent, F11.

3. Surface damage (blistering)

Zanussi Inc. and Whirlpool Inc, major FEuropean
producers of refrigerators, provided some interesting
observations concerning the frequent occurrence of
blisters in refrigerators prepared using CP based PU
[11]. The blisters do not form immediately after the
filling of the refrigerator doors with the PU foam, but
mostly after a heating treatment at a temperature of
about 60°C, introduced in the production process in
order to simulate storing periods at elevated tempera-
tures. As we said before, the phenomenon of blistering
occurred very rarely with F11 based PU.

In order to explain the phenomenon it is necessary
to have a more precise idea of a refrigerator panel:
Fig. 3 is a useful schematic representation. In every cell
of the PU foam there will be a given concentration and
consequently a given pressure of the blowing agent.
The blowing agent, which ordinarily is a small organic
molecule, has the tendency to dissolve into the

Gaseous CP HIPS surface

— Softened HIPS
PU foam

(a}

Gaseous CP — HIPS surface

PU foam
™~ Blisters

(b}

Figure 3 Scheme of the refrigerator panel. Mechanism of blister
formation: (a) plasticization; (b) formation of the blisters.

polymeric material forming the panel. In order to
simplify the problem we will consider in the following
discussion only the interaction with the PS matrix,
neglecting the rubbery phase contribution. The degree
of affinity between the polymer and the vapour can be
expressed by means of a parameter known as the
Flory—Huggins interaction parameter [12], ¥, com-
posed of two contributions:

X = XAs+ Ans (1)
where y, represents an entropic part, which does not
change very much and has a value that for the great
majority of polymer—solvent systems is on the order of
0.3-0.4 [13], and yy, is an enthalpic part, that for non-
polar, non-hydrogen bonding polymer—solvent sys-
tems is given by [14]:

I/s 2
£ = ﬁ <8P - 85> H (2)

where V is the solvent molar volume, R the universal
gas constant, T the absolute temperature and 8, and
d, the Hildebrand solubility parameters for the poly-
mer and the solvent, respectively.
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A knowledge of the interaction parameter is ex-
tremely helpful. In fact, by means of the Flory-Hug-
gins equation for the thermodynamic activity, o,
defined as the ratio between the solvent pressure at the
equilibrium with the polymeric solution (P), over the
vapour pressure of the pure solvent at the same tem-
perature (Py):

Inoe =

P
Ing = Indg, + dp + %2, )

0
where ¢, and ¢p are the solvent and polymer volume
fraction, respectively, and using the formula;

d
weight gain = P ds @)

¢P dP ’

where d, and dp are the solvent and polymer density,
respectively, we can calculate the weight gain of the
polymer.It is possible, at this point, to plot the weight
gain of the polymer in contact with the considered
organic versus the organic pressure or activity at the
thermodynamic equilibrium. Figs 4 and 5 show these
plots in the cases of CP and F11.

From an examination of Fig. 4 it is evident that the
dissolved amount of CP is always greater than that of
F11, due to the fact that the pure solvent vapour
pressure at 23°C is 389x10°Pa for CP and
991 x 102 Pa for F11. In fact, the weight gain of the
polymer rapidly increases when the pressure ap-
proaches the pure solvent vapour pressure. On the
other hand, the y parameter influences the shape of
the curves shown in Figs 4 and 5. Furthermore, we can
note that, considering the activity instead of the pres-
sure (Fig. 5), the difference between CP and F11 is not
so remarkable: we will come back on this evidence
later in this paper.

When a polymer is in contact with a solvent and is
plasticized the system glass transition temperature
(T,) lowers: this decrease in T, can be computed
knowing the molar volume of the solvent and some
physico—chemical parameters of the polymer [15, 16].
In order to reduce the T, of the system to 23°C,
making it soft at room temperature, a weight gain of
about 12% for CP and 23% for F11 is needed. Taking
into account the above mentioned considerations, it is
very likely that the effective T, of the system should be
lower when the material is in contact with a CP based
PU foam, than with a F11 based foam.

The blistering occurrence can now be understood:
when the temperature of the system increases from
room temperature, as happens during the industrial
heating treatments, the blowing agent pressure will
increase accordingly. If the polymer is softened
enough by the solvent, it cannot bear the stress and
will be swollen, in a sort of micro-blow-moulding pro-
cess, producing in this way the bubble that will initiate
the blister (Fig. 3). It is also possible that the pressure
can reach values high enough to cause the melt frac-
ture of the blister, yielding in this way to the small
holes that have often been observed, together with the
bubbles, in the refrigerators.

Despite the fact that it accounts for the difference
observed in the surface damage for CP and F11 based
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Figure 4 Plot of the PS weight gain at the thermodynamic equilib-
rium versus the pressure for CP (solid line) and F11 (dotted line);
T = +423°C.
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Figure 5 Plot of the PS weight gain at the thermodynamic equilib-
rium versus the thermodynamic activity for CP (solid line) and F11
(dotted line); T = +23°C.

refrigerators, the above outlined model has, of course,
to be intended only as a rough description. In the
model, for example, we assumed no contribution from
the rubbery dispersed phase contained in the material
composing the refrigerator panel, that, on the con-
trary, can play a role on the blistering phenomenon.
Nonetheless the model suggests some possible strat-
egies to avoid the occurrence of the bubbles, that can
be usefully applied in the production of refrigerators.
First of all, and this is the road followed at the present
moment by many refrigerator producers, one can use,
instead of ordinary HIPS, a material chemically modi-
fied, in which a small amount of acrylonitrile (AN) is
added to the PS polymer chain. In this way the affinity
between the polymer and the solvent is lower and
consequenily the weight gain and the T, decrease are



reduced. In this case one can probably count also on
a lower diffusivity inside the polymer, making the
thermodynamic equilibrium more difficult to reach.
As a matter of fact, the introduction of a quantity of
about 8% of AN in the matrix has proved to be
sufficient to completely eliminate the occurrence of
blisters.

On the other hand, it is also possible to modify the
PU foams: in fact a large number of blisters were
observed in non-homogeneous regions of the PU
foam, inside which one can assume a higher concen-
tration of the blowing agent. Consequently, if a CP
based foam could be produced with a more uniform
foam distribution and reduced residual pressure in the
cells, within the obvious constraint of a good thermal
insulation, it is conceivable that the phenomenon of
blistering could diminish or even disappear. Finally, if
the storage temperature is kept low the probability of
inducing the hypothesized mechanism of micro-blow-
moulding could also be greatly reduced.

4. Experimental

4.1. Environmental stress cracking

The analysis of the weakness of the AGK 31 test
suggest some ideas that can be profitably used to
develop better methods for the ESC resistance charac-
terization in the refrigerator field. The methods
should:

1. reproduce realistic aggressive conditions in which
the chemical aggression, the load and the fracture
take place simultaneously,

2. be able to explore widely different experimental
conditions, in terms, for example, of stress and
temperature; they should also be able to investigate
the difference existing between an aggression tak-
ing place in a liquid and in a gaseous environment;

3. involve intrinsic mechanical parameters, support-
ing in this way the knowledge of the aggression
phenomena in terms of structure-property rela-
tionships.

Concerning this last point it is easy to think of the
tools offered by fracture mechanics, and several ex-
perimental techniques suitable to our investigation
have already been developed and discussed, as we will
see in the following discussion. The points 1 and 2, on
the contrary, need to be considered more carefully and
for them we developed ad hoc solutions. In the follow-
ing part of the present paper we will, then, describe our
attempts, dividing the presentation in two parts, the
first one concerning ESC in a gaseous environment,
and the second for a liquid environment.

4.1.1. ESC in a gaseous environment

The usage of gaseous solvents in ordinary modern
dynamometers is very risky due to the fact that
a chemical attack can damage the complex electronic

Camera

Lateral view

Figure 6 Scheme of the experimental set-up used for ESC experi-
ments in a gaseous environment.

circuits that control the machines. It is safer, for
this purpose, to develop a testing equipment as
simple as possible that could be entirely contained in
a sealed box inside which the nature and pressure of
the atmosphere could be adjusted. In order to avoid
the introduction inside the box of load sensors, that
can be casily damaged by the solvent, it is more
straightforward to test the materials at a constant
load, for which case no elaborate measurements are
needed.

If the examined samples contain a pre-notch, the
crack advance can be easily examined also if the ap-
plied load is constant, because of the fact that the
stress conditions at the crack tip, described by the
stress intensity factor, K, changes with changing the
crack depth. It is possible, in this way, to examine the
sub-critical or slow crack propagation (SCP) regime,
which is a phase of the fracture that is very interesting
from the practical point of view.

These considerations brought us to the develop-
ment of the equipment sketched in Fig. 6. The box is
designed to sustain internal pressures lower than 1 at-
mosphere (1.013 x 10° Pa) and the internal tempera-
ture can be varied in the range —10—+50°C. The
maximum permitted load on the creep support inside
the box is about 40 kg, while the circular windows
have the function of allowing the observation of the
crack advance during the test. The box is also pro-
vided with an efficient electrical grounding system to
avoid the accumulation of electrostatic charges and
the tests in the presence of the solvent have always
been performed after an oxygen removal procedure in
order to avoid explosions.

We adopted compact tension (CT) specimens, ma-
chined from compression moulded plates, containing
a sharp (razor made) notch; the specimen dimensions
are reported in Fig. 7. They are quite large to permit
the observation of the sub-critical crack advance for
a length of some mm. The computation of the stress

T A crucial contribution to the thermal insulating power of the PU foam is given by the residual blowifig agent. If the foam loses the organic
and is filled by air, whose thermal conductivity is much higher, the insulation significantly decreases:
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Figure 7 Quoted sketch of the CT specimen used in the slow crack
propagation experiments. The considered thickness is 3.2 mm.

intensity factor has been made according to the for-
mula [18, 197:

P

K= Iy

)
where P is the applied load, B the specimen thickness,

the meaning of W is illustrated in Fig. 7 and fis given
by:

LA
w

S =y
(1-5)
+14.72 (%)3 —56 <-%ﬂ 6)

where a represents the fracture coordinate. Equations
5 and 6 hold when 0.2 < a/W < 0.8: data out of this
range were never considered.

A camera with a magnifying objective lenses of
about 6x was used in order to follow the fracture
advance: such a magnification was sufficient to have
a good resolution of the crack tip position. A gold grid
sputtered onto the specimen was utilised as a dimen-
sional reference, avoiding complicated calibration for
the lenses magnification factor [20]. The camera was
mounted on a positioning device that allowed very
small displacements, keeping the images still during
the motion. The images were recorded onto a VCR.
The frames were successively printed by means of
a video printer and the values of the fracture coor-
dinate were simply obtained from the pictures. Some
preliminary, interrupted experiments demonstrated
that, if the specimens were properly aligned, avoiding
mode II and III components in the fracture process,
and the razor notch was not oblique, the position of
the fracture on the side of the specimen, recorded by
the VCR, was coincident with the position in the bulk.

For the determination of the crack speed we adop-
ted the following method: generally we observed that
the plots of the measured a(f) values versus
log [1/(t; — )], where t; is the total fracture time and
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Figure 8 Logarithmic plot of the crack coordinate, a, versus
1/(t; — t) for a specimen of material B fractured in an atmosphere of
F11 at 300 x 10* Pa. The solid line represents a linear regression.
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Figure 9 Paris plot for three different specimens (O, [, A) of
material B fractured in an atmosphere of F11 at 300 x 102 Pa.

t represents the time coordinate, were well defined
straight lines (Fig. 8 is a typical example) [20]. It is
possible then to write:

1
at) = M+ Nlog( ), (7
te—t -
where M and N are constants that can be obtained
from the experimental data relative to each sample.
We can immediately conclude, then, that:

da _ N ®)

dt te—t

Consequently, it was possible to obtain logarithmic
plots of da/dt versus K, often designated in the litera-
ture as Paris plots [21-23]; Fig. 9 is a typical example




of a Paris plot for the considered materials. It is, in
fact, agreed that the phenomenon of sub-critical crack
advance is reasonably well described for a wide range
of materials, including the great majority of polymers,
by the Paris law [21-23]:

da
a _ 4k 9
” ©
where A and m are two phenomenological constants
that have to be extracted from the experimental data.

The experimental results will be presented and dis-
cussed in the results and discussion part of this work.

4.1.2. ESC in a liquid environment

Some condensation of the PU blowing agent is very
likely to occur when the refrigerator temperature is
well below room temperature. In principle, the ESC in
liquid, due to its extreme intensity, can have different
features to that of the ESC in the gaseous atmosphere;
it is, therefore; interesting and useful also to examine
the ESC resistance in this case.

The chemical attack produced by a liquid solvent
generates a strong plasticization in HIPS. In this case
it is very difficult to define a stress intensity factor,
because the stress—strain behaviour is far from the
linear elasticity that the stress intensity factor ap-
proach supposes and also notch blunting is relevant
from the very first phase of the fracture. Consequently
it is hard to adopt the same technique that we de-
scribed for the ESC in the gaseous atmosphere.

We therefore followed a different approach. Con-
sidering the ductility that HIPS shows, we decided to
test its mechanical resistance by means of the method
known as essential work of fracture (EWF). Following
the approach pioneered by the groups of Broberg and
Cotterell [24-27] that was expanded by Mai and
Powell [28] and Paton and Hashemi [297 the plastic
fracture problem can be addressed by dividing the
zone in which the fracture takes place into two parts:
a final zone, close to the crack tip, in which the
mechanical energy is changed into fracture work, and
an external zone, in which, the mechanical energy is
dissipated by the plastic deformation. This fact gives
rise to a sort of crack tip shielding phenomenon,
inducing an increase in toughness. The mechanical
energy dissipated in the final zone is considered to be
an intrinsic property of the material and has received,
indeed, the name of essential work of fracture. In order
to measure it, it is necessary to divide the two energetic
contributions. Let us consider a double edge notched
(DEN) specimen (Fig. 10) tested in tension, if we as-
sume that the total fracture work, Wy, can be split into
two contributions:

Wf = W, IB + WP'YIZB, (10)

15.0 cm

45°C

Figure 10 Quoted sketch of the DEN specimen used in the essential
work of fracture experiments. The considered thickness is 1 mm.

where B is the specimen thickness, [ the ligament,
v a form factor for the plastic zone and w, and wp the
elastic and plastic energetic contributions, respective-
ly. It is easy to recognize that a plot of W¢/(IB) versus
I will have a linear shape and provide the value of the
essential work of fracture, w,, as the intercept of the
line interpolating the data,’ while the slope of the plot
will describe the plastic contribution.

Our experimental set-up was then the following: we
machined from compression moulded plates, DEN
specimens having dimensions as described in Fig, 10
and different ligaments. Razor tips at the notches
were produced carefully, using a magnifying lens
and a positioner. The specimens were then tested in

1 Of course there are some assumptions to be made and the approach cannot be followed without checking that some limitations are
satisfied: namely that I does not have to be greater than the plastic zone at the crack tip, / does not have to be too big with respect to the total
specimen width and ! has to be at least five times the specimen thickness, B. A discussion of the details of the EWF approach is, however far
from the purposes of the present paper and we refer to the previously mentioned references.
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TABLE II Molecular and structural characteristics of the two
HIPS materials considered

HIPS A HIPS B
Acrylonitrile (Wt%) 0 8
Polybutadiene (Wt%) 9 9
Rubbery phase (Vol%) 35 35
(RY (pm) 0.12 0.33
B2 4.26 1.88
Matrix Mw (gmol™1) 145000 145000
Young’s modulus (MPa) 1350 1420
Tensile yielding stress (MPa) 15.0 15.2

tension in the liquid environment, by means of a small
glass container fixed to the specimen itself, and at the
chosen temperature using an ordinary dynamometer
with grip displacement rate of 5 mm per min. From
the stress—strain curves it was possible to obtain the
value of the fracture energy, while the precise value of
the ligament was measured a posteriori by means of
a metallographic optical microscope. Curves of
W /(1B) versus | were then easily accessible.

4.2. Materials

In the present work we considered two solvents (re-
agent grade), CP and F11, and two different HIPS
materials. The solvent characteristics are reported
in Table I. The main structural and morphological
characteristics of the two considered HIPSs are
reported in Table II. The choice of the HIPS materials
was made in order to match the grades that are now
ordinarily used by the refrigerator industry.

The HIPS data are obtained following ordinary
characterization methods, with the single exception of
the dispersed phase geometric features. In fact, in
order to realize a precise and quantitatively useful
structural characterization an accurate determination
of the particle size distribution and of the dispersed
phase volume fraction is necessary, The ordinary way
of measuring these two key parameters are, in fact,
subjected to some criticism and give rise to data that
cannot be considered realistic [31, 32]. For this rea-
son, we adopted the stereological approach described
in detail in Ref. [31], that consists in analysing trans-
mission electron microscopy (TEM) pictures, obtained
followed the standard technique reported in Ref. [33],
from material slices having different thickness and
then reconstructing the bulk situation. We used the
following equations [31]:

n (R + 2t{(R'>

4R + 2t (b

<ty

4(R*) + 3t(R*)
6(R*> +3t ~’

*y (12)

4(R3> + 3t(R%)
4(R%

¢app = ¢9 (13)
where the {r*) represents the i-th moment of the
particle radius distribution in the TEM images, (R’>
the j-th moment of the real particle distribution in the
bulk, ¢ the observed section thickness, ¢,,, the appar-
ent rubbery phase volume fraction in the TEM images
and ¢ the real second phase volume fraction. Equa-
tions 11-13, which produce an over-determined sys-
tem when one considers more than one thickness,
have been solved using a simple algorithm, which
consists of the minimization of the maximum compo-
nent of a normalized linear error function containing
all the parameters {(R’> and ¢. For practical purposes
it is useful to define the parameter B:

R2 12
p=(spa-1) (14

and representing the dispersion of the distribution,
which is the one reported in Table I1.

5. Results and discussion

Figs 11-14 contain the Paris plots for the considered
materials in the two aggressive agents in the different
experimental conditions and Table I summarizes the
results. It is clear from the figures that the aggressive
atmosphere has a relevant effect that increases the
crack speed with increasing the relative pressure.

It has to be pointed out that for samples exposed at
2x 10* Pa in CP and at 6 x 10* Pa in F11 a relevant
plasticization was observed, leading to the blunting of
the crack. The corresponding lines in the Paris plot
can consequently be incorrect due to the fact that in
the presence of a blunt crack the stress intensity factor
does not have a precise mathematical meaning. This
plasticization phenomenon can be easily understood if
we take into account the fact, mentioned in one of the
previous sections, that these pressures (2 x 10* Pa CP,
6 x 10* Pa F11) of aggressive agents lower the T, of
the PS matrix down to room temperature

It is interesting now, from the engineering point of
view, to confront the crack speed values obtained in
correspondence to a defined K value for the materials
and the conditions examined. In Fig. 15 we show the
crack speed corresponding to a stress intensity factor
of 2 MPam'/? as a function of the pressure of the
aggressive agents.

It can be easily seen that the CP is the strongest
damaging agent for both materials. Nevertheless ma-
terial B shows a better performance in air and main-
tains its superior behaviour up to 2 x 10* Pa for CP
and 6 x 10* Pa for F11.

In Fig. 16 we show the same data as a function of
the thermodynamic activity of the aggressive agents.
In this case we observe that the CP and F11 effects are
almost the same for each material, the behaviour of

%The calculations presented were relative to the thermodynamic equilibrium conditions. Nonetheless, it is reasonable to assume that these
conditions are quickly reached in SCP experiments due to the presence of stress and of damaged material in form of crazes. In fact,

considering diffusion rates in the range of 1078-10712 cm?s~!

and a craze fibril diameter of about 25 nm [34], the equilibrium is reached in

a time of about 0.1-10 ms, for activities in the experimental range considered in the present paper.
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Figure 11 Paris plot for material A. Fractures in (a) air and
(b) 100 x 102 Pa, (c) 160 x 10* Pa and (d) 200 x 10? Pa CP atmo-
spheres.
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Figure 12 Paris plot for material A. Fractures in (a) air and
(b) 160x10>Pa, (c) 300x 10° MPa, (d) 450x10*Pa  and
(e) 600 x 10? Pa F11 atmospheres.

material B being better than that of material A up to
an activity of about 0.25. This fact is in agreement with
the calculations reported in one of the previous sec-
tions concerning the weight gain of the PS matrix as
a function of the activity (Figs 4 and 5).

The activity dependence of the crack speed at
a given stress intensity factor can, then, be assumed to
be the key concept to understand data of SCP in
a gaseous aggressive agent, in analogy with data ob-
tained by OIf and Peterlin [35] for polypropylene/He,
N,, Ar, O,, CO, systems, and Brown [36] for
poly(chlorotrifluoroethylene)/N,, CH, systems in
a range of temperatures from room to the boiling
point of the considered gases.
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Figure 13 Paris plot for material B. Fractures in (a) air and
(b) 100 x 10* Pa, (c) 160 x 10> Pa and (d) 200 x 10> Pa CP atmo-
spheres.
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Figure 14 Paris plot for material B. Fractures in (a) air and
(b) 160x 10> Pa, (c) 300x102Pa, (d) 450x10>Pa  and
(e) 600 x 102 Pa F11 atmospheres.

If we assume that in refrigerators ¥11 and CP are
gaseous in the PU foam, differences in the damage of
the polymeric panels have to be ascribed to differences
in the thermodynamic activity of the aggressive
agents.

Considering the experiments performed in liquid
environment the results are as follows.

Fig. 17 is a plot of the energy density versus the
ligament for material A fractured in air, CP and F11 at

+23°C. This figure shows clearly that the material
becomes brittle when in contact with the aggressive
agents: the slope of the corresponding curves, in fact,
are close to zero, indicating that the energy contribu-
tion due to the plastic work is very low. This fact is

3755



107°

i
10° D
"o 0 u
kS
©
10~8 $ L L L - 1 . " i L 1 L
3 3
0 25x 10 50 x 10
P, (Pa}

Figure 15 Plot of the crack speed, da/dt, corresponding to a con-
stant value of stress intensity factor (K = 2 MPa m'/?) versus the
pressure, P, for material A (empty symbols) and material B (filled
symbols) in CP (circles) and Fi1 (squares). The dotted lines are
simply guides for the eye.
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Figure 16 Plot of the crack speed, da/dt, corresponding to a con-
stant value of stress intensity factor (K = 2 MPa m'/?) versus the
thermodynamic activity, P/P,, for material A (empty symbols) and
material B (filled symbols) in CP (circles) and F11 (squares). The
dotted lines are simply guides for the eye.

confirmed both from the visual inspection and the
SEM analysis of the fracture surfaces. The visual in-
spection of the specimens reveals, in fact, an elliptic
plastic zone between the notches that reduces its
height as a function of the ligament (as reported in
Fig. 18) for the fracture in air, but no plastic zone is
observed for the exposed specimens. On the other
hand the SEM micrographs of the fracture surfaces
(Figs 19-21) show that the attack of the solvents on the
upper half of the specimen is very strong, with a com-
plete washing away of the surface itself, which exhibits
holes, coming from the evaporation of the solvent.

3756

20

15 -

Energy density, (KJm™?)

0 5 10 15 20 25
Ligament, / (mm)

Figure 17 Plot of the energy density, W /(I x B) versus the ligament,
I, for material A at a temperature of +23°C in air (A), in liquid CP
(O) and in liguid F11 ([7). The solid lines represent linear regres-
sions.
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Figure 18 Plot of the height of the plastic zone, h, versus the
ligament, /, for material A at +23°C in air (@) and at —23°Cin air
(O). The dotted lines are simply guides for the eye.

Fig. 22 is a plot of the energy density versus the
ligament for material A fractured in air, CP and F11 at
—23°C. An examination of the figure shows that,
while the slope of the specimen fractured in air is again
positive, testifying to the presence of an active plastic
mechanism, the lines that relate to fracture in the
liquid agents have, on the other hand, slopes close to
zero, indicating fragility, but, in this case, the average
value of the fracture energy density appears undeni-
ably higher for CP. The SEM analysis (Figs 23-25)
confirms this fact: the attack of F11 is still strong,
whilst that of CP may be defined as medium and



Figure 19 SEM micrograph of the fracture surface of material
A fractured in air at 423 °C. The artificial notch is on the right side
of the picture, the crack propagates from right to left.

Figure 20 SEM micrograph of the fracture surface of material
A fractured in liquid CP at +23°C. The observed zone is near to
the original notch, the crack propagates from right to left.

Figure 21 SEM micrograph of the fracture surface of material
A fractured in liguid F11 at +23°C. The observed zone is near fo
the original notch, the crack propagates from right to left.

without washing away of the surface. It is interesting
to note that the presence of the bubbles on the fracture
surface (Fig. 25) tends to define the rubbery particles
contour: this is due to the fact that the particle bound-
aries are regions of stress intensification and then of
preferential permeation of the solvent.
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Figure 22 Plot of the energy density, W /(I x B) versus the ligament,
I, for material A at a temperature of —23°C in air {A), in liquid CP
(O) and in liquid F11 ({J). The solid lines represent linear regres-
sions.

Figure 23 SEM micrograph of the fracture surface of material
A fractured in air at —23 °C. The artificial notch is on the right side
of the picture, the crack propagates from right to left.

Figure 24 SEM micrograph of the fracture surface of material
A fractured in CP at 23 °C. The artificial notch is on the right side
of the picture, the crack propagates from right to left.
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Figure 25 SEM micrograph of the fracture surface of material
A fractured in F11 at —23°C. The observed zone is near to the

Figure 28 SEM micrograph of the fracture surface of material
original notch, the crack propagates from right to left.

B fractured in CP at +23 °C. The artificial notch is on the right side
of the picture, the crack propagates from right to left.

20

Energy density, (KJm™)

b Figure 29 SEM micrograph of the fracture surface of material
T I T T B fractured in F11 at +23°C. The observed zone is near to the
0 0 5 10 15 20 25 original notch, the crack propagates from right to left.

Ligament, / {mm)

Figure 26 Plot of the energy density, W /(I x B), versus the ligament,
I, for material B at a temperature of +23°C in air (A), in liquid CP
(O) and in liquid F11 (7). The solid lines represent linear regres-
sions.
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Figure 30 Plot of the energy density, W¢/(I x B), versus the ligament,
I, for material B at a temperature of —23°Cin air (A), in liquid CP

(O) and in liquid F11 (). The solid lines represent linear regres-
sions. "

Figure 27 SEM micrograph of the fracture surface of material
B fractured in air at +23 °C. The artificial notch is on the right side
of the picture, the crack propagates from right to left.
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Figure 31 SEM micrograph of the fracture surface of material
B fractured in air at —23 °C. The artificial notch is on the right side
of the picture, the crack propagates from right to left.

Figure 32 SEM micrograph of the fracture surface of material
B fractured in CP-at —23°C. The artificial notch is on the right side
of the picture, the crack propagates from right to left.

Figure 33 SEM micrograph of the fracture surface of material
B fractured in F11 at —23°C. The artificial notch is on the right
side of the picture, the crack propagates from right to left.

The presence of an active plastic mechanism in the
air fractured samples seems to be contradicted by the
data reported in Fig. 18. However, a plastic zone for
the sample fractured in air, since it can present a rec-
tangular shape that does not vary its height with the

TABLE III Paris coefficients (from Equation 9 in the text) for the
SCP tests performed in the present work. Due to the power nature
of the Paris law, 4 and m have variable dimensions. The obtained
values are for the stress intensity factors in MPa m'/® and for the
crack speeds in ms~ !, The data in parenthesis relate to plasticized
specimens

Material/aggressive agent ~ Pressure A m
(x10? Pa)

A 7.6x 1071 20.37
A/CP 100 19x10713 20.06
A/CP 160 1.6x 1012 18.50
A/CP 200 48%x107%%)  (18.33)
A/F11 160 1.0x 10713 20.64
A/F11 300 14x10712 18.56
A/F11 450 1.7x 10712 19.52
A/F11 600 @49x107'Y)  (17.58)
B 83x10716 23.93
B/CP 100 1Ox 10713 19.92
B/CP 160 3.2x10713 19.60
B/CP 200 (5.6x10713)  (2043)
B/F11 160 23x 10714 21.54
B/F11 300 27x10713 20.02
B/F11 450 1.5%x 10712 18.55
B/F11 600 (74x107%)  (18.67)

ligament, can still exist, whilst no plastic deformation
is observable in the specimen exposed to the liquid
agents.

Fig. 26 is a plot of the energy density versus the
ligament for material B fractured in air, CP and F11 at
+23°C. An analysis of the figure demonstrates that,
in this case, the presence of the aggressive agent does
not cancel the plastic mechanisms inside the material
and that, again, the energy density for fracture is
higher for CP than for F11. The SEM survey is in
agreement with the mechanical tests, showing an
attack that can be defined as medium for CP and
medium-strong for F11 (Figs 27-29). Also a visual
analysis reveals a well defined plastic zone for all
specimens, including those fractured in the presence of
the agents. ‘

Fig. 30 is a plot of the energy density versus the
ligament for material B fractured in air, CP and F'11 at
—23°C. In this case the situation is similar to the one
described at +23°C: the plastic mechanism is active
also in the presence of the aggressive agents and the
fracture energy density is higher for CP. The SEM
analysis confirms that the attack of the solvents is very
low or null (Figs 31-33).

In conclusion, the situation of the ESC in the pres-
ence of liquid agents is outlined in Table IV.

6. Conclusions
We summarize here the main conclusions of the pre-
sent work:

Surface damage:

1. The formation of blisters on the HIPS panels of
refrigerators is, according to our analysis, due to the
pasticization of the PS matrix and to the subsequert
micro blow-moulding produced by the thermal
expansion of the blowing agent which is concomitant
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TABLE IV Observation summary of the ESC behaviour in the presence of liquid aggressive agents. The symbols w, and wpy come from

Equation 10 in the text

for their kind assistance and collaboration.
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+23°C We WpY Surface damage Plastic zone shape
(KIm~2) (KIm™?)
material A air 4.8 33x1074 - ellipse
material A CP 03 53x1073 strong none
material A F11 1.0 40x1075 strong none
material B air 4.6 43x1074 - ellipse
material B CP 5.1 23x107* medium ellipse
material B F11 1.3 43x107¢ medinm-strong ellipse
—-23°C W, WwpY Surface damage Plastic zone shape
(KIm™2) (KIm™?)
material A air 38 5.8 x 10‘.4 - rectangle
material A CP 38 3.6x107° medium none
material A F11 2.0 14x107% strong none
material B air 2.0 79%1074 - reduced ellipse
material B CP 58 42x107% low reduced ellipse
material B F11 35 42% 1074 low rectangle
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