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Synopsis

Case II sorption kinetics have been analyzed for PS—n-hexane systems. Samples of polysty-
rene characterized by several different annealing histories were used. For all thermal histories,
the n-hexane sorption kinetics at several temperatures were measured, as well as some rel-
evant mechanical properties of the glassy matrix, e.g., density and initial stress for crazing.
The main influence of the thermal history is to appreciably alter the initial stress for crazing
o, as well as the swelling kinetics. The o, curve vs. annealing time is seen to go through a
minimum which is paralleled, at 40°C, by a maximum in the swelling kinetics. The independent
mechanical and sorption data obtained were compared with a recently proposed [G. C. Sarti,
Polymer, 20, 827 (1979); G. C. Sarti and A. Apicella, Polymer, 21, 1031 (1980)] theory for Case
11 kinetics, which is shown to be particularly suitable to describe the observed behavior.

INTRODUCTION

It is widely known that the sorption of solvent molecules in glassy poly-
mers gives rise to a large variety of behaviors.!?? The physical phenomena
that simultaneously occur are dissolution, diffusion, swelling, and relaxa-
tion, together with deformation and stress buildup in the matrix. A com-
prehensive mathematical description accounting for the manifold
phenomenology observed does not seem to be achieved as yet, although
several mathematical models have been proposed so far.238

In the case of polystyrene matrix, the kinetics of the swelling process,
occurring at the moving front, is suitably described through the localized
swelling model proposed in Ref. 33. According to that model, the effects of
the penetrant is lumped into an osmotic tension 7 which depends upon the
polymer-solvent pair and on the gel composition at the moving front. The
velocity of the advancing swelling front is then obtained by using the me-
chanical crazing kinetics under an external load, in which the tensile ap-
plied stress is suitably substituted by the osmotic tension. In Refs. 33 and
35 the model was compared with different literature data from which,
however, only a qualitative test can be obtained, since the data refer to
different polystyrenes, treated with different thermomechanical histories.
Our aim here is to provide for experimental data on which a quantitative
test for the theory could be based. We will analyze independently both the
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relevant mechanical properties of the polymer matrix and the sorption
behaviour shown by deeping it in liquid n-hexane.

The attention will be focused in particular on the influence of the prior
thermal history and of the present temperature. Normal hexane was the
only penetrant considered insofar as the behaviour of other n-alkanes does
not change the mechanical parameters of the model but only the particular
value of the osmotic stress.3335

Although some nonmonotonous behaviors are observed with increasing
the annealing time, the localized swelling model proves to be particularly
adequate to describe the observed Case II kinetics.

EXPERIMENTAL

Powder polystyrene was used, supplied by Rapra Co., M, = 200,000, T,
= 100°C. Polymer sheets were obtained in a Wabash hydraulic mould at
150°C and at 50 MPa approximately. In order to erase the internal stress
dishomogeneity generated during the molding process, all samples were
first annealed for 3 h at 140°C and then air-quenched. After quenching,
some samples were used as such and, the others were subject to several
subsequent annealing histories, by keeping the samples in the oven either
at 70 or at 90°C for different annealing times. In the oven the temperature
was controlled to within 1°C and a vacuum of 700 mm Hg was maintained.

After the different thermal histories were completed, a mechanical char-
acterization of the samples was obtained by measuring (a) the sample den-
sity at 20°C and (b) the threshold tensile stress for crazing in air, at 20, 40,
and 60°C.

Density measurements were performed through a gradient column work-
ing at 20.0 £+ 0.1°C, obtained by using NaCl solutions with a gradient of
3.0 X 10-5g/cm® cm; RPE grade NaCl was used for that purpose, supplied
by Carlo Erba. The relative heights of the tested samples were measured
by a cathetometer sensitive to 0.05 mm; the column was sensitive to density
differences of the order of 10-% g/cm?3. All the samples used found their
equilibrium position within a 30-cm span.

The critical stress for crazing in air was also measured; such quantity
plays an important role in connection with both polymer characterization
and sorption kinetics. Tensile tests were performed by using an Instron
1102 apparatus at low deformation rate (¢ = 1.67 X 10-5 s-1); the defor-
mations were measured directly through a strain gange.

The tensile tests were performed at 20, 40, and 60°C by using an Instron
thermostatic chamber. The onset of crazes was visually observed directly
in the sample surfaces.

Each data point results from 10 equivalent runs so that the confidence
interval of 95% was reliably evaluated.

Sorption experiments were performed by deeping the polymer samples
into liquid n-hexane, RPE grade, supplied by Carlo Erba S.p.A. The tem-
perature of the liquid penetrant was controlled to within 0.1°C by using a
thermostatic units; several experimental temperatures were used, ranging
from 20 to 60°C. Two different series of sorption experiments were consid-
ered in order to measure both weight gain and penetration depth vs. time.
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The experiments ended when an asymptotic weight uptake was obtained,
which was dealt with as equilibrium value, although it is not in general
the true thermodynamic equilibrium value.®

The weight uptake was measured periodically according to the following
procedure: The samples were taken out of the bath and quenched at —20°C
in order to stop solvent penetration and prevent its evaporation; the outer
surface was then dryed, and the samples were weighted by using a Galileo
Sartorius balance, reading 0.05 mg. Penetration depths were also measured
by using an optical microscope Stereoscan with incident light. The thickness
8, of the sample was initially measured. The position of the moving swelling
front was recorded by measuring the thickness of the glassy core 8 and the
depth A of the swollen layer, along the direction perpendicular to the major
surfaces of the sample. Prior to the microscope readings, the sample internal
surface to be observed was prepared by removing the swollen polymer from
the upper edges; first a microtome and then an abrasive treatment were
used. The measurements performed are to within 0.01 mm precision. For
the very initial stages the more reliable readings are given by the pene-
tration depth A; the initial core thickness & was obtained by making use of
the observation that the ratio 2A/(8, — 8) remains a constant, equal to 1.10,
during a significant portion of the sorption process, particularly at short
times of sorption.

RESULTS

Density measurements follow the expectation based on the volume re-
laxation phenomena.‘®® The lowest density was observed in quenched sam-
ples (p = 1.036 g/cm?®) and the higher densities were obtained for the longer
annealing times. Figure 1 represents the density difference between an-
nealed and quenched samples vs. annealing time; at long times both curves
at 70 and 90°C coincide and seem to tend to the same density difference of
1 X 10-3 g/cm?®. Through Figure 1 a quantitative representation is obtained
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Fig. 1. Density difference between annealed and quenched samples versus annealing time:
(®) 70°C; (O) 90°C.
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of the relative out of equilibrium which is trapped into the glassy matrix
after the thermal history considered.

In Figure 2 the critical tensile stress for craze formation is reported vs.
the annealing time at 70°C, at the test temperatures of 20, 40, and 60°C,
respectively. As is apparent, o is a quantity rather sensitive to the thermal
history and undergoes changes up to 50% with different annealings. Un-
expectedly, a nonmonotonous behavior is observed vs. the annealing time.
On the bases of the observed free volume decrease with increasing the
duration of the thermal treatment, a parallel increase in the o, value was
expected, while, instead, at all the tested temperatures an initial o, decrease
was observed followed by a subsequent increase, with increasing the an-
nealing time. We are here interested in observing the mechanical properties
of the samples used, more than in finding a definite explanation for such
behavior. A possible explanation, however, could be found by considering
that, in quenched samples, the outer layers glassify prior to the internal
core and thus are left under a compression which relaxes during the an-
nealing; as a consequence a higher external load must be initially applied
in order to obtain crazing. Another possible explanation can be found in
connection with the fact that the properties of the glass should not be related
to a single state variable (i.e., density) but to at least two state quantities.4

Table I summarizes the measured mechanical properties for the samples
annealed at 70°C. The values of- o, relative to the same annealing time,
change almost linearly with temperature and vanish at the glass transition,
as is shown in Figure 3: (o, = A(T, — T), where the slopes A for the 0, 4,
and 72 h annealings, are 0.239, 0.210, and 0.273 MPa/°C, respectively. The
above behavior has been observed by using the samples soon after their
thermal history was completed. Preliminary experiments performed on
samples kept at room temperature for about 10 days after their treatment
in the oven showed that the dwelling time at room temperature played the
role of a subsequent thermal history which masked the effects produced by
the prior annealing and rather scattered data were obtained by plotting o,
vs. the time elapsed in the oven.
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Fig. 2. Critical tensile stress for craze formation versus annealing time at 70°C, at 20°C
(©), 40°C (@), and 60°C (A).
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TABLE I
Mechanical Properties of Annealed Samples

T(C) t

of the anneal. o, o, E
test (h) (MPa) €, (MPa) € (MPa)
20 0 198 + 1.5 7 X 10-? 33.0 1.3 x 10-2 3500
20 4 165 + 1.3 7 x 10-% 29.0 9.5 x 10-3 3200
20 72 21.0 £ 18 7.5 x 10-3 34.0 4.5 x 10-3 2900
40 0 130 £ 11 4 x 10-3 270 1 x 102 3000
40 4 127 + 1.0 8 Xx 10-3 26.5 1.5 X 10-2 2700
40 72 176 + 1.2 6.5 x 10-3 29.0 1.1 x 10-2 2700
60 0 11.0 £+ 0.9 8 X 10-3 21.0 1.5 x 102 2200
60 4 9.8 + 0.7 85 x 10-3 20.0 2 x 10-2 1900
60 72 120 £ 09 9 Xx 10-3 215 2.1 x 10-2 2000

Sorption experiments have been performed at the temperatures of 30—
60°C, with a scan of 10°C. Samples were annealed at 70°C for different periods
of time ranging from 10 min to 3 days. In Figures 4(a)-(d) we report time
vs. the data of the penetration depth S, measured with respect to the
position of the initial external surface of the unpenetrated sample. For sake
of simplicity only data relative to three thermal histories have been re-
ported. In Figures 5 the sorption data at different temperatures are re-
ported, for samples characterized by the same annealing treatments (4 and
72 h at 70°C, respectively).
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Fig. 3. Critical tensile stress for craze formation versus present temperature, for quenched
samples (O) and annealed 4 h (A) and 72 h (@) samples.
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Fig. 4. Penetration depth vs. time for different thermal histories: quenched samples (O),
annealed 4 h (@) and annealed 72 h (A): (a) 30°C; (b) 40°C; (c) 50°C; (d) 60°C.
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The value of the penetration rate associated with the limiting Case II
sorption has been taken during the initial stages of the test. The rate of
penetration of the advancing front, in fact, is progressively reduced as a
consequence of the diffusion resistence developed in the swollen region. The
curves of Figure 5 clearly indicate that the sorption is initially controlled
by relaxation at all the temperatures investigated (slope equal to 1 according
to Case II), while it is governed by the diffusion in the swollen polymer
when a sufficiently thick layer is developped (slope equal to 0.5).

The values of the penetration rates are reported in Table II vs. annealing
time and sorption temperature. All reported data come from at least three
experimental runs. It is apparent from Figures 4 that the differences in
the sorption behavior due to different thermal histories are more significant
at the initial stages of sorption while at longer times the various isothermal
curves become closer to each other. It must be observed in this respect that,
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Fig. 5. Penetration depth vs. time for the same thermal history (annealing at 70°C, 4 h)
at 30°C (), 40°C (O), 50°C (O), and 60°C (X).
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TABLE II
Initial Swelling Rate vs. Annealing Time and Sorption Temperature®

t (h)

T (°C) 0 4 72
30 9.5 x 10-% 6.10 x 10-% 4.5 x 10-%
40 8.7 X 10-* 24 X 10-3 1.8 x 10-3
50 7.2 X 10-3 55 x 10-3 3.6 x 10-3
60 1.8 x 10-2 1.8 x 10-2 1.8 x 102

= Initial penetration rate in mm/min.

although during the sorption samples undergo a simultaneous annealing
treatment, its influence becomes significant only for times not considered
for the calculation of the sorption rates.

For the same prior thermal history, an increase in the sorption temper-
ature results in a significant increase in the velocity of the advancing front;
this observation is consistent with the expectations based on the Eyring
activated process idea and with the high activation energy which must be
associated with the Case II kinetics (e.g., Ref. 17).

On the other hand, an increase in the annealing time was expected to
result in a decrease in the isothermal sorption rate, in view of the simul-
taneous decrease in the free volume frozen into the glass. Unexpectedly,
the latter prediction is not general. In fact, although it is consistent with
the sorption data at 30°C and 50°C showing a monotonous decrease with
increasing the annealing time, that expectation is, on the contrary, violated
by the sorption data at 40°C. At the latter temperature a relative maximum
in the sorption rate is observed when the annealing time at 70°C increases
from 2 to 72 h.

The sorption experiments were performed up to an apparent equilibrium
was reached. Actually, after sorption intervals as long as five times the
time needed for the disappearance of the glassy core, the final situation
reached showed small regular oscillations in the weight uptake; the am-
plitude is in the order of 10% of the average weight uptake and is slightly
decreasing with dwelling time. Such behavior is well reproducible. The
average value for the weight uptake was considered as the equilibrium
value, in spite of the many words of caution cleverly illustrated by Enscore
et al.?®

Consistently, the equilibrium values thus measured were found to be
independent of the prior thermal history experienced by the polymer ma-
trix. Such values, shown in Table III, are rather temperature-independent
apart from the data at higher temperatures at which higher values were

TABLE III
Equilibrium Volume Fractions ¢, ., x Parameters, and Osmotic
Tension Contributions 1., 7%

o 20 30 40 50 60
beg 0.18 0.18 0.17 0.23 0.20
X1 1.0833 1.058 1.035 1.014 0.994
7 (MPa) 3.24 3.37 3.50 3.63 3.75
7 (MPa) 9.29 8.12 6.96 5.79 4.60

7 (MPa) 12.53 11.49 10.46 9.42 8.35
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obtained. It is worth noticing that at higher temperatures higher swellings
were also obtained which eventually result in the simultaneous formation
of microcavities, in which the penetrant could be just stored as such instead
of being uniformly dissolved in the polymer matrix. Such phenomena are
known to occur in other polymeric systems.*?

Discussion and Testing of the Theoretical Model

As previously anticipated, the data obtained have been analyzed by using
the localized swelling theory as recently proposed in Refs. 33 and 35. For
sake of simplicity it is here convenient to briefly recall the most significant
features of the theory. '

(i) First of all, the influence of the particular penetrant on the polymer
matrix is lumped into an osmotic tensile stress 7; this idea, first introduced
in Ref. 33, has been recently used in a nonlocalized model.?®

(ii) The swelling process is localized at the moving interface which sep-
arates the glassy unpenetrated matrix from the swollen penetrated polymer.

(iii) The velocity of the advancing swelling front is well represented by
the kinetics of crazing under external tensile load in a dry environment,
after the osmotic tensile stress has been suitably used for the applied stress.

As already discussed in Refs. 31, 33, and 35, the above assumptions rep-
resent a very simplified picture of the process in many respects, e.g., the
plastification effects due to the particular solvent ahead the moving inter-
face are neglected; in addition, the swelling process is not always completed
in the polymer soon after the glassy-swollen transition but continues ac-
cording to the polymer relaxation spectrum.

The above assumptions refer to the kinetics of the advancing front; ob-
viously, the entire mass transfer process is completed when diffusion is
accounted for in both swollen layer and glassy core. Our present aim, none-
theless, is to test whether or not the localized swelling model well represents
the swelling kinetics observed; thus particularly significant will be the
velocity data at short times since will refer to a situation in which no
concentration gradient is present in the swollen layer. The diffusion in the
glassy core will be neglected, as is usually well accepted in Case II transport.

The above model can be quantitatively applied to polystyrene-n-hexane
systems by using the following crazing kinetics for crazing in dry air*:

v=Fkoc —o,) ey

where the kinetic constant % is taken to be only temperature-dependent;
from data of Maxwell and Rahm#* we have

k= kyexp(— E/RT), ky, = 1.92 X 10® cm/s, E = 40,000 cal/mol (2)

The osmotic tension 7 was first introduced through the polymer partial
molar quantities in Ref. 33, and is not to be confused with the more common
osmotic pressure used for dilute polymer solutions; one has

9 __
w:”—zf/——& 3
2
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Such quantity can be split into the sum of an equilibrium () and an out
of equilibrium (7%) contributions. The former can be calculated by simply
using the Flory-Huggins constitutive equation which, in the absence of
crosslinks, leads to

"“0. —_ p, RT 1
ﬂeq:%q—vzjzvl ¢ —xld;%——;ln(l — ) @

where ¢, represents the penetrant volume fraction at the swollen interface
and V, its molar volume; x indicates the degree of polymerization, and y,
is the Flory interaction parameter.

In the isotropic case here considered, the out-of-equilibrium contribution
7 is associated with the excess volume frozen into the glassy polymer. By
using an S-ring type constitutive equation, according to the procedure used in
Ref. 35, one obtains

P — pleq P
WE=—TW=FP(Peq— p) ®)

where p and p,, are the pure polymer densities at temperature 7 in the
present glassy state and in the hypothetical equilibrium state respectively.
The critical state quantities P* and p* in the case of polystyrene are given
the following values®:

P* = 3485 MPa ©
p* = 1.105 g/cm?

By using the above expressions the osmotic tension is thus obtained as

*

RT 1 pr
’77'-‘2“71_ ¢1—X1¢%—;1n(1— $v) +FP(Peq_P) @

According to the model, the kinetics of the advancing front are given by
V=klar — o) @

where %k and o, are the same quantities appearing in eq. (1), and a is an
equivalence factor which accounts for the fact that 7 is an isotropic tension
while the stress o appearing in eq. (1) is a uniaxial tensile stress. According
to Andrews and Levy’s analysis,?® the equivalance factor a ranges between
1 and 3; more precisely, it is # = o/3, i.e., a = 3, for spherically shaped
crazes, and it is 7 = o, i.e.,, a = 1, for crazes in which the longitudinal
dimension is much larger then the transversal one.

Equation (8) represents one of the basic equations of our model; through
it, the factor a enters the problem as a parameter associated with the shape
of the crazelike microvoids which are formed at the swelling front; the
equivalence factor is to be considered a property of the plasticized glassy
matrix at the swelling front.
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A suitable test for the localized swelling model can be performed as
follows. Consider the sorption process at short times; the swollen region is
practically at the uniform equilibrium concentration, which was measured;
in this case 7 can be calculated through eqs. (4), (5), and (7). The initial
swelling rate v, and the critical stress for crazing o, have been independ-
ently measured. By considering K a function of temperature only, as given
by egs. (2) and (8) is then used to calculate what value of the factor a is
needed in order to fit the independently measured data on swelling rate
and stress for crazing. The same calculations, performed for all the samples
treated by the several thermal histories considered, provide for the set of
data on which the present test is based.

The osmotic tension contributions, needed for the test, are reported in
Table III, together with the equilibrium volume fraction of n-hexane and
with the corresponding Flory interaction parameter ;. It must be observed
that one only value is reported for 7% at a given temperature; actually, the
annealing treatments considered change the polymer density and, thus,
also 7% in view of eq. (5). In the present case, nonetheless, the maximum
density difference of 10-3 g/cm3 corresponds to minor differences in wE
infacts

p* 348.5
AmE~ E;; Polp ~ 11050 1.036 X 10-2 ~ 0.3 MPa

From the above estimate, in view also of the o, data reported in Figure
2, 10-20 MPa, the conclusion is drawn that the main influence of the ther-
mal histories here applied is to appreciably alter the values of the threshold
stress o, keeping almost constant the osmotic tension.

The test of the localized swelling model is summarized in Table IV, in
which the values of parameter a are reported, calculated from eq. (8) by
using the swelling rates experimentally observed at different temperatures
and different thermal histories. It is also interesting to simultaneously
observe the relative role played by the other physical quantities entering
the model. As is apparent, several different calculations have been per-
formed.

First of all the same procedure as in Ref. 33 is considered; i.e., use is
made of the literature data for both %, reported in Ref. 44, and o, reported
in Ref. 43, and in addition only the equilibrium contribution is considered
for 7 (Table IV, column 1); the factor a thus results both temperature and
history dependent and, in addition, ranges between 2.4 and 6.3 instead of
being 1 < a < 3. However, if 7 is calculated as (7., + 7F), and the same
literature data for o, and % are used as previously (procedure followed in
Ref. 35), the temperature dependence of a is appreciably reduced to the
range between 1.1 and 2.2 (see Table IV, column 2), but both a temperature
and a history dependence are observed, contrary to the physical meaning
of such a parameter.

On the contrary, when the experimentally observed values for o, are used
in the calculations, the equivalence factor a results independent of the prior
thermal history undergone by the polymer matrix (Table IV, columns 3
and 4). Therefore, the significant conclusion is drawn that the annealing
processes are essentially accounted for by the particular o, values.
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By comparing the data in Table IV, column 3, in which = = =, only,
with the data reported in Table IV, column 4, in which 7 = (7, + 7%, the
particular role played by the out of equilibrium term =¥ is apparent; in
fact, by using only 7., (Table IV, column 3) the parameter a remains tem-
perature-dependent while is history-independent; when also 7% is used (Ta-
ble IV, column 4) the temperature dependence also disappears: in such case
the parameter a ranges between 1.4 and 2.6 with average value a = 2.0
and variance 8 = 0.12.

The latter result seems rather satisfactory also in view of the fact that
the kinetic constant used in the calculations, k, is taken from the data
reported in the literature and not directly measured. It can be seen, for
instance, that a better fitting of our data can be obtained by using the
activation energy for the kinetic constant of solvent penetration, 40.7 kcal/
mol, and turning the preexponential factor to 2, = 9.77 X 10% cm/s; in
that case the values reported in Table IV, column 5, are obtained in which
the average value of a with the confidence interval of 95% is given by a
= 1.82 £ 0.07. The latter result actually shows that the analogy between
swelling and crazing, on which the model used is based, holds true for the
systems considered.

CONCLUSIONS

The sorption and mechanical experimental data show, in addition to the
effects of temperature, the particular influence of the thermal histories, on
the behavior of polystyrene matrix.

With increasing the annealing time up to 72 h at 70°C the isothermal
experiments show that: (i) Density regularly increases, showing, however,
only minor changes in the absolute value, 0.001 g/cm?® at most; (i) the
critical threshold stress for crazing on the contrary shows an initial decrease
followed by a subsequent increase, with a minimum value for annealings
lasting around 4 hours; such minimum value is more pronounced for lower
testing temperatures; (iii) with increasing the annealing time, the initial
velocity of the swelling front due to n-hexane sorption decreases at 30 and
50°C while it shows a relative maximum at 40°C; at 60°C, on the contrary,
no appreciable change is observed. The velocity changes due to annealing
treatments can be highly significant and can also produce an order of mag-
nitude variation.

The two set of mechanical and sorption data here obtained proved to be
highly consistent with the localized swelling model first proposed in Ref.
33, which, in the case of polystyrene matrix, leads to the expression for the
velocity of the swelling front given in eq. (8).

According to the data, the main influence of the thermal histories is here
obtained through the appreciable changes of the threshold stress o in
principle, however, thermal histories can be considered in which appreciable
density variations are produced, thus resulting also in osmotic tension
changes. The osmotic tension 7 accounts for the amount of penetrant pres-
ent at the interface in the swollen region through the equilibrium contri-
bution m,, given by eq. (4). In addition, 7 also takes into account the excess
free volume frozen into the glass through the out of equilibrium contribution
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«%, given by eq. (5); the latter contribution proves to be linearly increasing
with decreasing the temperature below the glass transition.

The kinetic constant % results to be a function of temperature only,
obeying an Arrhenius type law with an activation energy of 40.7 kcal/mol.
Finally, the parameter a is constant for all temperatures and thermal his-
tories, equal to 1.8. Physically, a represents the equivalence factor which
gives the uniaxial normal stress component o, perpendicular to the direc-
tion of crazing, due to the pressure 7 inside the crazed material. The value
here reported, 1.8, is consistent with Andrews and Levy analysis,* which
wants 1 < a < 3.

It is worth observing that the model well describes the experimental data,
although the latter show some unexpected nonmonotonous behaviors with
increasing the annealing time.

Our main attention has been focused on the kinetic law for the advancing
front since it represents the most characteristic feature of the localized
swelling model. Obviously, the entire mass transfer process is described by
the moving boundary problem in which the diffusion equation is solved in
the swollen layer and also, possibly, in the glassy region; eq. (8) is then used
as evolution equation for the moving boundary. The latter procedure was
already analyzed elsewhere.3436:37

A nonlocalized but distributed swelling process has been recently
analyzed®® based on an osmotic tension idea analogous to the one used here
and in Ref. 33; albeit the latter is more general in principle, there is no
need for it in the systems analyzed in the present work. The Case II sorption
behavior shown in PS-n-alkane systems is well described by the localized
swelling model in which the analogy between swelling and crazing is used.

Useful discussions with Professors H. B. Hopfenberg and W. J. Koros are gratefully ac-
knowledged. This work was partly supported by CNR Grant No. CT 80.00820.11/115.
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