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SYNOPSIS

Weight-loss kinetics were studied for 10 industrial extruded samples of poly (vinyl chloride)
(PVC) plasticized by 20-30% by weight of didecylphtalate at 85, 95, 105, 110, and 120°C.
For the most unstable samples, which contained a light coplasticizer, the weight-loss rate
obeyed Fick’s law. In the other cases, it was constant in the early period of exposure. The
apparent Arrhenius parameters (i.e., preexponential factor and activation energy) were
intercorrelated and varied strongly from one sample to another. This was explained by the
existence of two distinct kinetic regimes corresponding, respectively, to diffusion or evap-
oration, the whole process being controlled by the slowest step, and a transition between
both regimes occurring in the temperature range of exposure. In the proposed model, small
changes of the preexponential factor of diffusion from one sample to another are sufficient

to take into account the observed behavior.

INTRODUCTION

It is generally recognized that the plasticizer loss by
evaporation plays a key role in the thermal aging at
moderate temperatures (typically below 120°C) of
plasticized poly(vinyl chloride) (PVC) used in
electrical insulation. The main consequences of this
phenomenon are well known: a progressive decrease
of the ultimate elongation and a shift of the dielectric
loss peak toward high temperatures.' Various kinetic
models were proposed in the past half-century.?*
Some were simple linear functions of exposure time?®
and others were based on Fick’s law,? whereas a more
complex behavior was observed in certain cases.®
Despite the relatively large amount of work pub-
lished on this topic, a methodology for the choice of
a kinetic model adapted to the case under study is
still lacking. Our aim was first to compare the ther-
mal aging kinetics of 10 industrial PVC-didecyl-
phthalate (DDP) compounds for electrical insula-
tion differing by the other composition parameters
(fillers, coplasticizers, stabilizers, etc). The first part
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of this paper is devoted to the weight-loss kinetics
in the 85-120°C temperature range.

EXPERIMENTAL

Materials

The materials were supplied by five different French
manufacturers as extruded ribbons of ~ 2 mm
thickness. Their main characteristics are listed in
Table 1. All the formulations are industrial recipes
for cable insulation. By steric exclusion chromatog-
raphy (SEC), it was observed that only three sys-
tems (D, E, and K) contained a coplasticizer, pre-
sumably of the chlorinated hydrocarbon type. For
D, its elution time was lower, e.g., its molecular
weight higher than the DDP one, whereas the re-
verse was observed for E and K.

Dogbone samples according to the French Stan-
dard NFT 51034 were cut in the ribbons and used
in the gravimetric study.

Aging

Ventilated ovens with a temperature regulation
within +1°C were used for exposure at 85, 95, 105,
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Table I Initial Characteristics of the Samples Under Study

Plasticizer Thickness
Sample (%) Plasticizer®/PVC Coplasticizer® (mm)
A 26.8 0.500 No 1.66
B 25.5 0.450 No 1.63
C 19.9 0.500 No 1.28
D 23.3 0.541 Yes 1.41
E 21.4 0.435 Yes 1.67
F 27.1 0.434 No 1.76
G 23.9 0.480 No 2.10
H 27.9 0.460 No 2.13
K Yes
L No

® Mass fractions.
b From steric exclusion chromatographic data.

110, and 120°C. According to the French Standard
NFC 32 201, charcoal was used as absorber in the
bottom of the ovens. Despite this precaution, drops
of plasticizer were found in many cases on the oven
walls. The ratio PVC weight /oven volume was about
2.5 X 1073 g/cm®.

Weighting

An analytical balance of relative precision Am/m
= 10~ was used in the gravimetric study. The kinetic
data will be generally expressed in terms of mass
fraction:

w= Mo~ m (dimensionless)
my
d
r= —d—L: (days™!)

RESULTS

The experimental results are summarized as follows:

1. For all the systems under study except E and
K, the weight-loss kinetic curves are linear
in their initial part until typically a weight-
loss value of 5%.

2. The linear part of the weight-loss kinetic
curves intercepts the ordinate axis at a non-
zero value, reaching to 0.35% in certain cases.
This result can be attributed to the rapid
evaporation of absorbed moisture.

3. For samples E and K, which appear as the

most unstable ones (using a gravimetric cri-
terium), the weight loss is a linear function
of the square root of time. To illustrate the
difference between both types of kinetic be-
havior, the weight loss was plotted against
time and square root of time, respectively,
for the most stable (L) and for the most un-
stable K samples (Fig. 1).

. The initial rate of plasticizer loss was graph-

ically determined from the weight-loss kinetic
curves. It seems to obey the Arrhenius law.
The values of weight-loss rates r and the cor-
responding values of the logarithm of the
preexponential factor In ry and apparent ac-
tivation energy E, are listed in Table II.

. For all the samples except E and K, there is

a close correlation between In ry and E, (Fig.
2):
Inrg=a+5b6 - E, (1)

where a = —5.4 and b = 0.342 mol kJ 7}, the
correlation coefficient for the linear regres-
sion being higher than .995.

Samples E and K display the same ten-
dencies, e.g., In r, increases with E,, but the
corresponding points are not located on the
same straight line as are other samples

(Fig. 2).

. Only sample C displayed a noticeable ther-

mochemical unstability in the aging condi-
tions under study. It became quickly black,
whereas all the other samples were slightly
discolored at the end of their exposure, what-
ever the temperature.
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Figure 1 Weight loss against square root of time (left) and time (right) for samples K
(top) and L (bottom): (@) 110°C; (A) 95°C; (O) 85°C.

DISCUSSION

It is clear that, for the PVC-DDP system, in the
85-120°C temperature range, the plasticizer loss is
the only significant source of weight change, but at
least two distinct kinetic regimes are involved.

For samples E and K, whose unstability is in-
creased by the presence of a light coplasticizer, it is
logical to attribute the fact that w is proportional
to t*/2 to the kinetic control by diffusion according
to Fick’s law.

More difficult to explain is the case of the other
samples, but it appears that the only possible rate-
determining step of the plasticizer loss process is
the evaporation. In principle, when the whole pro-

cess is kinetically controlled by evaporation, the
plasticizer concentration must remain homoge-
neously distributed in the sample thickness and a
decrease of the weight-loss rate must result in the
decrease of the plasticizer concentration in the su-
perficial layer. In the case under study, the constancy
of the weight-loss rate (at least in the early period
of exposure ) suggests that the PVC-DDP system is
far from an ideal solution, as previously quoted for
other polymer—additive systems.® It could be sup-
posed that an almost continuous plasticizer mono-
layer exists at the sample surface, making the evap-
oration rate practically insensitive to the plasticizer
bulk concentration. Indeed, when this latter de-
creases, the free volume fraction and, thus, the plas-
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Table II Kinetic Data on Weight Loss in the Early Period of Exposure

Weight-loss Rate r (10° Days™) at (°C)

Inrg E,
Sample 120 110 105 95 85 (kJ mol™)

A 650 — 138 77 9.9 42.36 140
B 720 — 148 43 11.3 42.16 139
C 520 — 109 38 12.7 37.31 124
D 250 — 80 31 5.3 34.92 119
E 1100 — 355 103 40.0 33.99 111
F 620 — 129 31 9.1 42.70 141
G 400 — 200 37 9.0 39.64 132
H 300 — 60 30 9.1 39.72 117
K — 1750 — 375 200.0 32.72 103
L — 210 — 29 7.6 45.96 151

ticizer diffusivity decreases and can reach to a crit-
ical value beyond which the whole process becomes
diffusion-controlled. A simple kinetic model cannot,
therefore, describe the whole plasticizer-loss process.

Concerning now the early period of exposure, the
existence of a close correlation between the Arrhen-
ius parameters In ry and E,, often called the com-
pensation effect, ™ calls for the following comments:

From eq. (1), the Arrhenius equation can be re-
written:

E, (1 1
r:expa~exp—[—l—€—(———)] (2)

T T,
where
T.=1/bR (3)

50
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Figure2 Logarithm of the preexponential factor against
activation energy.

T. is named “compensation” or “isokinetic” tem-
perature. (T.) ! and In @ are the coordinates of the
“isokinetic” point located at the intersection of all
the Arrhenius straight lines. In this study, T, = 351
K, e.g., it lies slightly below the temperature range
of exposure.

The existence of a compensation effect is usually
interpreted in terms of correlation between the en-
thalpy and entropy of activation.'® Here, however,
the variation of ry and E, are very large, which seems
physically difficult to justify for systems of very close
compositions (Table I).

These variations can be explained on the follow-
ing basis’!:

(a) It 1s considered that the plasticizer loss re-
sults from a sequence of two distinct steps
(diffusion and evaporation) and is kinetically
controlled by the slowest one (Fig. 3).

(b) Both steps obey the Arrhenius law. For the
simplicity of demonstration, it will be sup-
posed that both steps are zero-order pro-
cesses of respective Arrhenius parameters:
ro; and E,, (evaporation) and ro; and E,,
(diffusion). The coordinates of the intersec-
tion of the corresponding Arrhenius straight
lines are (7T,) ! and In r,.

(c) T is located within the temperature range
of exposure so that the transition from evap-
oration-controlled to diffusion-controlled
kinetic regime is experimentally observed.

(d) Since the lowest apparent activation energies
(samples E and K) correspond presumably
to a Fickian process, it is logical to attribute
the lower values of ry and E, to the diffusion
process. In this case, when T <€ T, the pro-
cess would be evaporation-controlled, and



Inr

4
c
Figure 3 Schematization of the Arrhenius plot for ki-
netics controlled by evaporation (I) below T, and by dif-
fusion (II) above T',. Arrows curves corresponding to var-
1ous values of the preexponential factor of diffusion.

when T > T, the diffusion would be kinetic-
controlled.

In these conditions, small changes of the true ki-
netic parameters can lead to strong changes of the
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apparent ones, as demonstrated by the following
model:

Evaporation rate: r; = exp 46
X exp — (150,000/RT)
Diffusion rate: r, = exp A + exp — (100,000/RT)

Only A varies from one sample to another, as sche-
matized in Figure 4. The numerical application of
this model for the five temperatures under study
and five values of A (30.0, 29.5, 29.0, 28.5, and 28.0)
is given in Table IIL. It can be seen that

(i) Inthe narrow temperature range under study,
the changes of the kinetic regime are difficult
to detect. The Arrhenius plot can be consid-
ered linear within experimental scatter,
whereas it is in reality composed of two
straight lines.

(11) The apparent kinetic parameters In ry and
E_undergo very large variations and remain
intercorrelated. The apparent isokinetic
point is located near to the lowest exposure
temperature (Fig. 4), as experimentally ob-
served (T, = 351 K).

2.5

103,17

Figure 4 Arrhenius plot for the proposed model (see text). The values of the preexpo-
nential factor of diffusion (all other parameters being constant) are the numbers in the

figure.
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Table III Logarithm of the Weight-loss Rate for Five Values of the Logarithm of the Preexponential

Factor of Diffusion®

In r at (K)
In To Ea R

A 393 383 378 368 358 (kJ)

30.0 —0.792 —2.014 —2.649 —3.971 —5.367 46.00 153 0.999
29.5 —1.083 —2.014 —2.649 —3.971 —5.367 43.48 146 0.997
29.0 —1.583 —2.382 —2.797 —-3.971 —5.367 37.49 127 0.990
28.5 —2.083 —2.882 —3.297 —4.161 —5.367 31.21 109 0.995
28.0 —2.5683 —3.382 —3.797 —4.661 —5.573 28.00 100 0.999

* The other kinetic parameters are E, of diffusion = 100 kJ mol™’; E, of evaporation = 150 kJ mol™’; preexponential factor of
evaporation = exp 46; and In ro, and E, are the calculated apparent Arrhenius parameters and R is the correlation coefficient.

Physically small variations of the preexponential
factor of the diffusion process are easy to justify by
variations of the sample thickness, filler content,
polymer molecular weight, etc., whereas variations
of the evaporation kinetic parameters would be more
difficult to explain and would lead to a compensation
temperature near to the high limit of the tempera-
ture range of exposure.

The peculiarities of the weight-loss kinetics for
the PVC-DDP system between 85 and 120°C can
be thus be reasonably explained by the existence of
a transition between the diffusion-controlled and the
evaporation-controlled kinetic regimes in the tem-
perature range under investigation. In these con-
ditions, a small change of an elementary rate con-
stant results in a large variation of apparent Ar-
rhenius parameters.

From a practical viewpoint, the following com-
ments can be made:

(i) The “temperature window” for such experi-
ments 1s practically fixed by experimental
constraints: Above 120°C, the polymer and
plasticizer degradation process can compli-
cate the kinetics. Below 85°C, exposure du-
rations longer than 1 year would be required.

(ii) As shown In the schematic representation
of Figure 3, a lifetime prediction by appli-
cation of the Arrhenius equation to experi-
mental results would lead to an underesti-
mation.
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