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ABSTRACT: Samples of polypropylene and a high density polyethylene/polypropylene
blend filled with different biodegradable additives (rice starch/iron oxide mixture,
Bioefect 72000 and Mater-Bi AFO5H) have been subjected to an outdoor soil burial test
for 21 months. Changes on the morphology of the samples have been studied by
differential scanning calorimetry. The degradation process also has been analyzed in
terms of the mechanical behavior of the polymers. The three characteristic relaxation
zones «, B, and y (in order of decreasing temperature) of the dynamic-mechanical
relaxation spectra of the samples have been characterized according to the Fuoss—
Kirkwood equation. When two relaxations were overlapped, a deconvolution method
was applied. It has been observed that the degradation process affects just to a small
extent the amorphous phase of the polymers. That the g relaxation is the most sensitive
to the exposure time suggests that degradation starts in the crystalline—amorphous
interface. However, the crystalline phase is also affected significantly by the degrada-
tion process. The mechanical results are in good agreement with the calorimetric
measurements, proving that degradation takes place in two stages with different time
scales depending on the additive used. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 78:

1707-1720, 2000

Key words: degradable polyolefins; soil burial test; dynamic-mechanical spectros-
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INTRODUCTION

Most of the synthetic plastics were designed to be
resistant to environmental degradation. How-
ever, the awareness of the problems related to the
uncontrolled growing of the volume of solid
wastes has lead to an increasing interest in the
development of degradable plastics. Up to half of
the plastic production ends up as waste within
two years since it is not used for long-term appli-
cations. The development of degradable polymers
therefore offers a promising alternative for prod-
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ucts that have a short life cycle or are impractical
to recycle.

Polyolefins, one of the most important commod-
ity plastics, are considered as not biodegradable
polymers since they are not easily metabolized by
microorganisms. Nevertheless, it is possible to
enhance their biodegradability by simply incorpo-
rating additives that increase their oxidative deg-
radation rate to the polymeric matrix in the form
of a master batch.'~¢

The estimation of the degradation rate of such
degradable polyolefins is essential to predeter-
mine their service life and thus to evaluate the
viability of the use of these materials for a specific
application. Polymer degradation is manifested
by changes in its chemical and physical proper-
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Table I Samples Composition

Sample  Polymeric Matrix Additive

A HDPE/PP Rice starch/iron oxide
(40/60% weight) (92/8% weight)

B HDPE/PP Bioefect 72000
(40/60% weight)

C HDPE/PP Mater-Bi AFO5H
(40/60% weight)

D PP Bioefect 72000

ties. Analytical techniques such as Fourier trans-
form infrared spectroscopy, size exclusion chro-
matography, gas chromatography—mass spec-
troscopy, chemiluminiscence have been used to
analyze the changes on the chemical structure of
the polymer during degradation. Identification of
the compounds formed during the polymer degra-
dation helps elucidate the mechanism of the deg-
radation process.”® On the other hand, physical
changes are analyzed by means of other tech-
niques such as differential scanning calorimetry
(DSC) and tensile testing.

The objective of this work is the study of the
dynamic mechanical relaxation spectrum and the
morphological behavior of polyolefins filled with
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Figure 1 DSC thermograms of sample C after differ-
ent exposure times: (=) undegraded; (- - -) 3 months;
(--+) 6 months; (—-—.— ) 9 months; (—) 12 months;
(=« —+—=) 15 months; (——-) 21 months.
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Figure 2 DSC thermograms of sample D after differ-
ent exposure times: (=) undegraded; (- - -) 3 months;
(-++) 6 months; (—-—.— ) 9 months; (—) 12 months;
(=« —+—=) 15 months; (— —-) 21 months.

biodegradable additives aged in soil, in order to
analyze and characterize their degradation pro-
cess.

EXPERIMENTAL

Materials

High density polyethylene-5218 (HDPE) supplied
by British Petroleum (Spain) and Polypropylene
1148-TC (PP) supplied by BASF (Germany) were
used.

Rice granular starch, commercial iron oxide,
Bioefect 72000 from Proquimaq Color, S.L.
(Spain), and Mater-Bi AFO5H from Novamont
North America were used as additives.

Samples

Four kinds of samples labeled A-D were pre-
pared. Their composition is detailed in Table I.
Samples A-C have the same polymeric matrix
made up of a 40/60% by weight HDPE/PP blend.
The polymeric matrix of sample D is formed only
by PP. All the samples contain 10% by weight of a
different biodegradable additive: sample A con-
tains a 92/8% by weight rice granular starch/iron
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Table II Physical Characterization of Samples Aged in Soil for Different Exposure Times: Total

Crystalline Content X, and Melting Temperatures®

Degradation Time

(months) T, (°C) (H, — H.), (Jlg) X, T, (°C) (H, — H,), (Jlg) X,
Sample A
0 128.9 56.0 0.19 165.5 53.4 0.26
3 128.8 84.1 0.29 165.2 41.6 0.20
6 129.2 79.1 0.27 166.2 46.0 0.22
9 130.0 93.8 0.32 165.0 38.2 0.18
12 128.7 71.0 0.24 165.9 494 0.24
15 128.9 62.3 0.21 166.4 53.7 0.26
21 128.6 56.5 0.19 166.0 54.5 0.26
Sample B
0 129.7 82.2 0.28 166.1 41.8 0.20
3 128.9 874 0.30 166.2 40.0 0.19
6 128.5 94.8 0.32 165.4 38.2 0.18
9 128.8 87.1 0.30 165.1 39.9 0.19
12 128.8 94.2 0.32 164.8 37.1 0.18
15 129.5 91.0 0.31 165.5 39.8 0.19
21 128.7 85.2 0.29 166.0 39.2 0.19
Sample C
0 129.2 78.7 0.27 165.1 35.7 0.17
3 130.2 78.8 0.27 165.8 38.2 0.18
6 128.7 78.8 0.27 164.9 44.0 0.21
9 129.4 89.9 0.31 165.3 33.3 0.16
12 128.6 82.9 0.28 164.4 37.1 0.18
15 129.3 88.0 0.30 166.4 41.1 0.20
21 129.6 80.6 0.28 165.7 42.8 0.20
Sample D
0 — — — 166.9 98.6 0.47
3 — — — 165.7 107.1 0.51
6 — — — 165.5 102.6 0.49
9 — — — 166.1 109.9 0.53
12 — — — 165.8 107.7 0.52
15 — — — 166.7 103.5 0.50
21 — — — 165.3 101.2 0.48

21 and 2 indicate the values assigned to HDPE and PP, respectively.

oxide mixture, sample B and D contain Bioefect
72000, and sample C contains Mater-Bi AFO5H.
Samples have been processed by injection as seed-
boxes.

Soil Burial Test

Samples were subjected to an outdoor soil burial
test in Ayora (Valencia, Spain) for 21 months.
Samples were removed after different periods of
time: 0, 3, 6, 9, 12, 15, and 21 months. After
removal, they were carefully washed with a soap
solution in order to stop the biodegradation pro-
cess and dried with a piece of paper before being
analyzed. The soil where samples were buried has
a pH of 6.75 (measured in water).

DSC Measurements

The morphology of the samples was analyzed by
DSC. Both the crystalline content and the melting
temperature were measured with a Perkin Elmer
DSC-4 calorimeter, previously calibrated with in-
dium. A total of 5—6 mg of samples were weighed
out in a standard aluminum pan. The sealed pans
were scanned at a heating rate of 10°C/min from
0 to 200°C under nitrogen atmosphere.

Dynamic Mechanical Measurements

The viscoelastic properties were determined by
means of a Polymer Laboratories, Ltd., Dynamic
Mechanical Thermal Analyzer, Mark II DMTA,
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Figure 3 Plot of logE’ versus temperature for sample B at 1 Hz of frequency for
different degradation times: () undegraded; (A) 6 months; (O) 12 months; (+) 21

months.

with deformation applied in the cantilever flexure
double-clamping mode. The storage modulus E’
and the loss tangent, tan 8§ were measured from
—140 to 160°C at the frequencies of 0.3, 1, 3, 10,
and 30 Hz with a heating rate of 1 °C/min.

RESULTS AND DISCUSSION

In order to analyze the changes on the morphol-
ogy of the samples, DSC thermograms have been
carried out for samples aged for different periods
of time. Samples A—C have similar thermograms
with two endothermic peaks, proving the incom-
patibility of the HDPE/PP blend.>!° Figure 1
shows as example the DSC thermograms of sam-
ple C after different exposure times. The first
endothermic peak has been assigned to HDPE
and the second one to PP. The thermogram of
sample D displays just a single endothermic peak
corresponding to PP, as shown in Figure 2. The
peaks width of both endotherms indicates a wide

lamellar sizes distribution. It is also observed
that the peaks shape changes as the degradation
time increases, especially that of the PP endo-
therm. This fact reveals that a transformation in
the lamellar sizes distribution occurs due to the
degradation process, especially in the PP phase.
This result is in agreement with the idea that PP
is much more susceptible to oxidation than poly-
ethylene due to its methyl branches all along the
backbone chain.!! In the branch points, there is a
hydrogen attached to a tertiary carbon that is
more labile than the hydrogens of the methyl
groups of the backbone chain. These labile hydro-
gens are thus more likely sites for the initiation of
the oxidation process.

On the other hand, as HDPE and PP formed
incompatible blends, two successive scans have
also been performed in order to remove the pro-
cessing effects. The first scan was carried out
from 0 to 200°C at a heating rate of 10°C/min.
After 10 min at 200°C, samples were cooled until
0°C at a cooling rate of 20°C/min. Finally, a sec-
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Figure 4 Plot of tan 8 versus temperature of sample B at 1 Hz of frequency for different
degradation times: (4) undegraded; (A) 6 months; (O) 12 months; (+) 21 months.
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Figure 5 The vy relaxation zone of sample A at 1 HZ of frequency after different
exposure times: (4) undegraded; ((J) 3 months; (A) 6 months; (®) 9 months; (&) 12
months; (X) 15 months; (O) 21 months.
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Table III Characterization of the y Relaxation
at 1 Hz of Frequency: Temperature of the
Maximum of the Loss Modulus, T,,,

Fuos-Kirkwood m Parameter, and Apparent
Activation Energy E_,

Degradation Time E

(months) T, (°C) m (kcal/mol)
Sample A
0 -118.4 0.102 23.67
3 —-1184 0.111 24.57
6 —-119.2 0.107 24.42
9 -118.1 0.108 22.96
12 -115.5 0.123 21.99
15 -114.4 0.080 24.33
21 -116.5 0.086 26.06
Sample B
0 -119.9 0.095 25.92
3 -121.1 0.098 22.84
6 -119.9 0.105 26.63
9 -122.8 0.120 22.34
12 -118.9 0.116 19.25
15 -117.3 0.109 22.26
21 —118.7 0.103 21.22
Sample C
0 -119.7 0.097 26.78
3 -117.2 0.108 23.54
6 -114.9 0.147 19.24
9 -117.8 0.110 20.52
12 -116.4 0.095 24.33
15 -115.0 0.108 22.00
21 -117.2 0.120 20.00

ond scan was carried out in the same conditions
as the first one. The thermograms obtained from
the second scan do not display the irregular peak
shape as did the thermograms of the first scan.
However, the crystallinity determined from the
thermograms was found to be similar to that cal-
culated when just a single scan was performed.
These results show that the changes on the crys-
talline content and the lamellar sizes distribution
are due to the degradation process and not to the
samples processing.

The melting temperatures and the crystalline
content have been determined for each sample
(Table II). The melting temperatures have been
directly obtained from the thermograms. It has
been found a melting temperature of about 129°C
for HDPE and around 166°C for PP, regardless of
the additive used and the exposure time.

The crystalline content (X) of each homopoly-
mer has been calculated for each sample accord-
ing

_ (Ha - Hc)

ol (D

where H, and H, are the enthalpies in the melt
state and the crystalline state, respectively. Their
difference is directly obtained form the thermo-
gram. H,, is the change of the melting enthalpy of
a perfect crystal of infinite size. For PE, H,, = 70
cal/g =~ 293 J/g and for PP, H,, = 50 cal/g ~209
J/g.1?

The crystalline content of the samples aged in
soil for different periods of time tends to change
slightly although no regular evolution appears.
These differences are however significant, since
they are greater than the deviation between par-
allel runs within the same series. The changes in
the crystalline content follow two stages. During
the first stage, the crystalline content tends to
increase. However, after 9 or 12 months of expo-
sure (depending on each sample), a second stage
begins during which the crystallinity tends to de-
crease. These results confirm the trend observed
for the crystalline content of samples aged for 1
year shown by these authors in a previous work.'?
They also indicate that a degradation process is
taking place as an increase in the crystallinity is
considered as a degradation sign.!! The reaction
with a small amount of oxygen can produce the
limited scission of the molecules of the crystal-
line—amorphous interface, so the crystallization
can occur more rapidly.

Besides the analysis of the morphological
changes, the degradation process has also been
studied by means of the characterization of the
mechanical behavior of the polymers. For this
purpose, the complete relaxation spectrum of all
the samples has been obtained.

The relaxation spectra of the samples exhibit
three clearly distinguished relaxation zones «, 3,
and vy in order of decreasing temperature, al-
though this latter relaxation just appears as a
weak shoulder in the relaxation spectra of sample
D as its polymeric matrix only contains PP. These
results are in good agreement with the relaxation
spectra predicted in the literature for HDPE/PP
blends and pure PP.'*

Work by Popli et al.,'5 as well as by ourselves,*®
have established that the o relaxation can be
attributed to movements of molecular chains that
occur in the crystalline zone. The B relaxation
may result from motions taking place at the crys-
talline—amorphous interface. The 7y relaxation
can be associated to molecular chain movements
in the amorphous phase of polyethylene.
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Figure 6 The g and «arelaxation zones of sample D at 1 Hz of frequency after different
exposure times: (4) undegraded; (X) 3 months; (A) 6 months; ((J) 12 months; (O) 21

months.

Figures 3 and 4 show as example respectively the
relaxation spectrum in terms of the storage modu-
lus (E’) and the loss tangent (tan 6) versus temper-
ature at the frequency of 1 Hz for sample B aged in
soil for different periods of time. It can be noted
from these figures, and from those of the other sam-
ples, that the degradation process affects basically
E’'. The storage modulus exhibits an initial in-
crease, and although it tends to decrease slowly
afterward, its values remain higher than that of the
undegraded sample even after 21 months of expo-
sure. This means that due to the degradation pro-
cess the material becomes more brittle.

In this work, the mechanical properties of the
samples have been analyzed with a Polymer Lab-
oratories, Ltd., DMTA that measures the values
of the storage modulus (E’) and the loss tangent
(tan 8). The values of the loss modulus (E”) are
calculated from these two parameters, since tan &
is defined as the quotient between both moduli
(tan 6 = E"/E"). E" is thus estimated according to
the relationship: E” = tan § X E'.

As explained above, the obtained results show
that E’ is more modified than tan 8 by the degra-

dation process. For that reason, the analysis of
the mechanical behavior is going to be carried out
in terms of E”, which displays in a more obvious
way the changes due to the degradation process.

Table IV Characterization of the g Relaxation
of Samples D and C at 1 Hz of Frequency:
Temperature of the Maximum of the Loss
Modulus T,,, Fuos-Kirkwood m Parameter, and
Apparent Activation Energy E_,

Degradation Time E,
(months) T, (°C) m (kcal/mol)
Sample D

0 —56.2 0.095 66.47
3 -53.9 0.128 42.78
6 —54.2 0.142 55.13
9 —55.0 0.159 45.72
12 -50.8 0.118 51.47
15 -51.2 0.130 48.42
21 —48.0 0.096 51.31
Sample C
15 —48.2 0.041 62.60
21 -37.3 0.032 69.81
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Figure 7 The 8 and «relaxation zones of sample C at 1 Hz of frequency after different
exposure times: (4 ) undegraded; (A) 6 months; (+) 12 months; (O) 15 months; () 21

months.

Each one of the relaxation zones has been char-
acterized in order to analyze in more detail the
mechanical behavior of the samples. The maxi-
mum of the loss modulus E,,,,.- the m parameter,
and the temperature of the maximum of the loss
modulus 7, have been obtained for each relax-
ation fitting its data to the Fuoss—Kirkwood equa-
tion:

E;nax
) E /1 1
CoS m—- T_ T7m

R
The apparent activation energy E, of each relax-
ation has been calculated by adjusting the depen-
dence of the mean relaxation times on the tem-
perature to the Arrhenius equation:

E'=

(2)

Inf,,=Inf, + exp(E/RT,) 3)
where T, and f,, are, respectively, the tempera-
ture and the frequency of the maximum of the loss
modulus.

Figure 5 shows the vy relaxation of sample A in
terms of log E” as a function of temperature at 1 Hz
of frequency. It is observed for all the samples that
the maximum values of E” increase gradually as the
exposure time increases and finally tend to slightly
decrease. It is also noted that T, shifts to higher
temperatures as the degradation time increases.
The values of T',,, the Fuoss—Kirkwood m parame-
ter and the apparent activation energy of this relax-
ation for samples A-C are listed in Table III. These
parameters have not been calculated for sample D
as it just exhibits a minor vy relaxation. Only slight
variations of the Fuoss—Kirkwood m parameter and
of the activation energies of the y relaxation are
observed. From these results, it can be concluded
that the degradation process affects just to a small
extent the amorphous phase of the polymers.

The B relaxation zone of polyolefins is located
between —80 and —20°C. The characterization of
this relaxation zone is more delicate since nor-
mally the B relaxation appears overlapped to the
a one, as shown in Figure 6. In cases where there
are two overlapped relaxations in a spectrum, it is



VISCOELASTIC

BEHAVIOR OF DEGRADABLE POLYOLEFINS 1715

1.8x10%

1.6x108

1.4x108

1.2x108

E"

1.0x108

R.0x107

6.0x107 —

4.0x107 T T - T T T T T T
0.0024 0.0026 0.0028 0.0030 0.0032

0.0034 0.0036 0.0038 0.0040 0.0042

VT(K)

Figure 8 Deconvolution in terms of E” of the o; and o relaxations at 1 Hz of

frequency for sample C in soil for 6 months:

(m) experimental data; (—) values of E”

calculated by applying the deconvolution method together with the Fuoss—Kirkwood
equation; (— ——) contribution of the «; relaxation; (--+-+) contribution of the oy relax-

ation.

supposed that the experimental data are the ad-
dition of these two relaxations. Thus the method
used in the dynamic-mechanical spectra for the
deconvolution of overlapped peaks considers that
the measured value of E’ is equivalent to E” 7
+ Ej.Y

Following this method, together with the Fu-
oss—Kirkwood equation, the B relaxation has been
characterized for sample D. The other samples
just display a minor B relaxation. Table IV sum-
marizes the obtained results for sample D at 1 Hz
of frequency after the deconvolution of the 8 and
« relaxations. It can be observed that T, shifts to
higher temperatures as the exposure time in-
creases. The Fuoss—Kirkwood m parameter has a
maximum value at 9 months and afterward it
tends to decrease. An irregular decrease in the
activation energy is also observed. The changes in
the m parameter and the decrease of E, reveal
that a certain reorganization of the molecular
chains of the crystalline—amorphous interface has
taken place so that their motions tend to be less
hindered.

An inspection of the mechanical spectra of all
the samples as a function of the aging time in soil
demonstrates that the B relaxation zone is the
most sensitive to the degradation process. Figure
7 shows that the g relaxation of sample C (located
from —80 to —20°C) clearly increases its height as
the exposure time increases. Depending on the
additive used, this effect is more or less marked.
As sample C is the one that exhibits this effect
more significantly, it has been calculated the ap-
parent activation energy of its 8 relaxation for 15
and 21 months of exposure, when the peak is
more prominent (Table IV). Estimated values of
about 60 kcal/mol has been found, similar to the
ones obtained by these authors for high-density
polyethylenes irradiated at low doses (2 and 20
Mrad).'®

These results are in agreement with the idea
that oxygen is usually insoluble in the crystalline
regions of polyolefins.'®?° Oxidation, and conse-
quently the biodegradation process, will therefore
be confined in the first stages in the chains be-
tween the crystallites that form the crystalline—
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Table V Characterization of the «; and «;; Relaxations at 1 Hz of Frequency: Temperature of the
Maximum of the Loss Modulus T,,, Fuos-Kirkwood m Parameter and Apparent Activation Energy E,_,

a; Relaxation

o Relaxation

Degradation Time

(months) T, 0 my E,; (Kcal/mol) T, °C) my; E_;; (kcal/mol)
Sample A
0 -39 0.064 121.82 45.2 0.133 51.36
3 -5.7 0.098 85.96 38.9 0.193 30.31
6 2.0 0.068 126.58 48.1 0.117 52.21
9 -1.0 0.087 102.15 47.5 0.158 34.53
12 1.3 0.109 117.03 47.8 0.128 42.87
15 -1.0 0.078 99.31 52.0 0.115 52.03
21 -0.7 0.086 98.05 50.4 0.085 85.14
Sample B
0 -0.6 0.093 127.11 41.5 0.143 36.53
3 -15 0.080 121.88 43.5 0.163 27.52
6 0.0 0.105 100.89 43.4 0.160 40.98
9 0.3 0.076 135.58 45.5 0.127 41.53
12 0.3 0.079 110.98 47.3 0.141 46.60
15 1.3 0.063 145.45 49.5 0.084 76.89
21 1.3 0.111 89.19 42.6 0.093 70.21
Sample C
0 -1.1 0.075 115.80 49.9 0.134 41.39
3 4.1 0.163 87.67 40.9 0.176 38.19
6 1.4 0.084 120.80 46.2 0.147 47.91
9 -15 0.043 129.61 54.8 0.095 88.10
12 -0.2 0.067 137.30 44.5 0.146 42.85
15 -2.5 0.078 90.95 50.4 0.124 55.56
21 1.3 0.102 111.28 40.3 0.137 49.26
Sample D
0 -0.7 0.042 138.78 49.8 0.158 30.33
3 2.0 0.049 119.02 56.8 0.096 58.41
6 1.3 0.036 173.47 56.1 0.102 53.04
9 5.9 0.051 83.10 53.3 0.125 40.55
12 5.2 0.043 139.70 53.6 0.147 35.95
15 6.7 0.039 180.51 61.0 0.138 37.05
21 7.3 0.051 155.40 47.2 0.148 33.28

amorphous interface. The development of a more
prominent (B relaxation could explain the dis-
placement of the temperature of the maximum of
the loss modulus 7, observed before for the vy
relaxation.

The «a relaxation zone of the samples studied
display two overlapped relaxations called o; and
oqp in order of increasing temperature. The o
relaxation appears as a small peak centered at
about 0°C, whereas the oy relaxation is a wide
shoulder located around 45-50°C, as shown in
Figure 7. The characterization of both relaxations
has been performed according to the deconvolu-
tion method described above. Figure 8 shows as
example the deconvolution of the o; and oy; relax-
ation at 1 Hz of frequency for sample C aged in

soil for 6 months. Table V displays the values of
T,., m, and E, calculated for all the samples as a
function of the degradation time. It is noted that the
temperature of the maximum of the loss modulus,
T,, of both the o and oy relaxations also shifts to
higher values as the exposure time increases, as it
occurred for the y and B relaxations. So it can be
concluded that the degradation process produces a
general shift of the mechanical spectrum of the
samples toward higher temperatures.

Concerning the Fuoss—Kikwood m parameter,
higher values were found for the «;; relaxation as
expected, since this parameter is an indicative of
the relaxation width.

In Figures 9-12 the apparent activation ener-
gies estimated for these two relaxations have
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Figure 9 Apparent activation energies E, of the (O) v, (A) oy, and (¢ ) o relaxations
of sample A as a function of the degradation time.

been plotted together with those of the other char-
acterized relaxations for each sample as a func-
tion of the degradation time. These figures show
that the activation energies of the « relaxations
are the ones that change the most during the
degradation process. This means that the crystal-
line phase is considerably affected by degrada-
tion. Changes are specially marked for the o
relaxation. This is consistent with the idea that
the position of the different « relaxations in the
temperature axis is dependent on the crystallites
thickness.'® This would indicate that the o; relax-
ation is associated with motions of molecular
chains of thinner crystallites than that involved
in the oy relaxation. Thinner crystallites are thus
more affected by the degradation process than the
thicker ones.

It is also noted from these figures that although
the evolution of Ea of both « relaxations is quite
irregular, the apparent activation energy of the oy
relaxation tends to decrease, whereas that of the ay;
relaxation tends to increase. This phenomenon has
a different time scale for each sample.

On the other hand, a close inspection of the
mechanical spectra of the samples reveal that
the height of the oy relaxation initially in-
creases, but after a period of 9 or 12 months
(depending on each sample), it decreases. This
tendency can be observed in Figure 6 for sample
C. As stated by others,'® the height of the «
relaxation is associated to the crystalline con-
tent. Assuming this, the changes produced in
the o relaxation zone can be correlated to the
calorimetric results. In fact, the observed evo-
lution of the ay; relaxation is in good agreement
with the thermograms discussed before. The
mechanical results confirm therefore the devel-
opment of the degradation process in two
stages. In a first stage, when the crystalline
content increases and the lamellar sizes distri-
bution changes, the oy relaxation becomes
higher. After 9 or 12 months of aging in soil
(depending on each sample), when the crystal-
line content starts to decrease and the lamellar
sizes exhibit a broad distribution, the height of
the ap relaxation diminishes.
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Figure 10 Apparent activation energies £, of the (O) v, (A) af, and (¢ ) oy relaxations
of sample B as a function of the degradation time.
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Figure 11 Apparent activation energies E,, of the (O) v, (A) a;, and ( #) oy relaxations
of sample C as a function of the degradation time.
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Figure 12 Apparent activation energies E,, of the (OJ) B, (A) oy, and (¢ ) oy relaxations
of sample D as a function of the degradation time.

CONCLUSIONS

Due to the degradation process, the HDPE/PP
blend and the PP matrix become more brittle, as
shown by the increase of the storage modulus E’
regardless of the additive used.

The degradation process affects only slightly
the amorphous phase of the polymers, as demon-
strated by the small changes produced in the vy
relaxation.

The analysis of the relaxation spectra shows
that the B relaxation is the most sensitive to the
degradation process, becoming more prominent
as the degradation takes place. Degradation
seems to start therefore in the crystalline—amor-
phous interface.

Although the oxygen is usually insoluble in the
crystalline phase and degradation cannot be ex-
pected to be initiated in this phase, changes oc-
curring in the amorphous—crystalline interface
due to the degradation process affects signifi-
cantly the crystalline phase. The apparent activa-
tion energies of both the oy and «g; relaxations

exhibit marked changes. The greatest changes
observed for the a; relaxation indicate that thin-
ner crystallites are more affected by the degrada-
tion process than the thicker ones.

On the other hand, the mechanical results cor-
relate well with the calorimetric measurements.
The oq; relaxation and the crystalline content fol-
low a parallel evolution, confirming the develop-
ment of the degradation process in two stages
with different time scales depending on the addi-
tive used.

It can thus be concluded that the analysis of
the dynamic-mechanical relaxation spectra may
be a useful tool for the study of the degradation
process. Together with the analysis of the mor-
phological changes, it can help elucidate the deg-
radation mechanism of polymers.
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