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ABSTRACT

This study aims at investigating the blooming of Irganox 1076® onto the surface of a silane-crosslinked
polyethylene. Preliminary studies on the commercial Irganox 1076® powder enabled to identify its
crystalline structure and determine its main physico-chemical properties (characteristic IR absorption
bands, melting properties, etc.). Then, the behaviour of Irganox 1076® in silane-grafted polyethylene was
studied. Several films containing a concentration of Irganox 1076® ranged between 0.1 wt% and 2.1 wt%
were characterized with FTIR spectroscopy and DSC. A peculiar attention was paid to the phase sepa-
ration within the polymer bulk and the blooming of the antioxidant onto the polymer film surface. Then,
this methodology was transposed to an industrial silane-crosslinked polyethylene containing at least
1 wt% of Irganox 1076® as in-service protective antioxidant. For this latter, optical microscopy was of
great help for monitoring the blooming of Irganox 1076® onto the polymer film surface. In addition, the
polymorphism phenomenon of Irganox 1076® was revealed by FTIR spectroscopy and DSC after thermal

Crystallization treatment at 70 °C under vacuum.

Polymorphism

1. Introduction

Polyethylene (PE) is a widely used material and one of the most
popular materials in engineering, as it is easily available at a rela-
tively low cost, easily processable, relatively light and flexible, with
good chemical resistance and non-toxic [1,2]. Polyethylene is a
linear polymer belonging to the polyolefin family which can be
easily shaped and reshaped, through modification or process con-
ditions, into cables, pipes or films. This polymer is also well known
to be an excellent dielectric material. For this reason, it is commonly
used as an insulation material in power cables [3]. However, due to
its low melting point, its maximum service temperature is gener-
ally limited to 55 °C [3—7]. In order to extend its range of use and
improve its long-term mechanical properties at higher tempera-
tures (typically up to 90 °C), this polymer can be crosslinked.

Crosslinking is a process of creating covalent bonds between
polymer chains, i.e. leading to the formation of a three dimensional
macromolecular structure. This modification of structure is gener-
ally chemically achieved through ionizing radiation (using gamma
or electron beam), peroxide additives (at high temperature), or
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silane grafts along the polymer chain. Silane-crosslinking has
recently gained much attention due the many advantages it can
offer, such as its easy processing, its low cost and low capital in-
vestment [8—10], but also the favourable thermomechanical
properties of the resulting material [11]. This crosslinking method
consists of a two-step process: i) Grafting of silane side groups
(named Si-OR, where R is an alkyl group) on polyethylene chains; ii)
Transformation of silane into silanol side groups (Si—OH) by hy-
drolysis in order to form intermolecular siloxane junctions
(Si—0—-Si) by condensation.

As any hydrocarbon polymer, crosslinked polyethylene (XLPE) is
sensitive to oxidation, which can be initiated by exposure to high
temperature [12—16], ionizing radiations [17—20], UV-light
[21-23] or radical reagents in aqueous chemical solutions
[24—27]. Oxidative degradation is susceptible to occur at all stages
of the polymer lifetime (i.e., synthesis, storage, processing, and in-
service), and results on irreversible modifications of the polymer
chemical composition. These chemical modifications commonly
lead to a general loss of the polymer macroscopic properties (e.g.,
mechanical and dielectric properties), which can lead in fine to the
material failure.

In order to protect them against oxidation, a small content of
antioxidants (named AO) is generally incorporated into hydrocar-
bon polymers. Thus, many types of antioxidants have been
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developed for their lifetime extension. They are organic molecules
typically containing at least one of the following chemical func-
tions: phenol, sulfide, amine, and phosphite [28—30], which are
able to easily react with intermediate oxidation products, such as
hydroperoxides and radicals, in order to significantly delay and
slow down the oxidation kinetics. Contrarily to polyolefins, anti-
oxidants are relatively polar molecules. Thus, their solubility
threshold in PE is quite low. In addition, antioxidants are only
soluble in the amorphous phase of semi-crystalline polymers.
Indeed, the overall solubility threshold of antioxidants is a
decreasing function of the polymer crystallinity ratio [31]. Typically,
much less than 1wt% of antioxidants is incorporated into semi-
crystalline polymers, while between 1 and 2 wt% is typically used
for protecting rubbers [28,30,32].

Antioxidants are incorporated into hydrocarbon polymers dur-
ing the processing operation in melt state (i.e., at high tempera-
ture). At these temperatures, antioxidants are usually highly
soluble in polymers. However, during cooling, as the solubility is a
decreasing function of temperature, the polymer can become
rapidly supersaturated in antioxidants. This excessive content of
antioxidants can lead to a phase separation with crystallization of
antioxidant nodules within the polymer bulk, but also to a surface
segregation (through exudation) with crystallization of different
antioxidant structures on the polymer sample surface (called
blooming effect) [31—34]. In such a case, the material could be seen
as a biphasic system consisting of an AO fully saturated polymer
matrix containing a separated and more or less dispersed pure AO
phase [35]. In addition, in semi-crystalline polymers, as antioxi-
dants are only soluble in the amorphous phase, a release of the
antioxidants towards the amorphous areas is typically observed
during cooling, leading to a heterogeneous distribution of additives
in the polymer bulk [36].

When considering crystallization of organic compounds, a
ubiquitous issue encountered is polymorphism. Polymorphism
phenomenon can be defined as the ability of a crystalline phase to
exist in more than one lattice structure, and concerns many anti-
oxidants [33,37—39]. Formation of a polymorph depends on several
factors such as the polymorph stability, but also the general con-
ditions of the crystallization process (i.e., use of solvent, tempera-
ture, level of supersaturation, etc.). Due to their different crystalline
structures, polymorphs may have different properties, e.g.,
different melting points, dissolution rates, optical properties, re-
activities in solid-state, etc.

Octadecyl-3,5-di-tert-butyl-4-hydroxyhydrocinnamate,  well
known as Irganox 1076® (see Fig. 1), is a commercial phenolic
antioxidant commonly used for the stabilization of polyolefins in a
wide range of applications (e.g. electrical cables insulation,
biomedical devices, etc.). Only few information is available on the
polymorphism phenomenon of this phenolic antioxidant. However,
Molt and Thlbrock [40] mentioned the existence of two different
crystalline structures of Irganox 1076®, named “alpha” and “beta”,
which could be distinguished using near infrared spectroscopy.
More recently, Saunier et al. [33,41] mentioned the existence of four
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Fig. 1. Chemical structure of Irganox 1076®.

different crystalline structures for Irganox 1076®, among which
three of them were obtained and isolated by recrystallization in
different solvents.

In this study, the behaviour of Irganox 1076® in silane-grafted
polyethylene was investigated using FTIR spectroscopy and DSC
analysis. A peculiar attention was paid to the phase separation
within the polymer bulk and the blooming of the antioxidant onto
the polymer sample surface. Then, the methodology was applied to
an industrial silane-crosslinked polyethylene containing Irganox
1076® as in-service protective antioxidant. In addition, a thermal
treatment was performed in soft conditions (typically at 70°C
under vacuum) to study the polymorphism stability of antioxidant
crystals without inducing an undesired chemical degradation in
polymer samples.

2. Materials and methods

2.1. Preparation of films of silane-grafted PE stabilized with Irganox
1076®

Irganox 1076® was supplied by Sigma Aldrich in the form of a
white powder. Silane-grafted linear low-density polyethylene
(named Si-g-LLDPE) pellets were gratefully provided by Nexans
NRC, Lyon (France). The crystallinity ratio of this polymer is about
40%.

Si-g-LLDPE pellets were micronized using a FRITSCH Variable
Speed Rotor Mill Pulverisette 14 in order to obtain a polymer
powder having an average grain diameter of about a dozen of mi-
crons. It should be mentioned that the pellets contain a small
quantity of storage phenolic antioxidants (mainly BHT and Irganox
1076®, identified by HPLC) which were not removed in order to
protect the polymer against thermal oxidation during the micron-
ization. It was checked by FTIR spectrometry that these storage
antioxidants were not totally consumed after this operation pre-
liminary to processing. Indeed, very small concentrations of anti-
oxidants were detected in the resulting Si-g-LLDPE film (typically
0.1 wt%) in comparison with the additional concentration of AO
introduced in the films (up to 2 wt%). However, the storage AO were
considered for the calculation of the total concentration of AO in the
stabilized Si-g-LLDPE films, thus inducing a small shift between the
total concentrations of ester and phenol functions.

Thin Si-g-LLDPE films of 100—200 pm thick containing different
concentrations of I[rganox 1076® were obtained by mixing the Si-g-
LLDPE and Irganox 1076® powders, then by hot-compressing the
mixture at 150 °C under 200 bars pressure for 4 min with a Gibitre
Instruments laboratory press. The additional concentration of
Irganox 1076® was typically ranged between 0 and 2 wt%. All films
were stored at ambient temperature in a desiccator containing
silica gel before any physico-chemical characterization.

2.2. Films of silane-crosslinked PE stabilized with Irganox 1076®

Films of silane-crosslinked polyethylene (named Si-XLPE) of
about 500 um thick containing at least 1 wt% of Irganox 1076® were
directly provided by Nexans. These films were also produced by
hot-compression molding, and the crosslinking was performed by
immersion of the films in water at 65 °C for 48 h. They were stored
at ambient temperature in a desiccator containing silica gel before
any physico-chemical characterization.

2.3. Thermal treatment
The stabilized polymer films were exposed at low temperature

but above the melting point of Irganox 1076® (typically 70°C)
under vacuum in order to study the polymorphism stability of



antioxidant crystals without inducing an undesired chemical
degradation in the polymer samples i.e., an antioxidant consump-
tion by the polymer oxidation.

2.4. Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra were recorded using a PerkinElmer FTIR Frontier
spectrometer from 4000 to 650 cm~! in Attenuated Total Reflec-
tance (ATR) mode, or from 4000 to 400 cm™~! in transmission mode,
after having averaged the 16 scans obtained with a minimum res-
olution of 4cm~. In case of ATR mode, the analyses were per-
formed with a diamond/ZnSe crystal.

The commercial Irganox 1076® powder was characterized by
FTIR spectroscopy using three methods: in ATR mode without any
prior preparation, in transmission mode using KBr discs, and in
transmission mode using a liquid cell. For the second method, thin
KBr discs were prepared by mixing 100 mg of KBr powder, with
0.3 mg—1 mg of Irganox 1076® powder. The resulting mixture was
grinded into a fine powder using a mortar, then compressed for
5 min under 4 MPa. For the last method, the Irganox 1076® powder
was dissolved in an organic solvent, and the resulting solution was
poured in a sealed liquid cell with KBr windows, having an optical
path length of 0.12cm. The solvents used in this study were
dichloromethane and cyclohexane.

The stabilized polymer films were characterized before and after
thermal treatment by FTIR spectroscopy in both ATR and trans-
mission modes without any prior preparation.

2.5. Differential scanning calorimetry (DSC)

DSC thermograms were recorded using a TA instrument DSC
Q1000 calorimeter beforehand calibrated with an indium refer-
ence. Samples with a mass ranged between 5 mg and 8 mg were
introduced in a closed standard aluminium pan to be analysed
under a pure N3 flow of 50 mL min~! between - 50°C and 100 °C
with heating and cooling rates of 10 °C.min~".

2.6. Optical microscopy

The surface of the Si-XLPE films was examined before and after
thermal treatment using a Zeiss Axio Imager 2 optical microscope
in reflection mode with polarized light.

3. Results and discussion

3.1. Physico-chemical characterization of the Irganox 1076®
powder

3.1.1. DSC analysis

The commercial Irganox 1076® powder was first analysed by
DSC. The resulting thermograms obtained are given in Fig. 2.
Different endothermic and exothermic peaks were observed. Dur-
ing the first heating ramp, between - 50°C and 100°C, a single
endothermic peak was observed at 52 °C corresponding to the
melting of the initial Irganox 1076® crystals. Then, during the
cooling ramp up to - 50 °C, two exothermic peaks were observed:
one at 3 °C and other at - 4 °C. Finally, during the last heating ramp
up to 100 °C, three peaks were observed: a first endothermic peak
at 6 °C followed immediately by an exothermic peak at 14 °C, then
another endothermic peak at 52 °C.

According to literature, Irganox 1076® can crystallize under
different structures [33,40,41]. Saunier et al. [41], for instance,
mentioned the existence of four different crystalline structures that
they called forms I, II, III, and IV. The commercially available
structure, called form I by these authors, is characterized by the
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Fig. 2. DSC thermograms obtained for the commercial Irganox 1076® powder

(between —50°C and 100 °C, but only the interval between —20°C and 80 °C is rep-
resented) with heating and cooling rates of 10 °C.min~".

highest melting point. It is thus the most thermodynamically stable
crystal. The endothermic peak observed at 52 °C during the first
heating ramp in Fig. 2 corresponds well to the melting of this form I.
In addition, the exothermic peak observed at 3°C during the
cooling ramp at 10 °C.min~! corresponds to the recrystallization of
Irganox 1076® into the metastable crystalline form IV. This latter
structure is only stable at low temperature and is generally ob-
tained by rapid cooling after melting [41]. Indeed, its melting peak
observed at 6 °C during the second heating ramp was immediately
followed by an exothermic peak of recrystallization into form I. The
two other crystalline structures, called forms II and III in the liter-
ature, were not observed during these DSC experiments. In fact,
forms I and IV seem to be monotropically related, the latter being
the metastable form [33]. At the opposite, transformations into
forms Il and IIl are more complex and seem to involve enantiotropic
transitions. For this reason, they cannot be discriminated using
classical DSC experiments [41].

As previously said, the so-called form I is the commercially
available crystalline structure with the highest melting point. Its
melting properties found by DSC are the following:
Tm=52.0+0.4°C and AH, =119+ 1] g~ L. These values are quite
consistent with literature data [41].

3.1.2. FTIR spectroscopy

3.1.2.1. In crystalline state. The commercial Irganox 1076® powder
was then analysed by FTIR spectroscopy in ATR mode. As shown in
Fig. 3, the characteristic IR absorption bands of the phenol and ester
functions of Irganox 1076® were observed at 3639cm~! and
1733 cm™ !, respectively. The bands of CH3 groups at 2953 cm™!, and
those of aromatic ring at 3002 cm ', 3070 cm ™' and 870 cm ™!, were
also clearly distinguished. Table 1 summarizes the different IR ab-
sorption bands of the Irganox 1076® powder and their attributions.

According to literature, the different polymorphic forms of
Irganox 1076® can be distinguished using FTIR spectroscopy
[33,40,41]. Here, only one IR absorption band at 3639 cm™! was
observed for the phenol function which, according to Saunier et al.
[33], corresponds to the phenol function of form I. Indeed, ac-
cording to these authors, the phenol bands of forms Il and III are
assumed to be observed at lower wavenumbers.

The commercial Irganox 1076® powder was also characterized
through FTIR spectroscopy in transmission mode using KBr discs.
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Fig. 3. FTIR spectrum obtained in ATR mode for the commercial Irganox 1076®
powder.

Table 1
Attribution of the IR absorption bands of the commercial Irganox 1076® powder
[33,42,43].

Wavenumber (cm™~) Attribution

3639 O—H stretching (phenol)

3002 C—H stretching (aromatic)

3070

2953 C—H stretching (CHs)

1733 C=0 stretching (ester)
1000—1400 C—O stretching (ester and phenol)
870 = C—H bending (aromatic)

As previously said, KBr discs with increasing concentration in
Irganox 1076® from 03wt% (=17 x102molL!) to 1wt%
(=5.5 x 1072 mol L~!) were elaborated. The hydroxyl and carbonyl
regions of the FTIR spectra, normalized with the KBr disc thickness
(noted “e”), are shown in Fig. 4a.

The normalized absorbance of the IR absorption bands at
3640 cm™! (for phenol) and 1735cm™' (for ester) were plotted
against the nominal concentration of the respective chemical
function. The resulting graphs are shown in Fig. 4b and c, respec-
tively. In this concentration range, the material under study seems
to obey the Beer-Lambert's law, which can be written as follows:
A=ce.C (Eq. 1)
Where A is the absorbance, e the sample thickness (cm), C the
concentration of the absorbing species (mol.L™!) and e the molar
extinction coefficient (L.mol~! cm™1).

The molar extinction coefficients of ester and phenol functions
of the Irganox 1076® crystal were found to be equal to
493 +12Lmol ' ecm~! and 208 + 5L mol~! cm™!, respectively. The
former is quite consistent with the values reported for ester func-
tions in the literature [44—46]. In contrast, the value obtained for
the phenol function seems to be too high when compared to the
values reported in the literature for hydroxyl functions such as
hydroperoxides and alcohols, which are generally ranged between
70 and 90 Lmol ' cm™! [43,45]. However, as Irganox 1076® was
characterized in its crystalline form, the high value of the molar
extinction coefficient found for the phenol function could be due to
intense interactions between antioxidant molecules, such as
hydrogen bonding. Indeed, in a previous paper, Carlsson et Wiles

[47] found a molar extinction coefficient of 150 + 15 Lmol~ ! cm™!

for the hydrogen-bonded OH function of t-butyl alcohol.

3.1.2.2. In dispersed state. The commercial Irganox 1076® powder
was also dissolved in two organic solvents to be analysed in
dispersed state by FTIR spectroscopy in transmission mode. On the
one hand, the experiment was performed in cyclohexane, which is
an apolar solvent. This solvent was chosen because its solubility
parameter (3 = 16.7 MPa'/? [48]) is close to that of PE which, ac-
cording to literature, is typically ranged between 15.8 and 17.1
MPa'/? [48]. It is thus expected that cyclohexane establishes similar
intermolecular interactions than PE with Irganox 1076® molecules.
A series of solutions of Irganox 1076® in cyclohexane, with con-
centrations ranged between 0.05wt% (=1 x 10~>molL"!) and
0.7wt% (=1 x 10~2mol L), was prepared and analysed by FTIR
spectroscopy using a liquid cell. The corresponding spectra were
subtracted from the solvent spectrum in order to only observe and
analyse the IR absorption bands of Irganox 1076®. An example of
FTIR spectra is shown in Fig. 5. The bands of phenol and ester
functions were observed at 3651 cm™~! and 1742 cm ™, respectively
(i.e., at positions slightly higher than the previous ones observed for
the Irganox 1076® crystal).

On the other hand, the same experiment was performed in a
more polar solvent: dichloromethane (solubility parameter & = 19.9
MPa'/2 [29]). As previously, a series of solutions of [rganox 1076® in
dichloromethane, with concentrations ranged between 0.04 wt%
(=1x103molL!) and 12wt% (=3 x 107 2molL"!), was pre-
pared and analysed by FTIR spectroscopy using a liquid cell. An
example of FTIR spectra is also shown in Fig. 5. Contrarily to
cyclohexane, the bands of phenol and ester functions were
observed at 3637 cm~! and 1726 cm~, respectively (i.e., at posi-
tions slightly lower than the previous ones observed for the Irganox
1076® crystal). In addition, these bands were much broader in
dichloromethane than in cyclohexane. Examples of FTIR spectrum
of Irganox 1076® obtained in three different chemical environ-
ments are overlaid in Fig. 5.

Table 2 compiles the positions of IR absorption bands obtained
for the two chemical functions of Irganox 1076® under study in
different chemical environments.

Regarding these experimental results, it seems that the chemical
environment has a significant influence on both the position and
the width of IR absorption bands of the two chemical functions
under study. As previously said, dichloromethane and cyclohexane
have quite different polarities. The former can be considered as a
moderately polar solvent, while the latter is clearly an apolar sol-
vent. In contrast, Irganox 1076® is assumed to be a much higher
polar molecule. Van Krevelen and Te Nijenhuis reported solubility
parameters of 24.1 MPa'/? for phenol and 22.7 MPa'/? for m-cresol
(a phenol derivative) [48].

Indeed, the position of the IR absorption bands of ester and
phenol functions are found to be lower in a polar solvent (i.e., a
good solvent) than in an apolar solvent. This difference could be
due to the nature and strength of the intermolecular interactions
involved between the solvent and antioxidant molecules. Indeed, if
assuming its complete dissolution in dichloromethane, Irganox
1076® is capable of establishing intense interactions with
dichloromethane, such as H-bonds involving O—H stretching vi-
bration. In this case, a red-shift (i.e., a shift towards lower wave-
numbers) accompanied with a broadening of the IR absorption
bands is generally observed due to a weakening of the O—H bond
[37,49]. At the opposite, much less intense interactions (only van
der Waals type) are expected to be involved between Irganox
1076® and cyclohexane.

In solid state (crystalline AO powder), intermediate positions are
found for the IR absorption bands of the two chemical functions of
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Table 2

Positions of IR absorption bands and molar extinction coefficients obtained for phenol (OH) and ester (C=0) functions in different chemical environments using FTIR in

transmission mode.

FTIR Phenol Ester
vou (cm™1) ephenol (L.mol~l.cm™) ve=o(cm™) gester (L.Mmol~.cm™1)
Solution of Irganox 1076® in cyclohexane 3650 / 1742 /
Solution of Irganox 1076® in dichloromethane 3637 / 1726 /
KBr discs with Irganox 1076® powder 3640 208 5 1735 493 + 12

Irganox 1076®. Undoubtedly, H-bonding is also involved between
Irganox 1076® molecules, but it is presumably slightly weakened
by the steric hindrance all around the phenol function (protected by
two tert-butyl groups, see Fig. 1).

3.2. Physico-chemical characterization of stabilized polymer films

3.2.1. Characterization of the polymer film surface

3.2.1.1. Si-g-LLDPE films. Si-g-LLDPE films stabilized with different
concentrations of Irganox 1076®, typically ranged between 0.1 wt%
(=2.0x103molL™ ") and 21wt% (=3.7 x 10~ 2molL"!), were
first characterized on their surface by FTIR spectroscopy in ATR
mode.

The hydroxyl and carbonyl regions of the FTIR spectra obtained
in ATR mode are given in Fig. 6a. In both regions, no IR absorption
band of Irganox 1076® was observed for concentrations typically

below 0.9 wt% (=1.6 x 102 mol L~1) of Irganox 1076® in PE. Above
this critical value, two IR absorption bands, assigned to phenol and
ester functions, were observed at 3639cm~! and 1733cm™,
respectively, and seemed to increase with the AO concentration.
The positions of these bands correspond well to those of the crys-
talline form I of Irganox 1076® (see Table 2), which means that the
antioxidant detected onto the polymer film surface is in the crys-
talline form L

At this stage of investigation, it is important to remind that,
when using FTIR in ATR mode, mainly the sample surface will be
analysed, unlike in transmission mode where the whole sample
thickness is analysed. Indeed, the penetration depth D, of the IR
radiation in ATR mode depends on several factors: wavelength,
refractive indices of the ATR crystal and sample, and angle of the
entering light beam. It can be determined using the following
equation [37,51,52]:

i

a)

7/
0011

—— 2.1 wt% (3.7x10% mol.L™)
—— 1.8 wt% (3.1x10% mol.L™)
—— 1.6 wt% (2.8x107 mol.L™)
—— 1.4 wt% (2.5x10 mol.L™")
1.1 wt% (1.9x102 mol.L™)
—— 0.9 wt% (1.6x10” mol.L™)
0.7 wt% (1.2x107 mol.L™)
0.4 wt% (7.2x10° mol.L™)
—— 0.1 wt% (2.0x10° mol.L™)

I 0.01

1733

3639

Absorbance

1 s 1 s 1 s / /L 1 1 1

3660 3640 3620 1760 1740 1720

3680 1700

Wavenumber (cm™)

0.5 2.0

’ b

c)

b

03 | *
]

0.1

A(3640)/A(1472)
A(1733)/A(1472)

0.5

00 N .
1.0x10? 2.0x10? 3.0x10?

0.0 ! ! !
0.0 1.0x107 2.0x10* 3.0x10*

4.0x10* 4.0x10”

[Irganox 1076] (mol.L™) [Irganox 1076] (mol.L™)

Fig. 6. a) Hydroxyl and carbonyl regions of the FTIR spectra obtained in ATR mode for the Si-g-LLDPE films stabilized with an increasing concentration in Irganox 1076®, b)
Absorbance ratios against concentration of Irganox 1076® for phenol, and c) ester functions.



Dp= 1 (Eq. 2)

27N, (sinz(e) - (g—f)z) v

where A is the wavelength of the IR beam, 0 is its incidence angle
(8 =45°), and n; and n; are the refractive indexes of the ATR crystal
and polymer sample, respectively. According to literature, the
refractive index is typically ranged between 1.47 and 1.52 for PE
[53—55], and about 2.40 for a diamond ATR crystal [56].

The application of Eq. (2) leads to D, values ranging between
0.2 um and 1.3 pm for PE samples, depending on the wavenumber
(from 4000 to 650 cm™'). As a consequence, mainly the sample
surface is analysed when FTIR spectroscopy is used in ATR mode
and, for a given wavenumber, D;, takes a constant value.

To better observe the concentration changes in the two bands of
the AO, their absorbance was normalized with the absorbance of
the CHy scissoring vibrations of the PE crystalline phase at
1472 cm ! [50]. The absorbance ratio were then plotted against the
concentration of Irganox 1076® in PE in Fig. 6b and c, respectively.
It can be observed that, for both phenol and ester functions, the
absorbance ratio does not vary and is practically zero for AO con-
centrations below 0.9wt% (=16 x 10-2molL™"). Then, as the
concentration of antioxidant increases, the absorbance ratio starts
to increase. In addition, above approximately 3 x 10~2mol L™}, the
concentration changes in the absorbance ratio slow down to
quickly tend towards an asymptotic value.

These FTIR results obtained in ATR mode can be interpreted as
follows. For concentration of Irganox 1076® below 0.9 wt%
(=16 x 102mol L"), no antioxidant has been detected on the
polymer film surface, which means that no exudation of Irganox
1076® has occurred or at least, the phenomenon extend is clearly
too small to be detected using this technique. For an AO concen-
tration equal and higher than this critical value, antioxidant starts
to be detected and, as its concentration increases, the amount of
antioxidant crystals detected on the polymer film surface increases.
This observation means that the blooming of Irganox 1076® onto
the polymer film surface is detected above typically 0.9 wt%
(=16 x 1072mol L") and, as the concentration of antioxidants
increases, the amount of exuded antioxidants increases. Thus, at
term, a pure thin layer of crystalline antioxidants is formed on the
polymer film surface, and this layer significantly reduces the
penetration of IR radiation into the depth of polymer film (screen
effect). This effect could explain the appearance of a saturation
plateau for the concentration changes of the absorbance ratio, for
both phenol and ester functions, as evidenced in Fig. 6b and c,
respectively.

3.2.1.2. Si-XLPE film before and after thermal treatment. The surface

of Si-XLPE film stabilized with at least 1 wt% (=1.7 x 1072 mol L™ 1)
of Irganox 1076® was characterized before and after one week of
thermal treatment at 70 °C under vacuum. It should be highlighted
that, as for Si-g-LLDPE, a phase separation with AO blooming was
initially detected on the Si-XLPE film surface using FTIR spectros-
copy in ATR mode, but also using optical microscopy in reflection
mode. As an example, Fig. 7a shows the presence of crystals of
various sizes (from few microns to a dozen of microns) which, ac-
cording to FTIR results (see Fig. 8), should correspond to the
(crystalline) form I of Irganox 1076.

Then, after one week of thermal treatment at 70 °C under vac-
uum, some interesting changes were observed on the Si-XLPE film
surface, more precisely, concerning the crystalline structure of
antioxidants. Indeed, as shown in Fig. 7b, the formation of needle-
shaped crystals was evidenced using optical microscopy in reflec-
tion mode.

The polymer film surface was then analysed using FTIR spec-
troscopy in ATR mode. The hydroxyl and carbonyl regions of the
FTIR spectra obtained before and after thermal treatment are given
in Fig. 8. It can be seen that the IR absorption bands of both phenol
and ester functions are shifted towards lower wavenumbers after
thermal treatment, compared to untreated sample.

This wavenumber shift can be explained by a change in the
crystalline structure of antioxidant (polymorphism), as already
evidenced by several authors in the literature [33,40]. In particular,
Saunier et al. [33] observed the formation of needle-shaped crystals
on the surface of a medical device made of polymer, that they have
attributed to the crystalline form III of Irganox 1076®. They showed
that this new crystalline form has a specific IR signature, differing
tremendously from form I. Indeed, the IR absorption band of the
phenol function of form Il is located at 3612cm~' (against
3639 cm™! for form I). The present study confirms this attribution,
but also brings an additional information concerning the IR ab-
sorption band of the ester function: it is located at 1723 cm™! for
form 11l (against 1733 cm™! for form I).

Thus, the thermal treatment at 70 °C under vacuum causes the
formation of a new crystalline structure (form III) of Irganox 1076®
on the polymer film surface. Indeed, Irganox 1076® is a molecule
which can undergo polymorphism and, according to literature, at
least four different crystalline structures can exist [33,40,41]. At
70 °C, above the melting point (51 °C) of the form I of Irganox 1076,
the thermal treatment induces the melting of AO crystals. Then,
during the cooling down to ambient temperature, the antioxidants
exuded on the polymer film surface where they recrystallized un-
der a new structure (form III).

3.2.2. Characterization of the polymer bulk

3.2.2.1. Si-g-LLDPE films. Si-g-LLDPE films stabilized with different
concentrations of Irganox 1076®, typically ranged between 0.1 wt%

Fig. 7. Micrographs of the surface of a Si-XLPE film stabilized with Irganox 1076®: a) before, and b) after one week of thermal treatment at 70 °C under vacuum (with G = 500x).
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Fig. 8. Hydroxyl and carbonyl regions of the FTIR spectra obtained in ATR mode for the Si-XLPE film stabilized with Irganox 1076®, before and after one week of thermal treatment

at 70 °C under vacuum.

(=2.0x103molL™") and 21wt% (=3.7 x 1072 mol L"), were
also characterized by FTIR spectroscopy in transmission mode and
DSC in order to investigate the polymer bulk.

The hydroxyl and carbonyl regions of the FTIR spectra obtained
in transmission mode, normalized with the thickness of the poly-
mer films, are given in Fig. 9a. It should be mentioned the presence
of an IR band at 3605 cm™! for all the studied samples. In fact, ac-
cording to literature [57—59], when the PE samples are sufficiently
thick, two IR bands around 3605cm™! and 3645cm™! can be
observed. According to Nielson et al. [57,59], the presence of these
IR bands in PE is due to two-phonon combinations of CH; asym-
metric stretching and rocking modes, i.e. to PE itself.

Concerning the antioxidant, it can be seen that the IR absorption
bands of both phenol and ester functions are slightly shifted to-
wards higher wavenumbers (at 3648 cm~' and 1740 cm™, respec-
tively), in comparison with the previous positions of bands
detected in ATR mode and assigned to the crystalline form I of
Irganox 1076® (at 3639 cm~! and 1733 cm™, respectively). It is
noteworthy that these wavenumbers are relatively close to the ones
observed for solutions of Irganox 1076® in cyclohexane (see
Table 2), which is an apolar solvent having almost the same solu-
bility parameter than PE. It can be thus concluded that, as long as its
concentration in Si-g-LLDPE films is low enough, Irganox 1076® is
well dissolved in Si-g-LLDPE films and thus, intense intermolecular
interactions between AO molecules (such as in AO crystals) are
unlikely to occur. In other words, the IR absorption bands of the
phenol function at 3648 cm~! and ester function at 1740 cm™~! can
be assigned to Irganox 1076® in a dissociated state in the polymer
bulk. This conclusion is consistent with the previous FTIR results
obtained in ATR mode for which the formation of AO crystals
started to be detected on the polymer film surface above a critical
concentration of about 0.9 wt% (=1.6 x 1072 molL™1).

The resulting normalized absorbance of the IR absorption bands
at 3648 cm~! and 1740 cm~! were plotted against the concentra-
tion of the respective absorbing function in Fig. 9b and c. For both
phenol and ester functions, a slope breaking was observed for a
concentration around 1.6 x 10-2mol L~ This change in slope is
particularly abrupt for the phenol function. According to Beer-
Lambert's law, the slope gives directly access to the molar extinc-
tion coefficient of the absorbing function. Thus, this slope breaking

could be due to a change in the molar extinction coefficient.

As shown in Table 3, for concentrations of phenol or ester
functions lower than 1.6 x 1072 mol L), the values of the corre-
sponding molar extinction coefficients are consistent with those
usually reported in the literature [43—45]. However, above this
critical concentration, the molar extinction coefficients are
considerably higher than expected.

An important point is that AO crystals started to be detected on
the polymer film surface above almost the same critical concen-
tration (Fig. 6b). Thus, a reasonable hypothesis could be that the
observed changes in the molar extinction coefficients might be
related to the appearance of AO crystals in Si-g-LLDPE films. Un-
fortunately, at this stage of investigation, no explanation was found
on the fact that these coefficients are much higher than those found
previously for the commercial Irganox 1076® powder (see Table 2).

Although there was no appearance of new bands in FTIR spectra,
a broadening of the initial IR bands of phenol and ester functions in
their low wavenumber domain was clearly observed, presumably
due to the development of shoulders when increasing the AO
concentration. These shoulders could be assigned to the formation
of AO agglomerates or crystals in the polymer bulk or on the
polymer film surface. Thus, the molar extinction coefficient deter-
mined for higher concentrations should rather be considered as a
“composite” coefficient.

Results from literature showed that, for a given chemical bond, a
wavenumber shift of the IR band towards lower values is generally
associated with an increase of the molar extinction coefficient
[46,60—62]. More particularly, it was reported in literature that,
when their concentration is sufficiently high, polar species such as
alcohols can be associated through H-bonding into series of n-mers
[63—67]. This H-bonding is generally accompanied with a broad-
ening and a shift towards lower wavenumbers of the IR absorption
bands, but also with a change in the value of the corresponding
molar extinction coefficient. Indeed, according to several authors,
the molar extinction coefficient tends to increase with the forma-
tion of H-bonded agglomerates [64,67]. As an example, Martinez
[64] studied a methanol/n-hexane system in which different types
of agglomerates can be formed. This author found that the molar
extinction coefficient of the O—H stretching band is higher for the
agglomerates than for the monomer.
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Table 3

Molar extinction coefficients obtained for phenol (OH) and ester (C=0) functions in
Si-g-LLDPE films using FTIR spectroscopy in transmission mode. C is the concen-
tration of the absorbing function under consideration.

FTIR ephenol (L.mol~l.cm™) gester (L.mol~'.cm™1)
C<16x102molL™! 101+5 489 + 12
C>1.6x102molL! 333+20 802 + 50

Finally, Si-g-LLDPE films were characterized by DSC. The
resulting DSC thermograms are overlaid in Fig. 10. An endothermic
peak was observed around 51 °C for samples containing a minimal
concentration in Irganox 1076® of 0.9 wt% (~1.6 x 10~2mol L 1).
This endothermic peak corresponds to the melting of the Irganox
1076® crystals and thus, is representative of the presence of
insoluble Irganox 1076® crystals in the polymer bulk and/or on the
polymer film surface. According to the previous DSC results ob-
tained for the commercial Irganox 1076® powder (see Fig. 2), but
also to the literature, this melting peak would be assigned to the
crystalline form I of Irganox 1076®.

These DSC results are also consistent with the previous FTIR
results, as antioxidant crystals were detected using FTIR spectros-
copy in ATR mode above the same critical concentration.

3.2.2.2. Si-XLPE films. Si-XLPE film stabilized with at least 1 wt%
(=1.7 x 1072 mol L 1) of Irganox 1076® were also characterized by
FTIR spectroscopy in transmission mode and DSC after one week of
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Fig. 10. DSC thermograms of Si-g-LLDPE films stabilized with an increasing concen-
tration of Irganox 1076®.

thermal treatment at 70 °C under vacuum in order to investigate
the changes occurring in the polymer bulk.

The hydroxyl and carbonyl regions of the FTIR spectra obtained
before and after thermal treatment, normalized with the thickness



of the polymer film, are given in Fig. 11.

Before thermal treatment, the IR bands of the phenol and the
ester functions of AO were observed at 3642 cm ™! and 1736 cm ™,
respectively. This result indicates the presence of a large population
of nodules of crystalline form I of Irganox 1076® in the polymer
bulk. As a reminder, the IR band around 3605 cm™! is assigned to PE
[57—59].

Then, after thermal treatment, a slight shift of the two bands
towards higher wavenumbers (at 3649cm~! and 1741 cm™,
respectively) was observed. These new positions are characteristic
to well dissolved Irganox 1076® in Si-XLPE film, as already evi-
denced in Si-g-LLDPE films. In addition to these slight shifts, the
formation of two new IR bands was observed at 3610cm™! and
1724 cm™, respectively. These two bands are assigned to the
crystalline form III Irganox 1076®, as previously monitored by FTIR
spectroscopy in ATR mode. A shoulder of the ester band can be
observed at 1736 cm™!, meaning that AO crystals in their initial
crystalline form are still present in the sample after thermal
treatment, but in a much smaller concentration.

Thus, thermal treatment would lead to the following scenario:
at 70°C i.e., above their melting point (51 °C), the nodules of the
crystalline form I of Irganox 1076® solubilize in the polymer bulk,
and the AO molecules migrates up to the polymer film surface
where they exude. Then, during cooling at room temperature, AO
molecules recrystallize under form III on the polymer film surface,
thus explaining the appearance of IR bands of form IIl at 3610 cm ™!
and 1724 cm .. As a consequence, the polymer bulk considerably
depletes in AO nodules, revealing finally the presence of well dis-
solved Irganox 1076® in Si-XLPE film with characteristic IR bands
located at 3649 cm™~ ! and 1741 cm ™.

Hence, these additional results are supporting the two previous
hypotheses: i) The presence of different associations of AO mole-
cules into crystalline structures in the polymer bulk, having slightly
different positions of IR bands than dissociated AO molecules; ii)
The presence of two crystalline structures (i.e. form I and form III)
on the polymer film surface.

In addition to FTIR spectroscopy, DSC analysis was also per-
formed on Si-XLPE film before and after thermal treatment, and the
corresponding DSC thermograms are given in Fig. 12. As previously
seen for Si-g-LLDPE films, a single endothermic peak is observed at
51 °C on the DSC thermograms of the untreated Si-XLPE film, which
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o
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Fig. 12. DSC thermograms of the Si-XLPE film stabilized with Irganox 1076, before and
after one week of thermal treatment at 70 °C under vacuum.

corresponds to the melting of the (crystalline) form I of Irganox
1076®. After thermal treatment, this endothermic peak is still
observed but has decreased considerably in intensity and a smaller
additional endothermic peak, at 47 °C, is observed. According to
literature [33,41], this second endothermic peak corresponds to the
melting of the (crystalline) form III of Irganox 1076®. These ob-
servations concord perfectly with the previous microscopic and
FTIR analyses.

Thus, all experimental techniques used in this study confirm
that Irganox 1076® is a molecule undergoing polymorphism and,
according to literature, at least four different crystalline structure
can exist [33,40,41]. However, at this stage of investigation, the
preferential recrystallization of Irganox 1076® into the form IIl on
the polymer surface is not very clear as many parameters can in-
fluence the recrystallization of a molecule into different possible
structures (e.g., chemical environment, cooling conditions, thermal
stability of each polymorph, etc.).

To conclude, as shown in this study, the polymorphism phe-
nomenon leads to significant modifications of the physico-chemical
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Fig. 11. Hydroxyl and carbonyl regions of the FTIR spectra obtained in transmission mode for the Si-XLPE film stabilized with Irganox 1076, before and after one week of thermal

treatment at 70 °C under vacuum.



properties of antioxidants which could induce a misinterpretation
of experimental results if not aware of this phenomenon. As an
example, polymorphism leads to a significant shift of the IR ab-
sorption bands of antioxidants, which could be misinterpreted as
the formation of oxidation products (such as hydroxyls and car-
bonyls) in the superficial layers of the polymer film and thus, by a
poor resistance to oxidation of the material under study. Such a
misinterpretation is expected to occur especially in relatively soft
ageing conditions (i.e., a low temperature close to ambient), where
oxidation reaction is generally very slow. Thus, the knowledge of
this phenomenon and its kinetics appears to be crucial in any study
on lifetime prediction.

3.3. Proposal of heterogeneous microstructural model

According to literature, and confirmed by our FTIR and DSC re-
sults, Irganox 1076® crystals in Si-g-LLDPE films seem to corre-
spond to form I (i.e., the commercially available Irganox 1076®
powder). Using the melting enthalpy of the Irganox 1076® crystal
determined on the Irganox 1076® powder, it is possible to evaluate
the concentration of insoluble AO in Si-g-LLDPE films using the
following equation:

AHm,lrganox 1076, film

[Irganox 1076];,4, =
AHm, Irganox 1076, form |

X Ppg (Eq. 3)

where ppg is the polymer density (0918g cm™3),
AHp 1rganox 1076, form 1 the melting enthalpy of the crystalline form I
of Irganox 1076® (63.5kJmol™'), and AHp jrganox 1076 fim the
melting enthalpy of the Irganox 1076® crystals in the stabilized Si-
g-LLDPE film under study (J.g~1).

Our FTIR and DSC results suggest that the antioxidant is present

under two different physical states in Si-g-LLDPE film: totally dis-
solved in the polymer bulk (i.e. soluble AO) or under a crystalline
structure (i.e. insoluble AO) in the polymer bulk and/or on the
polymer film surface. Therefore, the total concentration in antiox-
idant can be written:
[Irganox 1076 ]t = [Irganox 1076]se + [Irganox 1076]inso1  (Eq. 4)
Where [Irganox 1076]so and [Irganox 1076]ins0 are the concentra-
tions of the soluble and undissolved parts of Irganox 1076® in Si-g-
LLDPE film, respectively.

As the concentration in insoluble Irganox 1076® can be deter-
mined from the melting enthalpy of AO crystals measured by DSC
(Eq. (3)), the concentration in soluble Irganox 1076® can then be
deduced by calculating the following difference: [Irganox 1076 it —
[Irganox 1076 ]insol. The resulting concentrations of both soluble and
insoluble parts of Irganox 1076® were plotted against the total
concentration in Irganox 1076 in Si-g-LLDPE films in Fig. 13. As
expected, for [Irganox 1076]iwt< 1.6 x 1072molL~! (=0.9 wt%),
there is no formation of antioxidant crystals and thus, all antioxi-
dants molecules are dissolved into the PE matrix. The concentration
of soluble antioxidants is thus equal to [Irganox 1076]st. Then, for
[Irganox 1076 ]t > 1.6 x 1072 mol L™, [Irganox 1076]so reaches the
asymptotic value of 1.6 x 1072 mol L™, corresponding to the solu-
bility threshold of Irganox 1076® in the PE matrix. The polymer
matrix is fully saturated with antioxidants and only antioxidant
crystals can be formed. Therefore, [Irganox 1076]ins0] Starts to in-
crease proportionally with [Irganox 1076]ot.

According to all these results, the phase separation in the
polymer bulk and the blooming of antioxidants onto the polymer
film surface can schematically be represented as shown in Fig. 14.

When the concentration of antioxidants is below the solubility
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Fig. 13. Concentrations of insoluble and soluble parts of Irganox 1076® against total
concentration of Irganox 1076® in Si-g-LLDPE films, determined by DSC.

threshold [AO]c=1.6 x 1072mol L~ (=0.9wt%), all antioxidants
are solubilized in the polymer matrix. As the concentration of an-
tioxidants increases up to reach [AO]c, the polymer totally saturates
in antioxidants. If more antioxidants are incorporated into the
polymer matrix, the excess of antioxidant can no longer be dis-
solved and thus, a phase separation occurs leading to the formation
of antioxidant crystals. In this latter case, there will be a hetero-
geneous distribution of antioxidants in the PE matrix leading to the
formation and coexistence of two different phases: an AO-
saturated polymer matrix plus antioxidant crystals within the
polymer bulk and/or bloomed onto the polymer film surface.
During thermal ageing, the depletion of antioxidants is due to
both the chemical consumption (through stabilization reactions)
and physical loss of antioxidants [68,69]. In the case of the thermal
treatment at 70°C under vacuum, only physical loss occurs as
illustrated in Fig. 15. In the case of a heterogeneous distribution of
antioxidants, as proposed previously, a first assumption is that,
during thermal ageing, only the dissolved AO are chemically
consumed and exudate on the polymer film surface. On the other
hand, the undissolved crystalline AO phase are considered to act as
a “reservoir” of AO. As the dissolved AO concentration decreases,
the AO crystals in the polymer bulk solubilize in order to maintain
constant the concentration of soluble. In other words, only the
concentration of AO nodules decreases in the polymer bulk. In
addition, as AO exudates at the surface, an increase of AO crystals is
likely to occur at the polymer film surface, with potentially
recrystallization into different crystalline structures.

4. Conclusion

In this study, the exudation and blooming of Irganox 1076® onto
the surface of polyethylene-based materials was investigated.
Physico-chemical characterization techniques, such as FTIR spec-
troscopy and DSC, were used to detect the formation of Irganox
1076® crystals. In particular, a solubility threshold of 0.9 wt%
(=1.6 x 1072 mol L~ 1) was determined for Irganox 1076® in the PE
matrix. This value corresponds to the critical concentration of an-
tioxidants above which a phase separation is detected. In addition,
these techniques were used to determine the concentration of both
soluble and undissolved parts of antioxidant in the PE matrix.

This methodology was then applied to a Si-XLPE film containing
at least 1 wt% of Irganox 1076® as in-service protective antioxidant.
FTIR spectroscopy and DSC were also found very useful to detect
the polymorphism phenomenon of Irganox 1076®. Indeed, after a
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thermal treatment above the melting point of I[rganox 1076® under
vacuum, new needle-shaped crystals were observed onto the
polymer film surface with optical microscopy. The transformation
of the (crystalline) form I of Irganox 1076® into the (crystalline)
form III leads to a shift of the IR absorption bands of both phenol
and ester functions towards lower wavenumbers (typically from
3639 to 3612 cm ™! and from 1733 to 1723 cm ™}, respectively) in the
FTIR spectra obtained in ATR mode, but also the appearance of a
new melting peak at 47 °C on the DSC thermograms.

In future works, these techniques will be also used to detect the
polymorphism phenomenon of antioxidants during the thermal
and radiochemical ageing of polyethylene-based materials. As
polymorphism leads to significant modifications of the physico-
chemical properties of antioxidants, it will be important to take
into account this phenomenon when analysing the experimental
results in order to avoid misinterpretations, in particular, of FTIR
results. A challenge will be to (chemically or mathematically)
deconvoluate the formation of new hydroxyl and carbonyl prod-
ucts, for instance generated by the oxidative degradation of the
polymer, from the unceasing reorganization of antioxidant mole-
cules in the polymer bulk and/or on the polymer sample surface.

A further question will be the consequence of such a heteroge-
neous distribution of antioxidants in the polymer bulk and/or on
the polymer sample surface on the efficiency of the polymer sta-
bilization. As mentioned, an assumption could be that, during
oxidative ageing, only the dissolved part of antioxidants stabilizes
the polymer matrix, while the pure AO phase (in excess) acts as a

“reservoir”, i.e. maintaining constant the concentration of dissolved
antioxidants at its solubility threshold in the PE matrix during the
early periods of ageing. Of course, this “reservoir” effect will
completely disappear with the excess of antioxidants. In such a
model, the stabilization efficiency would thus be proportional to
the concentration of dissolved antioxidants, but could be consid-
erably improved by increasing the “volume of the reservoir”.
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