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Information obtained from successive self-nucleation and annealing (SSA) technique is analyzed, paying
special attention to the observable effects of samples thickness and antioxidant and oxygen concentra-
tions. Molecular structure changes for low density polyethylene (LDPE) samples, irradiated under three
different atmospheres for doses between 33 and 222 kGy were analyzed, with emphasis on the changes

of longer polymethylene crystallizable lengths. Antioxidant and oxygen concentrations were varied for
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samples of different thickness to study the effects on degradation. The changes in the molecular structure
were followed simultaneously by SSA and Infrared spectroscopy (FTIR) via carbonyl group concentration.
Preliminary quantifications of the SSA technique sensitivity are also advanced.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The properties of many semicrystalline polymers are routinely
modified by molecular structural changes induced by free radi-
cals, generated by peroxides decomposition or other processes like
high energy radiation or electron beams. In situ formed free rad-
icals produce on the main chain atoms a variety of reactions that
end at modifying the molecular macrostructure. Polyolefins can be
modified in the solid or the melt states, depending on the specific
purpose of the molecular changes to be conducted. For instance,
heat-shrinkable film can be made by irradiation in the solid state
to produce light crosslinking that concentrate mainly in amorphous
regions. To increase melt extensional viscosity for films and foams
production, low-level, evenly distributed long-chain branching can
be induced in some polypropylenes by irradiation in the melt state
[1-3].

Free radicals generated by irradiation processes are at first
homogeneously distributed, regardless of the physical state of the
polymer - either liquid or semicrystalline - but the reactions paths
following this initial step depend strongly on the media mobility.
Free radicals located at the high-mobility amorphous regions will
react relatively fast, mainly by reaction with other radicals, with
antioxidants, with oxygen or with other macromolecules. Some
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free radicals are located in the crystalline phase, and react at a
much slower rate [4,5]. Reactions of free radicals with macro-
molecules main chain atoms may produce chain crosslinking or
scissions, depending mainly on whether the reacted carbonis a sec-
ondary or a tertiary one; secondary carbons produce much more
crosslinking than tertiary ones. Reactions in the melt state pro-
duce more homogeneous molecular structural changes. Reactions
in the solid state will produce in some cases - like medium and
low-density polyethylene - most changes for the sectors of the
molecules located in the amorphous regions that include more
branched material than the average. Any characterization method
that may help to distinguish between reactions of branched and
linear parts of a molecule will be very useful.

Polyethylene molecular changes produced by free radicals have
been widely studied by several experimental methods [6,7]. Size
Exclusion Chromatography (SEC) has been used to study changes
in molecular weight distributions associated with the scission and
crosslinking processes. Only soluble polymer can be analyzed by
SEC, excluding the gel fraction, thus limiting the usefulness to modi-
fications of the sol fraction of the reacted polymer. Furthermore, the
technique is based on fractionation by hydrodynamic volumes that
can be well calculated only for polymers with a precisely controlled
macrostructure. As the hydrodynamic volume for equal molecular
weights is reduced by long-chain branching, the technique can be
used for quantitative measurements only for model polymers with
a starting narrow molecular weight distribution [8,9]. Most reliable
results have been obtained for low reactions advances, because
of the simultaneous scission and crosslinking processes that
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produce either molecular weights reductions or random branching
with molecular weights increase. Another drawback comes from
the simultaneous changes produced in the radius of gyration by
chains scission and crosslinking that give similar values for very
different molecular weights. Ultimately, the technique provides
information only for changes in the large molecular scale, in the
order of the radius of gyration size. Molecular changes produced
for most commercial polymers at low reaction advances cannot be
quantified.

SEC techniques have been assisted by solvents extraction pro-
cedures, as these can isolate the soluble fraction after the gel point
has been reached. Again, best results are obtained only for model
polymers with narrow molecular weight distributions and high
molecular weight averages.

To study molecular changes for low reactions advances, more
information is needed concerning changes occurred for smaller
molecular scales, in the order of a hundred main chain car-
bon atoms. Some techniques could be used to detect changes in
the average crystallizable lengths of polyolefin molecules. Tem-
perature Rising Fractionation (TREF) and Crystallization Analysis
Fractionation (CRYSTAF) are based on the solution equilibrium
temperature for semicrystalline polymers that are slowly crystal-
lized from diluted solutions on a large area. Fractions with larger
average crystallizable sequences lengths will crystallize at higher
temperatures. Semicrystalline polymer fractions with increasing
average crystallizable sequences lengths can be separated by ris-
ing the solvent temperature used to solubilize the desired fractions
[10-13]. The separation process—based on solid-solution thermo-
dynamic equilibrium - has been modeled and shown to depend
on temperature, polymer-solvent interaction parameter, solvent
concentration that includes solvated polymer molecules, and aver-
age crystallizable sequences lengths for the whole molecule. This
suggests that small changes in the crystallizable sequences lengths
distributions will be very difficult to detect, as their effect on the
molecule solubility will be diluted in the average for the whole
molecule.

The SSA technique can give direct information on the distribu-
tion of melting temperatures for the lamellae population formed
in semicrystalline homopolymers and copolymers [14,15]. Start-
ing from the melt, the polymer samples are allowed to crystallize
at selected annealing temperature values. The crystalline lamellae
population thus obtained shows a discrete distribution of melt-
ing temperatures located just above the annealing temperatures
[16-19]. These melting temperatures can be related to lamellae
thicknesses distributions with the well-known Gibbs-Thompson
equation, that has been modified to account for changes in the
lamellar surface free energy associated with the increasing amount
of surface defects that show up in copolymers [20-22].

The SSA technique can be considered as a selective fractiona-
tion of crystallizable lengths of polymethylene sequences lengths,
because the annealing steps allow time for diffusion and growth of
lamellae to an equilibrium value. Being the thicker lamellae formed
first, we can imagine that the diffusion processes that contribute
to forming thinner lamellae will be increasingly restricted as the
crystallization temperatures are reduced, and therefore most useful
information will be obtained from changes in the thicker lamellae
populations. Thicker lamellae, which form at the highest annealing
temperature, will reflect more faithfully the changes in molecu-
lar structure; thinner lamellae may not reach an equilibrium state,
and some structural changes may be masked because of this fact
[18,19].

The SSA can be performed with a conventional DSC, can be used
to detect small changes in the semicrystalline structure of either
the soluble or the gel fractions, and even more information can be
obtained with the aid of separation techniques. Also, very small
amounts of samples are enough to perform an SSA analysis [23].

We have found that small molecular structure changes produced
by chains scission in the order of one carbon atom per molecule can
be detected [24,25].

This work shows the usefulness of the SSA technique to detect
differences in changes in polyolefins molecular structure by irra-
diation in different atmospheres that modify the speed ratio for
crosslinking and chain scission High energy irradiation promotes
the simultaneous crosslinking and scission of chains, and the rel-
ative efficiency of each one is closely related to the presence of
oxygen and antioxidants. Simultaneous crosslinking and scission
will produce changes in the distribution of polymethylene crystal-
lizable sequences lengths. Crosslinking will interrupt the sequences
lengths involved, while scission will also free molecular ends pro-
duced in the process [19,26]. For strictly linear chains, the effect
of crosslinking or scission may be to reduce the average value for
the crystallizable sequences lengths distribution, and the combined
mixed effects of both reactions may be difficult to separate and ana-
lyze. For very long linear chains, chain scission might also cause
crystallinity to be increased because of topological constraints
reduction. Nevertheless, there is an extra detail linked to long-chain
branching; as shown in earlier work. Scission of tertiary carbon
atoms at the origin of long branches may cause longer crystallizable
sequences lengths to free from topological constraints and incorpo-
rate to thicker lamellae during the SSA annealing stage. This process
has been shown to increase thicker lamellae population [18,19].

As a test for the SSA method, we use here the technique to dis-
tinguish different effects of y-irradiation on LDPE. LDPE samples
were irradiated in contact with atmospheres with three different
contents of oxygen, with and without antioxidants, and two differ-
ent thickness values. Oxygen and antioxidants reduce crosslinking
efficiency by reacting with free radicals, and therefore the changes
on the distributions of crystallizable sequences lengths could be
modified by the oxygen concentration and the presence of antiox-
idants.

LDPE is produced by ethylene homopolymerization in high-
pressure reactors, initiated by free radicals. The polymerization
process produces tertiary carbon atoms - about 1-2 mole% - and
some of these are placed at the root of a small quantity of long-chain
branches. This small fraction of tertiary carbon atoms is rather dif-
ficult to detect with conventional spectroscopic methods, and main
effects have been observed via rheological properties [27]. Changes
in the population of tertiary carbon atoms in LDPE in early stages
of irradiation processes can be detected as changes in the amount
of the longer crystallizable polymethylene sequences [24,25]. Here
we also advance some SSA data and analysis that lead to modeling
early stages of the combined scission-crosslinking process.

2. Experimental procedure
2.1. Material and sample preparation

Low Density Polyethylene (LDPE (203M)) supplied by Dow-PBB
Polisur (Bahia Blanca, Argentina) was used throughout this study.

Four different types of samples were prepared by compression
molding at 150°C. Thin samples thickness is about 0.2-0.3 mm,
and thick samples thickness us about 0.7-0.8 mm. Samples were
prepared with and without the antioxidant content provided by
manufacturer.

To strip the antioxidant, about 200 gr. of polymer were dissolved
in boiling xylene, and quickly precipitated in stirred cold methanol
to obtain a fine powder. Most of the antioxidant and other additives
are expected to remain in the thus formed xylene-methanol solu-
tion. The precipitated polymers were exhaustively dried at room
temperature.
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The films were inserted into tightly capped Pyrex flasks. The
total film in each flask was set in order to get equivalent total mass.
Flasks were placed in a gloves box and kept under constant atmo-
sphere for 2 days. Before closing the flasks, the gloves box was kept
filled with mixtures of nitrogen/oxygen to give oxygen concentra-
tions of 0, 21 and 100% v/v at a total pressure of 1atm at room
temperature. Subsequently these samples were exposed at room
temperature to y-rays generated by a 60Co source. The dose rate
was 8 kGy/h determined by dosimetry with a radiochromic thin-
film dosimeter. Equal doses between 33 and 222 kGy were applied
to the samples. The error in dose can be estimated in 5%.

2.2. Evaluation of basic thermal behavior

Samples were used as received (no gel extraction) throughout all
DSC and SSA characterization. Small disc samples (approximately
10mg) were cut from films of all unmodified and irradiated LDPE.
The samples were encapsulated in DSC aluminum pans and ultra
high purity dry nitrogen was used as an inert atmosphere for con-
ditioning and testing in a Perkin Elmer Pyris II calorimeter. A first
characterization of the thermal behavior of the polymers was per-
formed on the DSC by cooling and heating runs between 25 and
200°C at a heating rate of 10°C/min. In order to erase all previous
thermal history all the samples were previously held in the molten
state at 150°C for 5 min.

2.3. Successive self-nucleation and annealing (SSA)

The SSA technique consists of successive heating and cooling
cycles. The self-nucleation and annealing temperatures (Ts) were
chosen according to a regime defined by Fillon et al. [28]. A cyclic
heating and cooling procedure, already described elsewhere [19],
was repeated by heating the sample at a temperature 3°C lower
than that of the previous annealing, until a heating temperature
close to 40°C was reached. Melting patterns of the samples thus
prepared were recorded at a heating rate of 10°C/min. The final
heating scan after this thermal fractionation reveals a series of mul-
tiple melting peaks (as shown in Fig. 1) that are a reflection of the
multiple mean lamellar thicknesses obtained.

2.4. Fourier transform infrared spectroscopy

All the materials were studied by means of FTIR spectroscopy.
FTIR spectra were recorder in transmission mode with a 4cm~!
resolution using a Nicolet 6700 spectrometer. The spectrum region
analyzed was between 2000 and 1600cm~! where absorption
bands associated with carbonyl groups appear which indicates the
occurrence of oxidative degradation. For comparative proposes, a
carbonyl index was defined as the ratio between the carbonyl band
centered at 1720 cm~! to a reference band centered at 2020 cm™!
corresponding to methylene stretching.

Table 1
Crystallinity (%) and melting temperature (°C) by thin, without antioxidant samples.
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Fig.1. SSAfinal endotherms for thin samples without antioxidant irradiated at three
different oxygen concentrations.
3. Results and discussion

Table 1 shows standard DSC results for thin samples irradiated
without antioxidant, to remark some details already known from

Dose (kGy) 0% v/v Oxygen 21% v[v Oxygen 100% v[v Oxygen
Tm (°C) Crystallinity (%) Tm (°C) Crystallinity (%) Tm (°C) Crystallinity (%)
0 1157 £ 0.2 349 + 0.1 115.7 £ 0.2 349 + 0.1 1157 £ 0.2 349 + 0.1
33 1114 £ 0.3 342 +05 111.6 +£ 0.3 34.7 £ 0.3 112.1 £ 0.2 35.1 £ 0.1
83 109.5 + 0.4 332+03 111.1 £ 0.1 339+ 0.1 111.7 £ 03 345+ 04
153 109.3 £ 0.2 32.8 £ 03 110.0 £ 0.4 33.8 +£ 0.5 111.3 £ 0.1 344 + 0.3
222 108.0 + 0.1 31.8 £ 04 109.7 + 0.2 324403 110.5 +£ 0.2 33.8+02
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literature [5-7]. The presence of increasing oxygen concentrations
accelerates its reaction with the free radicals formed by the irradi-
ation process, reducing the chains crosslinking efficiency and thus
favoring the chains scission processes. This point is qualitatively
reflected in the changes of total crystallinity: smaller changes are
found for samples irradiated under atmosphere richer in oxygen,
as scission frees chains ends, while crosslinking reduces chains
mobility needed for crystallization by introduction of topologi-
cal restraints. Overall, crystallinity changes with radiation dose
increase are not large, with a maximum of about 9% for highest
radiation dose under nitrogen atmosphere; therefore all further
analysis will be done disregarding any crystallinity changes. This
is in accordance with reported by other authors who found no sig-
nificant changes in the melting temperature and enthalpy of fusion
after irradiation of polyethylene [29-31].

The formation of chain crosslink junctions affects the reorga-
nization and chain folding during the crystallization process that
result in a reduction in the crystallinity, and presumably cause the
formation of crystals of smaller size and less perfect. Hence, the
temperature and the heat of fusion decrease with dose due to an
increment in the degree of chain crosslinking. Small reductions
of the average crystallites thickness are reflected as temperature
changes of the maximum of the fusion peak. This effect seems to be
more closely related to chains crosslinking, as samples irradiated in
nitrogen atmosphere show a more pronounced effect. As the SSA
preparation process includes melting and recrystallization of the
already irradiated and reacted samples, changes in the final melting
endotherms (peak and position) reflect most details of molecular
structural changes.

Fig. 1 shows SSA final melting endotherms for thin samples
without antioxidant irradiated in atmospheres with three different
oxygen concentrations. Antioxidant was removed to avoid com-
petition with oxygen in reactions with free radicals, which may
mask results [5,32]. Special attention is centered at the higher
temperature melting peaks that correspond to thicker lamellae,
as these reflect more faithfully details of the true distribution
of crystallizable polymethylene sequences lengths in the liquid
state. Lamellae grown at lower annealing temperatures are formed
from chains that have more restricted diffusion and folding move-
ments. We numbered peaks starting from the highest melting
temperature placed at about 115°C. For samples irradiated with-
out oxygen, crosslinking quickly restricts mobility, and peaks 1 and
2 are reduced faster than for samples irradiated under oxygen-
containing atmospheres. For samples irradiated under highest
oxygen concentration, peak 1 shows a small increase for low radi-
ation doses, due to faster chain scission for tertiary carbons in the
main chain [18,19,24,25]. Therefore, changes in the areas under
melting peaks 1 and 2 are the most sensitive and useful for analy-
sis and modeling. Most noticeable effects are caused by reactions
affecting the tertiary carbons linked to the longest crystallizable
polymethylene sequences. Therefore, we here propose using data
on peaks 1 and 2 to model early stages of combined scission-
crosslinking processes. Simplest models will be advanced in future
publications.

Comparative information can be directly extracted from Table 2.
Only those temperatures capable of producing self nucleation and
annealing (Ts) are reported in Table 2, since they are directly
responsible for the annealed crystals that subsequently melt dur-
ing the final heating run shown in Fig. 1. Melting area for peaks
placed at lower temperatures are not considered, as they do not
give much useful information for the purpose of this work. The col-
umn labeled as Ty, includes only peak melting temperatures results
for SSA final melting endotherms corresponding to non-irradiated
samples, because these values may shift slowly as irradiation dose
isincreased. Area fractions changes indicate changes in the amount
of uninterrupted crystallized polymethylene sequences of a

Table 2
Areas Fractions at applied dose in different atmospheres by thin samples without
antioxidant.

Atmosphere Ts (°C) Tm (°C) Partial area (%)
Dose (kGy) 0 33 83 153 222
117 1153 106 62 08 03 02
0%l 114 1126 247 249 192 131 6.0
00 111 108.9 158  18.1 226 239 218
Xygen 108 1055 119 127 144 165 210
105 1022 102 105 122 136 152
117 1153 106 92 49 19 17
o 114 1126 247 239 232 168 123
Sy 111 108.9 158 163 189 221  23.1
e 108 105.5 119 122 131 157 173
105 1022 102 107 113 124 135
117 1153 106 127 89 70 42
100% v}y 114 1126 247 226 202 239 183
Oxvmon 111 108.9 158 161 185 184 218
Ve 108 1055 119 120 133 128 145
105 1022 102 99 106 108 120

particular length range. For instance, samples irradiated in nitrogen
atmosphere with only 33 kGy present a reduction of 4% of the crys-
tals mass that melt at about 115°C. As total crystallinity is about
40%, we can safely conclude that reactions that affect to less than
1.7% of the polymer present can be clearly shown as changes of
the partial area for peak 1. Even more, if we recall that the aver-
age lamellae thickness (6 nm) includes about 60 carbon atoms [19],
then we estimate that reactions on 0.035% of total carbon atoms can
be detected.

Fig. 2a and b shows SSA results for low and medium irradiation
dose values for thin samples without antioxidant. Fig. 2a shows
results corresponding to samples irradiated with 33 kGy. Samples
irradiated in nitrogen atmosphere show a reduction in the area
under peak 1, due to crosslinking reactions. For samples irradiated
under air or under oxygen, peak 1 is almost unchanged, because
oxygen reacts faster with free radicals, inhibiting the crosslinking
process to some extent. Peak 2 area is slightly more reduced in
oxygen atmosphere, probably because of chains scission (free rad-
icals inhibition). We can conclude that peak 1 area changes little
because of a fortunate compensation between chains scission and
crosslinking for this irradiation dose.

Fig. 2b corresponds to 83 kGy. We observe distinct differences
for samples irradiated under atmospheres with different oxygen
concentrations. Peak 1 decreases with decreasing oxygen content,
because scission of tertiary carbon atoms is then reduced. As men-
tioned above, Peak 1 is considered as the most sensitive to tertiary
carbons scission, because this scission frees a considerable chain
length that may then be incorporated to the thicker lamellae at
the annealing process [18]. Thicker lamellae, formed at the high-
est annealing temperature, will reflect small changes in molecular
structure.

As Fig. 2 shows only part of the melting enthalpy, visual observa-
tion may be misleading. For modeling purposes we refer to partial
areas shown in Table 2, always keeping in mind the fact that total
melting enthalpy remains essentially constant. For 33 kGy the peak
1 area fraction increases with oxygen concentration, from 6.2% to
9.2% and to 12.7%, due to chains scission. For 83 kGy the peak 1
area fraction is changed from 10.6% for the non-irradiated samples
to 0.8% for samples irradiated under nitrogen, to 4.9% under air, and
to 8.9% under oxygen.

So far, we have been focusing the analysis on samples irradiated
at low doses. The reason is because at larger reaction extents the
crosslinking and scission reactions will compete, making the final
molecular structure more complex and less useful for modeling
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Fig. 2. SSA final endotherms for thin samples without antioxidant irradiated at (a)
33 and (b) 83 kGy in three different oxygen concentrations.

purposes. Changes for samples irradiated with 153 and 222 kGy
are more evident, as shown in Table 2.

Other factors must be considered while collecting data for mod-
eling purposes. When gases in the atmosphere surrounding the
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Fig. 3. SSA final endotherms for samples thick and thin without antioxidant irradi-
ated at 33 kGy in 100% oxygen atmosphere.
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Fig. 4. SSA final endotherms for samples thick and thin without antioxidant irradi-
ated at (a) 83 kGy, (b) 153 kGy and (c) 222 kGy in 100% oxygen atmosphere.

sample participate in the whole reaction, as for instance oxygen,
the gas concentration and the sample thickness will play differ-
ent roles A small amount of oxygen will be dissolved in the sample
before irradiation time, and quickly react first with the free radicals
formed due to the irradiation energy. In addition, un-reacted free
radicals homogeneously distributed inside the crystals structure
could slowly react with oxygen when the samples were exposed
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to the air atmosphere. For this reaction extent we ought not to
expect any influence of the sample thickness on the final poly-
mer structural changes. Fig. 3 shows that samples labeled as “thin”
and “thick”, do not show any noticeable difference when irradiated
with only 33 kGy. For larger irradiation doses, if the concentration
of the oxygen initially dissolved is depleted enough by fast chem-
ical reactions, then a quite slower diffusion process will allow the
oxygen present in the atmosphere to reach the free radicals just
formed inside the polymer sample. As we progress in depth (or dif-
fusion distance) we find less oxygen available for scission reactions,
and the slow diffusion process will cause differences in observable
molecular changes inside the samples. At the sample surface, the
almost constant oxygen concentration values will favor chain scis-
sion reactions. Deeper in the sample, lower oxygen concentration
will favor crosslinking reactions. It has already been observed that
when polyethylene is exposed to irradiation in air, heterogeneous
materials form; that is, the resulting molecular structure changes
from the skin to the core, as a consequence of an oxidation process
controlled by oxygen diffusion [33,34]. Therefore we must expect
some influence of the samples thickness on the final molecular
structure.
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at 83 kGy in 100% oxygen atmosphere.
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Fig. 7. SSA final endotherms for samples with and without antioxidant irradiated
at (a) 83 kGy (b) 222 kGy in 0% oxygen atmosphere.

Fig. 4a and b shows the expected effect of sample thickness
described above. Here we feel we must make clear that SSA results
show an average result for the sample thickness, as full disks were
cut through the samples and placed in the DSC pan. Fig. 4c does not
show any appreciable influence of samples thickness, here because
for this large dose value the changes in molecular structure include
enough crosslinking to mask the effect of chains scission on the
peak 1 evolution. To further analyze the effects of oxygen diffusion
into the samples, overall analysis may benefit from spectroscopic
techniques, like FTRaman, that may use smaller samples mass and
be able to find differences in reactions products concentrations
between surface and bulk.

The effect of sample thickness, as influenced strongly by the
oxygen diffusion rate, will depend at least on samples crystallinity
and on irradiation rates and temperatures. The proper size for any
sample to be considered thin or thick must be tested for each poly-
mer type, for each irradiation dose rate and for each irradiation
temperature. Preliminary results have been published for very low
oxidation reaction rates, conducted at temperatures that promote
oxygen diffusion [24].

As nitrogen does not have any influence on the crosslinking vs.
chain scission reactions competition, we do not expect the samples
thickness to have any effect on the final polymer molecular struc-
ture, as shown in Fig. 5. The same type of behavior is observed for
any of the irradiation dose values used for this work.
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Fig. 8. Carbonyl index as a function of dose. (a) Thin samples without antioxidant
irradiated in three different oxygen concentrations. (b) Thin and thick samples with-
out antioxidant irradiated in 0 and 100% oxygen concentrations. (¢) Thin samples
with and without antioxidant irradiated in 0 and 100% oxygen concentrations.

Usual components of polyolefins formulations include antiox-
idants that are at first designed to quickly react with oxygen free
radicals that may be present in hot air in contact with polymer melt
been processed. In this context, we expect antioxidants to behave in
a similar way as oxygen previously dissolved in the polymer. Free
radicals formed on the chains carbons by irradiation energy will
also react quickly with antioxidants, favoring chains scission in the
same way as oxygen does, and its effect will not be dependent on
samples thickness and end at some irradiation dose value. There-
fore we expect the antioxidant effect to extend the irradiation dose
level for which the final molecular structure does not depend on
samples thickness. Fig. 6 shows the effect of antioxidant for sam-
plesirradiated in oxygen atmosphere, which clearly promotes more
chains scission than oxygen alone.

Small but recognizable differences can be found for samples irra-
diated under nitrogen atmosphere with and without antioxidant.
Fig. 7a and b shows different evolutions of peaks 1 and 2. Antioxi-
dantretards the reduction of areas under these peaks for irradiation
doses of 83 and 222 kGy.

We qualitatively compare the samples in terms of bulk oxidation
level by defining a carbonyl index as described in Section 2. Here
the word bulk implies that the carbonyl groups may be located at
the polymer chains or at the antioxidant reaction products. Fig. 8
shows measured carbonyl index values as functions of irradiation
dose. As the FTIR measurements are done in the transmittance
mode for uncut samples, the reported carbonyl index values reflect
average values. When analyzing these results we must consider
that the partition of carbonyl species (polymer vs. antioxidant)
might be affected by the activity of the antioxidant, as well as by a
small amount of dissolved oxygen that might have remained in the
initial samples. The results reported in Fig. 8a, show that the car-
bonyl index increases steadily with the irradiation dose value for
thin samples without antioxidant. These samples are shown first
because there is no influence of thickness or antioxidant concen-
tration. As expected, oxygen concentration increases raise the level
of the carbonyl index [35-37].

Fig. 8b shows the effect of samples thickness in atmospheres
with and without oxygen. Thick samples irradiated in oxygen show
a lower carbonyl index than thin samples. Samples irradiated in
nitrogen atmosphere show no difference. Both bulk measurements
- SSA and FTIR - show coincident qualitative results.

Fig. 8c shows that both, polymer and antioxidant, give carbonyl
groups as final reaction products. For samples irradiated in nitrogen
atmosphere, most probably a small amount of oxygen remains dis-
solved in the samples throughout the whole process, resulting in a
small carbonyl groups concentration. In addition, a contribution to
the carbonyl concentration build up may come from the reaction of
free radicals — which are trapped in the structure — with oxygen in
the air when the samples are exposed to the atmosphere. The pres-
ence of oxygen in the irradiation atmosphere gives higher reaction
rates.

For all samples, an almost linear fit is obtained, as shown in
dotted lines.In good agreement with results shown in the literature.

This set of carbonyl index results suggests that both techniques
- SSA and FTIR, combined with spectroscopic techniques that may
measure carbonyl concentrations at the polymer surface - ought
to be used in a complementary way to explore the influence of
antioxidant on the reactions conducted on the polymers chains.

4. Conclusions

The SSA technique results analysis, focused mainly on the evo-
lution of the higher temperature melting peaks, gives information
on the changes of longer polymethylene crystallizable lengths.
LDPE is specially suited for this type of studies, as its molecular
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structure contains both, short and long branches. The scission
reactions of the tertiary carbon atoms produce very different
consequences on the SSA results, depending of whether a short
or a long branch is attached there. Easily recognizable differences
can be found for samples irradiated in atmospheres with different
oxygen concentrations, with and without antioxidant. Also the
effects of samples thickness are demonstrated.
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