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ABSTRACT

In this work, neutron induced structural modifications, on the biaxially-oriented polyethylene
naphthalate (BOPEN) film, were studied by X-ray diffraction technique (XRD), Fourier transform
infrared spectroscopy (FTIR/ATR), scanning electron microscopy (SEM) and polarized light
optical microscopy (PLOM). The irradiation with neutron was carried out, under air, at room
temperature. The changes of the structure, in volume and in surface were evaluated under the
impact of neutron’s flux composed by thermally neutrons and fast neutrons. The X-ray technique
showed the effect of the neutron flux’s fluence on the crystallinity of the BOPEN, which was also
determined through the FTIR/ATR spectroscopy, traduced by the absence and (or) presence of
the absorption bands characteristics of crystalline and amorphous phases. The SEM and PLOM
characterizations, revealed a radical change in the texture of the surface which passes from an
orderly homogeneous state, observed on the NIR-BOPEN film, to a degraded state, shown up
in irradiated samples (IR-BOPEN) case.
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INTRODUCTION

Polymer films are used in different activities
like as the building, cosmetic, medical devices
and also in nuclear industry domain. In this
latest application, plastic materials have
known an important use that took birth with
the construction of the first nuclear power
plants '3, |t was proven that, polyethylene
naphthalate (PEN) is a potential candidate as
an organic scintillator for radiation detection!®.
This in reason of its high density, its high
scintillation yield, and its short
photoluminescence decay time. Furthermore,
polyethylene naphthalate is easy to manipulate
and its price is lower than that of commercialized
organic scintillators 59,

The polyethylene naphthalate, or yet
poly(ethylene-2,6-naphthalenedicarboxylate),
with macromolecular atomic composition

[C,,H,,0,], is alinear thermoplastic polyester.
Its repeating unit, indicated in figure 1, contains
a naphthalene group which leads to a stronger
rigidity of the macromolecular chain. In this
configuration, the carbon-oxygen bonds of the
carbonyl group of the n-type, are separated from
the naphthalene group by, only, a simple bond.
The conjugation of the aromatic system extends
up the carbonyl groups. This delocalization of
the n electrons are accompanied by a
modification of the valence distances of certain
bonds; to know: the extension of the C=0 bond,
a shortening of the C-O bond and a narrowing of
the distance between carboxylic and aromatic
carbons 9,

Macromolecules of polyethylene naphthalene
crystallize in two types of networks. The low
temperature or a-network mode crystallizes at
a temperature of 160°C from the fade, while

naphthalene group
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Figure 1. General formula of monomer unit of PEN

the a-network mode crystallizes at a
temperature of 245°C from the fade. The fade,
is obtained at a temperature above 280°C.

The ionizing radiation damage on polymers has
made the subject of much scientific researches
and many articles have been published on this
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subject. Such studies are of importance for
understand the behavior of materials apt for a
using in radioactive environments, such as in
nuclear power plants, in the sterilization of
polymeric medical disposables or of food
plastic packaging.
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During irradiation by either swift heavy ions,
fast electrons or high energy photons, a large
quantity of energy is transferred to the
polymeric molecules. These last causes some
chemical degradation such as the breaking of
the main chains of the macromolecule,
changes in the number and nature of double
bonds, and the emission of low molecular
weight gaseous products, as well as oxidation
of the polymer 122 All these phenomena
coexist and their predominance depending
upon the chemical structure of the polymer,
and the conditions of irradiation.

The response of polyethylene naphthalate to
ionizing radiation has been studied by several
researchers®2l. In the majority of these works,
except the study carried out by K. Devgan et
al.,””], only, the correlation between the radiation
type delivered and the physical properties of
PEN, such as the photoluminescent and
dielectric properties, has been highlighted but
without taking into account the nature and the
rate of the damage that undergoes this polyester
film during tests irradiation undertaken.

In this work, the effect of neutron radiation is
studied. The aim of this research is to determine
the impact of the irradiation on the morphology
and chemical structure of the PEN film by
different structural analysis and to evaluate of
the damage caused by the irradiation by varying
the value of the neutron fluence delivered during
irradiation.

EXPERIMENTAL

Materials

The PEN used in this work, Teonex® Q51 type, was
provided by DuPont Teijin Films (Luxembourg). It is a
biaxially oriented PEN film (BOPEN) produced by a
stenter process.

Irradiation Process

The irradiations were performed at Algiers’s NUR
research reactor at temperature equal to 40°C. The
samples were separately inserted in a well-sealed
container made of aluminum in order to minimize the
neutron activation. The used reactor power is of 1 MW.
In this study, the PEN films have been exposed to fast
and thermal neutrons beam. The fluencies of thermal
neutron (F_ ) and fast neutron ones(F,,) applied, in this
work, to evaluate the damage degree of the study’s
samples, are such as: F_= 4.038x10""n/cm2 and F,_ =
5.05x10'® n/cm? for the first beam and for the second
one: F_=4.61x10""n/cm2 and F_=3.86x10'" n/cm2. The
gamma dose absorbed, in this case, is around 28 MGy
(the corresponding dose rate is estimated to 2x10° Gy/s).
It must be signaled that the energy of the fast neutrons
used in this study is superior to 1 MeV.

Analysis

The materials’ crystalline structure of BOPEN samples
was investigated by means of Bruker Axe D8 Advance
X-ray diffractometer with CuKo radiation with A, equal
to 0.154 nm. The infrared spectra of samples were
taken using ATR mode on PerkinElmer FT-IR
spectrometer spectrum two at room temperature,
without utilizing KBr, in the 400-4000 cm™' region, with
1.15 cm™ scan rate. It must be signaled that this
spectroscopy type is one of the most powerful technique,
destiny of studying molecular boundings structure and
functional group analysis. The observations of the
surface of the study’s films was made by using a
scanning electron microscope type JEOL JSM-6360 and
an optical microscope with polarized light Zeiss Axio
Imager A2 model’s coupled to a digital camera Axiocam
MRC5 and image software Axiovision 4.6 type.

RESULTS AND DISCUSSION

The non-irradiated film, is noted in this work,
NIR-BOPEN. As for the irradiated BOPEN films,
they are designated by IR-BOPEN, and IR-
BOPEN,. The IR-BOPEN, is the BOPEN film
exposed to the fluences: F, = 4.03x10" n/cm?
and F,_=5.05x10"°n/cm? and the IR-BOPEN,
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is the one exposed to the fluences: F, =
4.61x10"n/cm2and F,_=3.86x10""n/cm2.

It must be noted that the NIR-BOPEN sample,
is a semi-crystalline film whose structure is of
the o type, as that reported by Zachmann and
Mencik, where the unit cell is triclinic and a
chain passes in it [10-28],

Characterization in Volume
XRD analysis

Figure 2 presents the XRD spectrums of the
non-irradiated and irradiated BOPEN films,
between 0° and 50°. The profiles registered are

similar to those obtained by several authors in
their works on the crystallization and the
structure development of biaxially stretched
PEN at different draw ratio (MD and TD,
machine direction and transverse direction). In
these studies, the oriented polyethylene
naphthalate films, were obtained by a sequential
bi-stretching according two directions (at 90°
to each other) with a first stretching in the MD
direction then in the TD direction 293, The
same diffraction spectra were found in an
annealed PEN at 200°C, during 52 min and 30
sec, after stretching 031,
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Figure 2. X-ray spectra of the non-irradiated and irradiated BOPEN films

The crystallization of poly (ethylene-2,6-
naphthalate) has been made an object of
several investigations. N. Vasanthan and D. R.
Salem have showed in their study on the

structural and conformational characterization
of annealed poly(ethylene 2,6-naphthalate) at
250°C that this polymer crystallizes
predominantly in the a-crystal mode®®2. This

Journal of Polymer Materials, January-June 2022
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crystallization type, was highlighted by the
apparition of three diffraction peaks at 26 =
15.60°, 23.30° and 27.00° corresponding,
respectively, to (010), (100) and (-110)
diffraction planes. These observations have
also been found by D. Odaka et al., in their
study on crystal growth of heated and cooled
amorphous PEN. These authors have signed
the existence of three diffraction peaks for 26’s
values equals to 15.5°, 23.3° and 26.9° 3],

The appearance, in Figure 2, of a strong
crystallization’s peak, at 26 = 26.56°, indicates
the existence of a high planar orientation of
the naphthalene ring close to (-110) plane 29,
The intensity of this peak increases in the case
of IR-BOPEN, film contrary to the IR-BOPEN,
where the peak loses about 80% of its intensity.
This is an indication that, when the BOPEN
film is irradiated by neutrons, where the
fluence’s components (F,, F, ) are equal to
(4.03x10" n/cm?2, 5.05x10'® n/cm?2), the
structure of the as-received sample evolutes
to a more ordered state. The increase of the
crystallinity in polymers exposed to neutrons
beam was observed by A. Rivaton et al., in
polyethylene oxide (PEO) under the impact of
fast neutrons ®¥ and by Lambri et al., in ethylene-
propylene-diene monomer (EPDM) under the
effect of neutrons at doses 3-8300Gy 9.

Furthermore, when the pristine film is subjected
to the second neutron flux: i.e., fluence’s

components are (4.61x10'"n/cmz?, 3.86x10'" n/
cm3), the morphology becomes disordered. The
structure destruction was also observed by K.
Chikaoui et al., in the polyethylene terephthalate
(PET) under neutron irradiation 16,

As indicated previously the BOPEN’s
macromolecule is semi-crystalline. It is
composed to an amorphous phase and
crystalline phase. The percent of this last can
be estimated by calculating of the crystallinity
(%), given in Table 1, and which defined, by
Equation (1), as follows:

2 Ac
Z(ATA)

Where A and A_ are the fitted areas of
amorphous and crystalline regions,
respectively. The values of the crystallinity,
shown on the Table 1, are about 56.92% for
the IR-BOPEN, and 25.61% for the IR-BOPEN.,,.

2 (%)= 100 (1)

It must be signaled that the morphology of the
crystalline phase is subdivided into three levels
of organization.

The first relates to the elementary cell. It can
be deduced, from Table 1, that no significant
shift of the peak position, (26) pesk? is observed.
This implies that the lattice parameters do not
change considerably under the impact of

neutrons.

TABLE 1: XRD parameters of NIR-BOPEN, IR-BOPEN, and IR-BOPEN, films

BOPEN film NIR-BOPEN IR-BOPEN, IR-BOPEN,
% (%) 46.29 56.92 25.61
(26),. ) 26.56 26.45 26.46
L (nm) 6.69 6.18 5.99
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The second is associated with the organization
of chains in crystallites (crystalline lamellae).
The latter have a dimension less than the length
of a macromolecule. This scenario indicates
that the same macromolecular chain can belong
to several crystalline and amorphous domains
and that the macromolecular chain can be
folded back on itself in the same crystallite.
Generally, semi-crystalline polymers present
an alternation of platelets of amorphous phase
and crystalline phase, called lamellar structure.

As for the third scale of organization, it refers
to the arrangement of the lamellae in a structure
called spherulite. Spherulites can reach sizes
of about 1mm. They are formed by a helical
arrangement of lamellae from a nucleation
center. Although spherulites have a crystalline
superstructure, these are not themselves
completely crystalline.

In bi-stretched polymers, such BOPEN, the
stretching causes destruction of the spherulites
and leads to a privileged orientation of the
crystalline chains and lamellae.

The Scherrer relation, illustrated by Equation
(2), gives the relationship between the integral
width B of the peak profile on the XRD spectrum
and the average size of the crystallites L:
KA

L= Bcose @
K'is the Scherrer constant which depends on
the shape of the crystallites. It is dimensionless
and its value is close to unity. A is the
wavelength of the X-ray beam. It can be seen
clearly, from Table 1, that lamellar structure
was transformed into small crystallites during
the neutron-BOPEN interaction.
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Figure 3. FTIR spectra in the range 400-4000 cm™'
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FTIR/ATR analysis the IR-BOPEN,, approaches that recorded in
the case of NIR-BOPEN film. Result observed,
previously, during the structural characterization
by X-ray diffraction.

We can see from Figure 3, which summarizes
the absorbance bands, for the wave number
domains, given in Table 2, that unlike IR-
BOPEN,, the response in terms of intensity of

TABLE 2: IR bands assignment of NIR-BOPEN, IR-BOPEN, and IR-BOPEN,, fims

Spectral Region Wavenumber (cm)? Band assignment®
400-600 cm! 406 d(arom. CH out of plane)
476 d(arom. CH out of plane), crys
528 3(COC)+arom. ring vibration
600-900 cm"! 623 3(COC)+arom. ring vibration
640 3(COC)+arom. ring vibration
762 d(arom. CH out of plane)
812 Y, (CH,) trans, crys
838 Y, (CH,) trans, crys
900-1200 cm"" 903 Crystal
918 3(0=C-0O) out of plane, trans, amorphe
932 d(arom. CH out of plane)
1080 v(C-0), cis
1128 Naphthalene ring vibration, amorphe
1178 Naphthalene ring vibration, amorphe
1200-1800 cm" 1243 v (C-O) +arom. ring vibration
1331 v, (CH,) trans, crys
1340 v, (CH,) trans
1376 v, (CH,) cis
1406 Naphthalene ring vibration, amorphe
1476 8(CH,) trans, crys
1502 Naphthalene ring vibration, crys
1602 Naphthalene ring vibration
1708 v (C=0)
2800-3800 cm'' 2900 v,, (CH,) trans, crys
2970 vV, (CH,), crys
2990 v, (CH,), crys

a2 The wave numbers represent the peak position in absorbance IR spectra.
®v: stretching, : wagging, v_: symmetry stretching, v, : antisymmetric stretching, &: deformation,
Y. sway, y,: rotation.
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It must be signaled that the band assignment,
given in Table 2, are primarily based on work by
Ouchi et al.,’, F. Kimura et al.,’’® L. Hardy
etal. ® Y. Zhang etal.*?and D. H. Lee et al.,*'.

Moreover, and according to Figure 4, the
intensities of the bands, at 406, 476, 762 and
932 cm™, attributed to the vibrations, outside
the naphthalene plane, of the aromatic CHs
decrease in the case of the IR-BOPEN, film.
This indicates the presence of a high
compactness of crystalline entities in the latter,
and consequently, an increase in its rate of
crystallinity compared to NIR-BOPEN. A
decrease of the degree of crystallinity
determined previously in IR-BOPEN, results in
an increase in the intensity of the peaks
mentioned above. This conclusion is also
highlighted by the evolution of the intensity of
the band associated with the symmetrical
stretching of the group (CxO), in cis
conformation ¥, which decreases in the IR-
BOPEN,, and increases in IR-BOPEN,,
recorded, respectively, at 1087 and 1085 cm™.
We observe a displacement of the carbonyl
band, registered in the case of the non-irradiated
BOPEN and the IR-BOPEN, at 1709 cm™,
towards 1711cm™ for IR-BOPEN,,

This indicates the absence of a coplanarity of
the carbonyl groups with the naphthalene
groups, and therefore, a decrease in the force
constant of the carbonyl bond, caused by the
neutron irradiation. This phenomenon involves,
once again, the crystallization of IR-BOPEN,
and the amorphization of IR-BOPEN,,

It must be signaled that the absence of
coplanarity in a material detracts from the
intensification of conjugation effects and the
donation of electrons to the carbonyl function

by the neighboring conjugated group. This is
characterized by a shift of the carbonyl band
towards high values of the wavenumber. The
narrowing of the recorded carbonyl band width
to 1711 cm™ also characterizes an amorphous
morphological state.

The peaks at 918, 1128, 1178 and 1406 cm™,
characteristic of the amorphous phase, are
almost of the same intensity in NIR-BOPEN,
and IR-BOPEN, but intensify on the IR-
BOPEN,'s IRTF / ATR spectrum. The bands at
813, 837 and 1502 cm™, characteristics of the
crystalline phase, decrease slightly, in IR-
BOPEN, and IR-BOPEN,,

Note also that the appearance of absorbance
bands at 826 and 1452 cm™, characteristic of
the amorphous phase, in irradiated films and
which intensifies in the case of IR-BOPEN,,
These bands are attributed, respectively, to a
sway of the group (CH,) in trans conformation
and to a shear of the same group, in cis
conformation. In addition, we notice that the
band assigned to the (CxO) stretching and
aromatic ring vibration is observed at 1249 cm
in IR-BOPEN, and at 1248 cm™ in IR-BOPEN,,.

The peaks at 2900, 2970 and 2990 cm!
disappear completely in the irradiated films. In
addition, we see the appearance of the band
at 2894 cm”, in the case of IR-BOPEN,,
attributed to the symmetrical stretching of the
C-0 group, in cis conformation, and of the band
at 2965 cm™, in IR-BOPEN,, associated with
the stretching of the aromatic CxH bond which
intensifies in IR-BOPEN,,. Note that these two
bands are characteristic of the amorphous
state.

The presence of the band associated to the
vibration by extension of the hydroxyl (OH)

Journal of Polymer Materials, January-June 2022
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group at 3394 and 3383 cm™ in IR-BOPEN,
and IR-BOPEN,, respectively, is due to the
oxidation of macromolecular chains 742, We
notice that these two bands are not thin, so
the group (OH) is more or less linked to
hydrogen bond.

Rivaton et al. 4, in their work on the study of
structural modifications of polymers under the
impact of fast neutrons, have attributed the
chain oxidation, to the radicals resulting from
bond scissions. It must be noted that in the
presence of hydrogen bonds the bond (OH) is

more or less weakened, which has the
consequence of decreasing the stiffness
constant of the bond and the wavenumber of
the absorbed radiation.

Characterization in Surface
SEM analysis

The effect of neutron irradiation on surface
morphology of BOPEN samples can be
estimated from the SEM micrographs 3, as
shown in Figure 5.

Figure 5. The SEM micrographs of the surface of BOPEN films with magnification x500
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For non-irradiated BOPEN a smooth surface
is obtained. Effectively, it is known that the
stretching processes conducts to
homogenous texture of the surface of bi-
stretched polymers 14,

Otherwise, a rough surface is observed, in the
case of IR-BOPEN, film, containing detached
particles and scratches. For the IR-BOPEN,
film, a clear material degradation is visible.
Effectively, the surface becomes more roughness,
in the presence of scratches, cavities, white
spots, of different sizes, and a de-bonding 547,
It is important to note that the roughness or yet
the texturing of the polymer films, induced in our
study by neutron radiation, has been the subject
of several published works whose goals were,
most often, the modification of the properties of
wettability “®, adhesion of surfaces “ and
diffuse reflection®, for biomedical, electrical
and photovoltaic industries. The literature
reports different methods concerning the
texturing of plastic films: the photo-ablation '),
plasma attack 852 and irradiation 353, The
change of the morphology was also observed
on different irradiated polymers such as, the
polystyrene (PS)®4, the polyvinyl chloride
(PVC) ®9, the polyvinyl alcohol doped with nitro
blue tetrazolium (PVA/NBT)®® and the
polyethylene terephthalate (PET)57:%8, |t must
be signaled that the modifications of the surface
morphology is an indication that the degree of
crystallinity of BOPEN changes, result
determined above by XRD analysis. This is due
to scissoring and crosslinking effects of
macromolecular chains %61,

PLOM Analysis

Figure 6 exhibits surface micrographs of the
irradiated and non-irradiated films made under
polarized light optical microscope.

Like the scanning electron microscopy, the
polarized light optical microscopy is a
technique which provides the information on
the surface modifications when it is subject to
different constraints such as chemical
environment, heat treatment, mechanical
impact and irradiation6267,

Before the irradiation, the surface of BOPEN
sample is regular with no defects. After the
irradiation, the BOPEN films show surface
irregularities, such as a change in the color and
the spots 7, |t must be noted that, the PLOM
analysis permitted us to identify the scratches
observed under scanning electron microscopy.
Effectively, the PLOM micrographs show the
presence of the microcracks which, in the case
of the IR-BOPEN, film, invade the totality of the
surface contrary for the IR-BOPEN,, where the
microcracks occupy a limited region, as shows
the Figure 6. Awaja et al. *2, in their review on
the cracks and microcracks in polymer
structures, assigned the formation and the
propagation of microcracks the exposure of
these last variable environmental conditions
such as temperature, moisture, chemicals,
radiation and high particles energy.

They also noted that the microcracks constitute
the principal cause of the materials failure in
reason of the induced structure fragmentation
which conduct to the destruction of their
physical properties "9, In addition, the
microcracking provide exits offered the
possibility of the moisture and the oxygen to
reach the polymer matrix. This confirm the
oxidation of macromolecular chains in IR-
BOPEN films deduced above by FTIR/ATR
analysis.

Journal of Polymer Materials, January-June 2022



12 Belouadah et al.

NIR-BOPEN

%@

IR-BOPEN;

Microcracks region <

IR-BOPEN; Microcracks

Y

4— Microcracks

Figure 6. Optical micrographs of the BOPEN surface with magnification x10

CONCLUSION

In this study, the ionizing radiation chosen is
composed of fast and thermal neutron beams.
An X-ray diffraction analysis of the structure of
bi-oriented polyethylene naphthalate showed
that the degree of the crystallinity and the
crystallite size of the BOPEN film varies and
depends to the applied neutron fluence. The

Journal of Polymer Materials, January-June 2022

modification of the BOPEN’s was also
observed through FTIR analysis. This technique
showed, on one hand, a high compactness of
crystalline regions in IR-BOPEN, which
disappears in the case of the IR-BOPEN,. On
other hand, an oxidation of macromolecular
chains were highlighted by the presence of the
band associated with the vibration of the
hydroxyl (OH) group in irradiated films.
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A change of the morphology was also deduced
in surface, of the irradiated films, through the
analyze of the SEM and PLOM micrographs.
These showed that the surface becomes
rough. The roughness is a property which is
considered as one of the key parameters which
permits the identification of the polymer
materials quality. For this, an in-depth study of
the texturing of PEN films by neutron irradiation
is necessary in order to highlight the
contribution of this technique in the treatment
of polymers surface for industrial use. A lot of
surface defects such as the spots, the
detached particles, cavities, discoloration and
microcracks were also highlighted by these two
observation techniques.
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