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Propagation of fracture sites in stressed inhibitor containing polypropylene and the
macrokinetics of oxidation of isotropic and oriented polypropylene films were studied.
Localization of oxidation in the sites of primary initiation was considered. The induction
period is given a new interpretation as the time of oxidation localized within the sites of
primary high rate initiation at catalytic admixtures. The end of the induction stage is
marked by the expansion of the oxidation reaction from the initiation sites and its
propagation over the entire polymer. The mechanism of initiation of the kinetic chain
process at this stage becomes controlled by the decomposition of hydroperoxides. An
increase in induction period observed during orientation is explained by enhanced
structure-related localization of the oxidation reaction within the initiation sites owing
to morphological changes and by increased rigidity of the polymeric matrix.
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INTRODUCTION

Previously [1], in the course of studies of durability of oriented PP
synthesized with various catalytic systems, the hypothesis was confirm-
ed [2-4] that the initiation of polyolefin oxidation involves ions of
transitional metals of the polymerization catalyst [S]. The complexones
that form chelates with metal ions when used simultaneously with a
chain-terminating inhibitor of radical reactions demonstrate a strong
synergistic inhibiting effect on polymer oxidation [1]. This effect was
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attributed to a lower rate of primary initiation. Nevertheless, the calcu-
lations of the initiation rate at the catalytic centers in the primary de-
terioration sites (the number of these sites was accounted for) based on
the data for durability under stress of both inhibitor- and complexone-
containing polymers [6], disproved this hypothesis. It turned out that
the rate of initiation of kinetic chains on the metal particles does not
decrease, rather it is the total number of initiation sites that actually
decreases. For such inhibitor- and complexone-containing polymers,
durability under stress increases substantially and the macrokinetic
parameters of polymer oxidation change dramatically.

The hypothesis put forward in [7] on the nature of the induction
period assumed that the existence of the induction stage is due to
changes in the initiation mechanism, and that primary initiation dur-
ing the first stage of oxidation is further overshadowed by the hydro-
peroxide initiation during the autoacceleration stage. We suppose that
the induction stage appears not only due to localization of primary
inifiation acts, but aiso due to structure-related and chemical (in the
case of inhibited oxidation) localization of oxidation at the sites of
primary initiation on the catalytic impurities. It is the degree of local-
ization that governs the induction time. It is obvious that the induc-
tion stage depends also on the site concentration and their topology [6].

EXPERIMENTAL

Experiments were performed with isotropic and oriented films pre-
pared from Russian polypropylene, Moplen (density of powder was
0.92 g/cm’; melt index 2.2 g/min) and from Hungarian PP-2 produced
in the Sumitomo gas-phase polymerization process. The latter polymer
contained O.Iwt% of Irganox-1010 inhibitor (ester of 3,5-di-tret-
butyl-4-hydroxyphenyl propionic acid and pentaerythritol) with a syn-
ergistic agent [dilauryl ester of 3,3'-thiodipropionic acid (DLTDP)].
Isotropic films were obtained by molding on a laboratory press at
230°C with pressure of 150 atm. Orientational drawing was performed
by local heating to 130°C [8]. The setup for durability tests was de-
scribed in [8]. The kinetics of oxidation was studied with a static
apparatus, incorporating a circular pump or water sorbate [9], using
the method of oxygen consumption with a polymer sample having



10:52 19 January 2011

Downl oaded At:

POLYPROPYLENE OXIDATION 759

mass of 0.05g. We defined the induction time as the time of con-
sumption of 0.07mol of oxygen per one kilogram of polymer. This
oxygen consumption is marked on the kinetic curves (Fig. 2) with a
horizontal dashed line. Oxidation of oriented films was performed at
150 and 163°C under isometric conditions. Orientation of the regular
conformers of the molecular chains was evaluated by dichroism of the
absorption band at 840cm ™" (D,;;/D;) measured using polarization IR
spectroscopy. The growth kinetics of the deterioration sites in inhibitor-
containing oriented PP-2 was studied by optical transmission micro-
scopy using a MIN-8 microscope (magnification of 6.3 x 16).

RESULTS AND DISCUSSION

Previously [10-12], inhomogeneity of oxidation in strained (both
isotropic and oriented) PP films was discovered. This inhomogeneity
revealed itself in local fractures of strained PP films. Topography of
oxidation in [10-12] was studied by local IR spectroscopy with the
spot area of 1 and 3 mm?, obtained using either a microcondenser or
an IR microscope. The sample was scanned with the IR beam. Local
oxidation was characterized by the concentration of carbonyl groups
accumulated by the time breakdown occurred. The lifetime of the films
was close to the induction time, and the degree of oxidation of the film
was on the average low (in the region of elastic deformations, i.e., in
region 1 of the durability isotherm [8]).

Results of these studies are presented in Figure 1 and demonstrate
unambiguously that oxidation proceeded inhomogeneously. There are
some sites of high rate of primary initiation. The degree of oxidation
of the initiation sites and the bulk of the polymer varies substantially
in both isotropic and oriented films of different structure (films drawn
to different ratios and with different thermal histories were studied). In
[11], similar results were obtained for samples the same draw ratio
(A = 8.5) as a function of the applied load.

Distribution of the reaction products along the film length (Fig. 1)
indicates that for isotropic film, conversion in both initiation sites and
the bulk of the polymer. Even at lower reaction times, is substantially
higher than that in oriented film. Conversion decreases with the draw
ratio of the film (Fig. 1) and with increased tensile stress (see [11],
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FIGURE 1 Distribution of carbonyl groups along the sample of Moplen PP film
(for oriented films it is from failure cross-section): (1) isotropic, 7 = 130°C, Po, =
150mmHg, 7 = 63 min; (2) oriented, A = 4-2, o0 = 48 MPa, 7 = 305min; (3) drawn
and annealed, A = 4, o0 = 6.3 MPa, 7 = 250min; (4) oriented, A =8, T=120°C, ¢ =
17.0MPa, 7 = 223 min; (5) A = 8, T = 130°C, ¢ = 30.0 MPa, 7 = 123 min.

Fig. 3). Obviously, with the similar nature of the initiation sites and,
hence, the same initiation rates, the variation in the degree of
oxidation of the bulk of the sample results from different structure-
related localization of the reaction in initiation sites. The rate of
reaction propagation over the bulk of the film depends on localization
of oxidation. Because total volume of all initiation sites comprises a
tiny fraction of the total polymer volume, the oxidation of polymer
therein produces almost no effect on the overail consumption of
oxygen measured manometrically with mercury-filled manometer. In
Ref. [13] the oxygen consumption was measured by a high-sensitivity
device (10° times more sensitive). It is obvious from these data that,
during the induction period, the oxidation proceeds in the few
nucleation sites around the particles of catalyst. The rate of oxygen
consumption grows substantially when oxidation spreads from the ini-
tiation sites to the surrounding polymer matrix.

This explains the data on the changes in the relative share of the
induction stage and the overall durability with variations in the
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mechanical stress (Fig. 2). As is seen, durability, which is governed by
the rate of primary initiation at the sites where catalytic impurities are
present, is almost constant, whereas the induction time varies sub-
stantially. Under low stress (lower than “frozen-in” residual stress) in
conditions of partial relaxation of internal stress and enhanced mobil-
ity of molecular segments, the induction time is lower than durability.
With growing stress, the rate of oxidation of the bulk of the polymer
decreases and under sufficiently high stress, the induction time (7))
is higher than durability (r,;) (at 7 = 140°C and Po, = 20kPa for
Russian PP A = 7 under o = 15MPa, 7, = 120min and 7, = 68 min
and for inhibitor-containing PP r; = 560 and 7, = 440min). This at-
tests to oxidation being virtually locked within the initiation sites with
the increase in mechanical stress. With an increase in rigidity of the
polymeric matrix, a diminished segmental mobility, and an increased
content of nonreactive regular conformers in the amorphous phase of
the polymer, the rate of transfer of free valence (via transport of low-
molecular-mass free radicals and relay transfers) diminishes, and the
rate of transfer of kinetic chains decreases [7].

Thus, the end of the induction stage and the propagation to
autoaccelerated oxidation means that the reaction spreads out of the
primary initiation sites to the surrounding polymer. During the initial
stage, the reaction is localized on relatively sparse (compared to the total

No,, mol/kg

Time, min

FIGURE 2 Kinetic curves of oxygen absorption by strained Moplen A\ = 8 films.
Failure of the film is indicated with an arrow. T'= 130°C; Po, = (1-3) 80 and (4-6)
40kPa; 0 = (1, 4) 5.5, (2, 5) 7.3 and (3, 6) 10 MPa.
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number of amorphous regions) initiation sites containing catalytic
impurities and distributed over the bulk of the polymer randomly or
according to some distribution law. Further, the reaction enters the
stage where it is autoaccelerated in the bulk of the polymer due to de-
composition of hydroperoxides produced by low-molecular-mass radi-
cals that diffused from initiated sites. Previously [7], it was noticed that
rate of primary initiation in oriented PP is high and virtually the same
as that in isotropic polymer (W, = 10~ % mol/kg at 130°C).

This is readily explainable within the framework of the afore
described picture of the process. In both cases, the mechanism of
primary initiation is the same and involves the particles of a poly-
merization catalyst. In [5], it was shown that in the course of polymer-
ization, the particles of a catalyst are dispersed to grains having the
dimensions of hundreds of angstrom and enter the globules of the
polymer, thus becoming randomly distributed in the isotropic poly-
meric matrix. In the course of orientational drawing of the polymer
film the distribution of particles over polymer changes and middle-
range anisotropy arises [14]: along the axis of the film site-to-site dis-
tances grow by a factor of L/L, (here L, and L are the lengths of the
specimen before and after drawing); in the lateral direction, site-to-site
distances diminish (approximately by two times at L/L, = 6~-8). As
seen from Figure 1 the distance between maximum of carbonyl con-
centrations increase. The anisotropy is confirmed by the fact that the
maximum dimensions of the sample, for which the scaling effects are
still observable, are different; these dimensions are 14mm along the
film and 4 mm across [12, 14]. In the course of polymer crystallization
and orientational drawing of the film, the particles of the catalyst are
expelled to the least ordered and most reactive regions of amorphous
phase. These regions constitute the cores of the initiation sites. Micro-
heterogeneity of the polymer structure and hindered molecular mo-
bility facilitate localization of the reaction within the initiation sites.
The degree of localization depends on the morphology of the sample.
1t differs for isotropic and oriented films. Localization is higher in
samples of greater orientation and it diminishes in an annealed sample
(Figs. 3 and 4).

With higher orientation of taut tie molecules ((Fig. 3), lower
mobility of segments (described by the correlation time of nitroxyl
radical probe [15]) and stronger conformational restrictions [7], the
reaction grows more localized within the initiation sites, permeabil-
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FIGURE 3 Dichroism of the 840cm ™' absorption band of PP regular conformers vs.
draw ratio.
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FIGURE 4 Induction time of oxidation in oriented PP films (Moplen) vs. draw ratio.
T = 130°C, Po, = 80kPa. 1 is dependence for as drawn films under isometric oxidation.

2 and 3 are dependences for drawn and annealed films. Annealing was performed at (2)
150 and (3) 163°C under isometric conditions.
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ity of the polymer matrix to low-molecular-mass radicals diminishes,
and the induction time increases (Fig. 4). Low-temperature annealing
(150°C) virtually does not affect the long periodicity in the polymer
[16]), however, it facilitates relaxation of residual stress on taut tie
molecules. This results in an increased transfer rate of the low-
molecular-mass radicals in the matrix and growth of the induction
time in annealed samples. Under high-temperature annealing (163°C),
diffusion mobility of radicals is further promoted by emergent layered
structures [16]. This results in a substantional decrease in induction
time. All curves direct to coordinate origin. If we assume the sample
with A= 0 but possessing the structure of oriented one the induction
stage of its oxidation must be zero. This shows that the value of 7; is
determined not only by structure but site-to-site distance, i.e., their
topographie.

Other kinetic characteristics of polymer oxidation, as well as the
induction time, change due to orientational drawing (Fig. 5). At a
higher draw ratio, the autoacceleration stage (the stage after the in-
duction time and before a steady-state oxidation rate is established)
also spans a longer time period.

The ratio of the volume of oxygen absorbed during the auto-
acceleration stage ANo, to the time-length of this state ¢,, is virtually
orientation-independent (see Tab. I), i.e., the rate of reaction pro-
pagation from centres of primary initiation through the matrix are
nearly the same for all A. This is apparently due to the fact that dif-
fusion of low-molecular-mass radicals and relay transfer of kinetic
chains are possible within disordered amorphous regions. In this case,

Np,, mol/kg
1.2+ i 2 3 /4
08 | ‘
0.4 o m-—-/ ] E ;
ceee raana o N o8 | e N

50 100 150 200 250
Time, min

FIGURE 5 Kinetics of oxygen absorption by PP films. T = 130°C, Po,=20kPa,
isometric oxidation. A = (1) 0, (2) 4.5, (3) 7.0 and (4) 9.0.
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TABLE I The macrokinetic characteristics of oxidation of PP films

A 77, min t,, min ANo,, moltkg (ANoyfty) 1074,
mollkg s

0 33 29 0,26 1,5

4,5 70 74 0,50 1,1

7,0 90 110 0,85 1,3

9,0 110 105 0,78 1,2

the dependence of the length of the autoacceleration stage on draw
ratio (see the table) may be caused by a changed spatial distribution
of catalytic centers, namely, by increased site-to-site distances in the
drawn polymer. The farther apart the induction sites are located, the
more time it will take for the radical reaction to spread over the entire
volume of the polymer. When equilibrium concentration of peroxy
radicals is attained in the polymer matrix, the reaction enters the
steady-state stage of oxidation. The maximum rate of oxidation is vir-
tually the same for all samples, regardless of the draw ratio and poly-
mer morphology. This could be explained by local fracture produced
in isometrically-oxidized films by the internal stress and by the relaxa-
tion processes, which tend to level the kinetic dissimilarities of various
samples.

Inhibitor-containing films demonsrate much higher localization of
reaction within the initiation sites than the samples without the
inhibitor. In [17], formation of through holes in stabilized films was
observed in Hungarian PP-2 films produced in the Sumitomo process
and oxidized to a complete failure. Thus, when complete burnout of
polymer material is attained in the initiation site, no apparent oxida-
tion is observed in the polymer bulk. This could be explained only due
to high activity of catalytic system and by the high localization of
reaction within the initiation sites in the presence of inhibitors
(Irganox and DLTDP). In the inhibitor-free films oxidized to failure,
through holes were never observed. In these films, localization of the
reaction is low and the radical process soon spreads over the entire
matrix well before compiete degradation of the polymer occurs within
the initiation sites.

The above consideration is confirmed by microscopic studies of time
evolution of the sites in stabilized films of PP-2 until the failure of the
sample (Fig. 6) these experiments also revealed some peculiarities of
the deterioration mechanism in oriented polymers.
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The deterioration of oxidized and strained PP films proceeds by
coalescence of the sites with a high, rate of thermooxidative degra-
dation of the polymer [14]. In [17], deterioration of the sample by di-
rect merging of the sites via interfibrillar layers was modeled. Time of
oxidation to failure depends on the rate of degradation within the sites
(i.e., the rate of primary initiation [1, 6, 14]), total number of the sites,
and site-to-site distances [6, 14]. The time of merging of the sites via
low-strength interfibrillar layers is short and for nonstabilized PP films
it was 10—20min {18]. In the case of oxidation of stabilized films, the
time of merging of the sites is likely to be a small fraction of the total
time required for the growing sites to attain the size when their
projections onto the cross-section of the sample make a percolating
cluster [17].

FIGURE 6 Microphotographs of loaded PP film containing inhibitor (A = 7.5). Oxi-
dation time is (1) 346, (2) 561, (3) 656, (4) 666, (5) 671, (6) 680 (the film is temporarily
unloaded), (7) 690 and (8, failure) 710 min. T = 120°C, PO, = 20kPa, ¢ = 15MPa.
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FIGURE 6 (Continued).

In oxidation of inhibitor-containing films, owing to the high rate of
primary initiation, the inhibitor is consumed in initiation sites much
faster than in the surrounding matrix. It was shown in [12,19] that
failure of the film occurs long before the inhibitor is consumed in the
bulk of the polymer. Inhomogeneity of the inhibitor distribution in the
polymer is likely to result in durability being governed by the rate of
consumption of the inhibitor in stabilizer-deficient initiation sites. By
the time the sample fails, the inhibitor in these sites has burned out
completely and oxidation has reached deep stages (to complete the
burnout of the polymer with the through holes being formed [17]).
Figure 6 shows the stage-by-stage initiation, growth, and coalescence
of the sites resulting in macroscopic failure of the sample.

The longest stage is the consumption of the inhibitor within the
initiation site and development of the process to complete conversion
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FIGURE 6 (Continued).

of the polymer therein (ca. 80% of durability). The sites differ in de-
gree of oxidation (Fig. 6, image 3). Conversion within a site apparently
depends on the concentration of the inhibitor, transport of inhibitor
from the surrounding matrix to the site, and structure-related and
chemical localization of oxidation in a particular site, i.e., on super-
molecular structure of the polymer, molecular-level structure of amor-
phous layers, and concentration of inhibitor in polymer matrix. At the
same time there exist sites where the induction stage is already over,
yet the oxidation did not developed to high conversion (Fig. 6, image
3, site 1) and sites where complete conversion of polymer occurred
(sites 2 and 3) with various degrees of expansion of the process from
the sites to surrounding material. Depending on chemical and
structure-related containment of the process within the sites, the latter
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FIGURE 6 (Continued).

have various sizes. Apparently, the more isolated a site is, the smaller it
is (site 2); the higher the concentration of the inhibitor within a site,
the lower the rate of its growth (site 1).

Merging of the sites occurs predominantly by thermooxidative de-
gradation and mechanical rupture of macromolecules in amorphous
interfibrillar layers. Oxidation propagates primarily in a direction
perpendicular to the orientation axis [20]. The sites that have grown
over certain area diminish the “living” cross-section of the sample, the
concentration of overstressed taut tie molecules in the cross-section
increases, and this arrests propagation of the reaction front in the
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FIGURE 6 (Continued).

lateral direction; growth of the site ceases (Fig. 6, images 5 and 6, site
3). Thus, two adjacent sites in the same cross-section can not merge
(image 3, sites 2 and 3). Merging of the sites located in different cross-
sections is preferential vig interfibrillar layers (sites 1 and 3), de-
spite the fact that in one of them (site 1) developed with a substan-
tial time lag (about 100min). During the last 6% of durability
(=~ 45 min), the propagation of a major crack occurs across the initiation
sites located in various cross-sections. This yields a characteristic
step-shaped pattern of the fracture cross-section in oriented PP films
[14].

In the micrographs (image 2) one can see that by the time the
oxidative degradation of the polymer has developed to deep stages
within initiation sites (80% of durability), the surrounding matrix
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FIGURE 6 (Continued).

looks like it was not oxidized at all. Measurable oxidation of the
matrix was not observed until 92% of durability, even in the do-
main of propagation of the fatal crack (image 4). Thus, localization of
oxidation within initiation sites ii stabilized samples was high. This
accounts for high induction times of inhibitor-containing polymer.
Chemical localization is most effective in diminishing the rate of
polymer oxidation when it is complemented by structure-related lo-
calization. Microscopic studies of fractures in stabilized PP films
provide an evident visual illustration for the afore described concept
of the mechanisms responsible for the induction time in oxidation
of the polymer, since these studies show localization of oxidative
degradation at the sites of primary initiation on catalytic impurities.
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FIGURE 6 (Continued).
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