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Abstract. The effect of the absorbed dose of 40 MGy of electron irradiation and uniaxial tension to rupture at room
temperature on the Instron 5982 test breaking machine on changes in the structure of polyimide film macromolecules
is studied. Irradiation was carried out on an electronic linear accelerator ELA-6, at room temperature, and the structure
change was studied using the Nicolet 5700 IR spectrometer in the range of 4000-400 cm™, the ESP 300 E spectrometer
from Bruker at a wavelength of 3.2 cm, and uniaxial stretching to rupture at room temperature on the Instron 5982
test breaking machine. The aim of this work was to study changes in the structure of macromolecules of polyimide
films as a result of electron irradiation and mechanical loading. It was found that after irradiation, the intensity of
the IR spectrum increases by ~2-6 times and the width of the bands increases, indicating an increase in the content
of radicals. Irradiation of the film with subsequent mechanical loading causes a shift in the EPR line of the spectrum
from 3475.0 cm™ to 3512.5 cm™ with a simultaneous decrease in the signal amplitude from 6-10° to 4-1(°, indicating
a decrease in the concentration of radicals = N-H, -N-H, groups until their complete disappearance and the formation

of new ones caused by electron irradiation.

Keywords: polyimide, films, electron irradiation, IR- and EPR-spectroscopy, breaking machine, Instron 5982, supramo-
lecular structure, mechanical properties, absorbed dose, Bruker ESP 300 E spectrometer.

Introduction

Intensive introduction of new polymer and
composite materials in engineering and industry
poses the task of finding ways to develop them, a
detailed study of their composition, structure and
physical and chemical processes occurring at the
same time. These features of the polymer structure are
complex formations with varying degrees of ordering
of segments of macromolecular chains, forming the
internal structure of the material. The structure of the
material is influenced by the specifics of its supramo-
lecular organization (SMO), which determines the
spatial arrangement of individual elements. Such an
organization of the structure of polymers forms their
physical properties Classification of SMO is usually
made according to the main discrete or fluctuation
features [1, 2].

The purpose of this work is to identify the features
of the modification of polyimide films as a result of
changes in the defective structure of macromolecules
irradiated with high-energy electrons, as well as
subjected to unicose stretching.

Materials and Methods

Industrial undirected polyimide (PI) films were
selected as the objects of the study.

Polyimides are widely used in the production
technology of semiconductor devices. Among other
polymers, they stand out for their characteristic
physical properties such as: high temperature
degradation, mechanical strength and radiation
resistance [3].

Polyimides have a low permittivity value, which
contributes to the amplification of signal propagation
in electronic devices. Therefore, they are used in
multilevel high-density and low-speed electronic
circuits. During operation, in the designs of devices
exposed to radiation exposure, the properties of
polyimides are stable during operation, so they have
found wide application [4-5].

Polyimides belong to a class of heat-resistant
synthetic polymers whose macromolecule structure
contains an imide cyclic group.The structural link
of a polyimide macromolecule based on pyromelitic

acid dianhydride and paraoxydiphenylenediamine is
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shown in figure 1 [2].

Polyimide has good mechanical characteristics
such as strength retention over a wide tempera-
ture range. Considering these properties, they are
widely used in promising areas of technology, such
as aerospace instrumentation, transport engineering,
nuclear power engineering, etc. We made samples
from polyimide films that were 5 cm long, 5 cm wide,
and 130 pum thick [6, 7].

The prepared samples were irradiated using an
electronic linear accelerator of the ELA-6 type. The
irradiation was performed by electron beams with
an average energy of 2 MeV, with an integral current
of up to 1000 pA and a pulse frequency of 200 Hz
with a duration of 5 us. The absorbed dose (D) of the
samples was 40 kGy, 50 kGy, and 500 kGy.

The destruction of polymers was studied by
IR spectroscopy and the products of chemical
transformations after electron irradiation were
analyzed. As is known, IR spectroscopy is based on
irradiating a sample with light in a wide range of the
infrared spectrum and then measuring the absorbed
wavelengths [8, 9]. The Nicolet 5700 IR spectrometer
was used to measure the spectra in the range of 4000-
400 cm™. The power on the line was 200 mWt with a
spectral resolution of 0.09 cm™.

In polymers, as a result of irradiation,
compounds with free radicals are formed that
have unpaired electrons, the EPR of which is very
effective. They interact between the magnetic dipole
moment of the spin of an unpaired electron and the
magnetic dipole moment of the spin of a molecule
or radical. This interaction leads to the appearance
of a multicomponent structure in the spectrum
instead of a single signal splitting of the spectrum
[10]. Studying the nature of this splitting of the
spectrum, the number of lines and their relative
intensity allows us to get an idea of the structure of
the paramagnetic system and valuable information
about its microdynamics. By irradiating the sample
with radiation at one wavelength and collecting
the resulting scattered radiation, EPR spectra are
obtained. The EPR method consists in the fact that the
frequency of scattered light depends on the strength
of bonds within the molecule, on the mass of bound
atoms, and on the intermolecular interaction, and this
serves as valuable information about the structure of
para-magnetic systems.

We used a Bruker ESP 300 E spectrometer at a
wavelength of 3.2 cm with a resonator power of <200
mWt, a modulation frequency of 100 kHz, and a
sensitivity of 7-10" sp/T1. The magnetic field strength
was 0.01-1.5 T1with a field stability of 10~ per hour and
a field uniformity of 10~ Tl/cm. The central magnetic
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field had 34.70 G and a magnetic field sweep of 100
G. 2 types of resonators were used: rectangular — type
TE-102 and cylindrical - type TE-011.

The manufactured samples were subjected to
uniaxial stretching to rupture at room temperature
on the Instron 5982 test breaking machine, which
met all the requirements of European and American
standards. The Instron 5982 Electromechanical
machine had the following technical characteristics:
the maximum permissible load of 100 kN, load and
strain measurement errors were +/—-0.5% of the
measured value.

Discussion of the results

The effects of radiation on polyimide films
cause changes in their defective structure and affect
their physical and chemical properties. Therefore,
establishing the nature of the formation and evolution
of the defective structure, as well as an appropriate
understanding of the mechanism of radiation-induced
changes in the properties of materials is an urgent
task of researchers. Radiation-induced defectiveness
caused by exposure to powerful beams of charged
particles affects a significant change in the polymer
structure, affecting the spatial transformation of
the polymer. As a result, the molecular weight of
macromolecules changes, some types of chemical
bonds accumulate and disappear, etc. The structural
changes caused in the material significantly affect the
restructuring of the supramolecular structure and,
which are reflected in the variety of its properties.

Radiation exposure to polymer materials leads
to significant changes in their physico-chemical pro-
perties and structure, which depend on the initial
structure, its composition and degree of purity,
characteristics of incident radiation, radiation dose,
etc. This promotes the release of individual atoms
or radicals and the disruption of the corresponding
bonds in macromolecules. An increase in the number
of labile atoms leads to a significant change in the
structure, affecting the change in the physical proper-
ties of the material.

The characteristic course of chemical reactions in
polymers under the influence of mechanical stresses
causes a violation of the degree of ordering of the
structure and the manifestation of their level. The
effects of mechanical stresses cause the rupture of
chemical bonds in the main chain of polymers.

In polymer materials, as a result of exposure to
various types of radiation, the defective structure
and, as a result, physical and chemical properties
change. The degree of such changes and their nature
depend on many complex mechanisms of effects on
the polymer, which are associated with the initial
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parameters of the polymer, the characteristics of
the affected radiation, etc. [2]. In this regard, when
conducting such studies, the actual and main tasks
of researchers are to establish the nature of the
creation and evolution of the defective structure in
the studied material, as well as the relationship of
radiation-induced defectiveness with changes in
their properties.

Such studies are primarily caused by practical
interest in solving problems of improving the
reliability of devices and devices operating in the
radiation field, and secondly, the prospects for the
development of radiation technologies that provide
targeted modification of the physicochemical proper-
ties of materials.

In polymers irradiated by powerful beams of
charged particles, significant structural changes occur
due to the spatial transformation of macromolecules.
This leads to a change in the molecular weight of the
material, as well as some types of chemical bonds
strengthen and disappear, etc. The structural changes
caused significantly affect the re-structuring of the
supramolecular structure of polymer materials.
This causes them to develop various properties,
consisting in improving or deteriorating technical
characteristics.

Irradiation of polymer materials causes the
formation of radicals formed as a result of dissociation
of excited states of macromolecules, as well as due
to the course of secondary reactions of radicals
and ions. These factors affect the concentration of
macroradicals formed, reaching up to ~ 10"°-10* cm™
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[4]. As a result, significant structural changes occur
in these materials, as well as modal characteristics
of their properties, which are associated with
irreversible processes of structuring and destruction.
These processes are opposite in nature and occur
simultaneously. At the same time, the structure of
the polymer affects the predominance of one process
over others, and also depends on the elements of the
system present and the conditions of irradiation. In [7-
10], regularities were established and shown that the
presence of organic compounds of certain functional
groups in macromolecules leads to the occurrence of
radiation absorption with a characteristic frequency.
Such spectra make it possible to identify with a high
degree of probability that a particular absorption band
belongs to a specific functional group present in the
molecule. The vibrations of the rest of the molecule
are no more than 5% and do not affect the nature of
the frequencies of the functional groups. Therefore,
the obtained spectra of functional groups allow us
to accurately determine the structural features of the
molecules of complex compounds.

The IR spectra of unradiated and irradiated
polyimide films were measured using the Nicolet
5700 spectrometer, the results of which are shown
in Figures 2 and 3. The films were irradiated with
electrons with an energy of E=2 MeV and a dose
of D=40 MGy. The analysis of polyimide spectra
was based on the study of changes in the absorption
bands 720 and 1380 cm™ (C-N group in the imide
cycle), 1775 cm™ (C =0 group in the imide cycle).
It can be seen from Figures 2 and 3 that irradiation
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causes an increase in the intensity of these spectral
lines by ~2-6 times, and also significantly increases
the width of the bands.

Table 1 shows informative lines of the IR spectrum
of the polyimide film, which lie in the intervals 500-
1100 cm™ and 1700-3500 cm™".

In the first interval, the content of substituted
benzene rings of polyimide films is strongly
noticeable. At the same time, in the range from 1700 to
3500 cm™, the content of associated polyimide groups
is characteristic. As we can see, irradiation causes an
increase in the content of radicals in the samples,
which is reflected in an increase in the intensity of
the spectrum and is explained by the formation of

hydrogen bonds.

The change in the intensity of the absorption
bands in the polymer (Figures 2, 3 and Table 1) it
is explained by the fact that under the influence of
irradiation, the processes of competing processes are
caused: the formation of cycles involving nitrogen
atoms and the formation of nitrogen oxides.

The EPR studies of these films were based on the
determination of the equipment operating modes
that do not distort the shape of the EPR signal.

Table 2 shows the data on measurements of the
EPR spectra for one polyimide film irradiated with
electrons.

For the sample, the standard mov.ave filter is

Table 1 — Comparison of the intensity of the IR spectrum of a polyimide film irradiated with electrons with energy

E =2 MeV and a dose D = 40 kGy with an unirradiated one

Chemical compounds Frequency range cm™ The increase in intensity (times)
Overtone benzene rings Pl 443,1 2
490,9 2,8
526,8 3,6
603,6 3,4
660 3,5
Aliphatic groups 726 3,3
Substituted benzene rings Pl 797,1 3,3
835,8 3,7
871,7 3,7
947,6 4
Lactone groups 1772,2 2,5
Associated carboxyl groups PI 3052,5 6,7
Associated groups 3361,5 and 3466,3 3,8
B % u o3
B = ARE;
o 5,0 3 = 2 3
o A EE
= ¢ gl g 7
s i HEELNE
CEE 2 ||[|i=liE] T8
] i = &
-2 2,01 z
s
..8 1.0 1
4000 3500 3000 2500 2000 1500 1000 500
v, cm’!

Figure 3 — IR spectrum of a polyimide film irradiated with electron energy E = 2 MeV and absorbed by a dose

D = 40 kGy




applied. The data in the table are given by 15 points
for the parameters of the EPR signal (width AH,,, and
g-factor).

Table 2 shows that for the same sample of a
polyimide film, the value of the line width AH,,
increases by 0.38 mTl, when the amplitude of the
magnetic field modulation changes from 0.6 to 1.6
mTlL This indicates its modulation broadening. At
the same time, this change does not affect the value
of the g-factor. It remains constant. Therefore, a
modulation amplitude of 6.15 mTl was chosen for
serial measurements, which does not distort the
shape of the EPR signal.

Table 3 shows the results of measuring the EPR
spectra of polyimide films, unradiated and unbroken
(initial) and irradiated with electrons and subjected
to stretching to rupture (experimental).

Table 3 shows that the parameters of the EPR
signal do not depend on the action of the external
load after irradiation. The values: line width AH,,
are 0.925 mTl and 0.930 mTl, respectively, and the
g-factor is 2.00824 and 2.00791.

Figure 4 shows the change in the intensity of the
EPR signal of polyimide films from the concentration
of paramagnetic centers.

It can be seen that the EPR spectrum is
determined by radicals associated with associated
groups = NH, -NH2 of linear type. The concentration
of such radicals increases as a result of exposure to an
external mechanical load until the film breaks (Figure
4a and 4b), which is reflected in an increase in the
amplitude of the EPR signal from 3-10° to 5-10°. The
value of the relative elongation of the films at break
did not exceed 6.

The effect of electron irradiation on polyimide
films, followed by their mechanical loading, causes
a shift of the spectrum line from 3475.0 cm™ to 3512.5
cn™ with a simultaneous decrease in the signal
amplitude from 6-10° to 4-10° (Figure 4c and 4d), i.e.
there is a decrease in the concentration of radicals
of the above groups = N-H, -N-H, to their complete
disappearance and the formation of new ones caused
by the effect of electron irradiation. This means that
the changes in the EPR spectrum shown in Figure 4
reflect the transition of radicals of polyimide films
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from one type to another, due to the action of external
load and electron irradiation. Moreover, this transition
is accompanied by the complete disappearance of the
first type of radicals and the formation of new ones.

The results presented on the main mechanisms
and patterns of changes in the mechanical properties
of polyimide materials as a result of the actions of
these physical factors allow us to make scientifically
sound recommendations for the creation of new
materials, as well as for the improvement of existing
ones. They are based on the studied processes of
formation of defects and radicals with high mobility,
causing changes in their mechanical properties.

The peculiarity of the processes of changing the
mechanical properties of polyimide films is that as
a result of the external mechanical load and electron
irradiation, the radicals in these materials transition
from the original form to others, whichis accompanied
by the complete disappearance of the first type of
radicals and the formation of new ones. Such changes
in the polymer structure are automatically reflected
in its mechanical properties. At the same time, the
number of radicals in a polyimide film primarily
depends on the effect of an external mechanical load
and only then on the dose of radiation exposure.

The spatial arrangement of the individual
structural elements of the polymer is formed by a
specific supramolecular organization that cooperates
with its internal structure, on the basis of which its
physical properties are formed.

The peculiarity of the processes of changing
the mechanical properties of polyimide films is
that as a result of the external mechanical load and
electron irradiation, the radicals in these materials
transition from the original form to others, which is
accompanied by the complete disappearance of the
first type of radicals and the formation of new ones.

Such changes in the polymer structure are
automatically reflected in its mechanical proper-
ties. At the same time, the number of radicals in a
polyimide film primarily depends on the effect of an
external mechanical load and only then on the dose
of radiation exposure. The spatial arrangement of
the individual structural elements of the polymer is
formed by a specific supramolecular organization

Table 2 — Parameters of the EPR signal of the PI film (width AH,, and g-factor)

Sample Name Sample weight, mg Power, MW | Ampl. modulation, mtl Width AH,,, mT g-factor
experimental 46 3,99 0,6 0,82 2,00788
experimental 46 3,99 1,60 1,2 2,00790

Table 3 — Effect of electron irradiation and stretching to break on the EPR parameters of the PI film signal

Sample Name Sample weight, mg Power, MW Ampl. modulation, mT Width AH,,, mT g-factor
initial 43 3,99 6,15 0,925 2,00824
experimental 26,3 3,99 6,15 0,930 2,00791
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Figure 4 — EPR spectra of polyimide films: unirradiated and unbroken (a); unirradiated and stretched to break (b);

electron-irradiated at a dose of 50 kGy and stretched to break (c); electron-irradiated at a dose of 500 kGy

and stretched to break (d)

that cooperates with its internal structure, on the
basis of which its physical properties are formed.

Conclusions
1. The experimental results obtained allow us
to conclude that: electron irradiation of polyimide
causes an increase in the intensity of the IR spectrum
by ~ 2-6 times and significantly increases the width of
its bands. The most informative lines of the spectrum
lie in the intervals 500-1100 cm™ and 1700-3500 cm™.
The first interval characterizes the content of
substituted benzene rings of PI films. The second
interval from 1700 to 3500 cm™ shows the content
of associated groups of polyimide macromolecules.
An increase in intensity indicates an increase in the
content of radicals as a result of irradiation.
This behavior of polyimide materials is associated
HFA with the formation of hydrogen bonds, and the

change in the intensity of the IR spectrum of absorp-
tion bands in them (under the influence of irradiation)
is caused by the course of competing processes: the
formation of cycles involving nitrogen atoms and the
formation of nitrogen oxides.

2. The effect of uniaxial stretching to rupture
of non-irradiated polyimide films is reflected in an
increase in the amplitude of the EPR signal from 3-10°
to 5:10%, which is caused by an increase in the number
of radicals in the material as a result of mechanical
action.

3. Electronic irradiation of polyimide films with
their subsequent mechanical loading causes a shift of
the EPR spectrum line from 3475.0 cm™ to 3512.5 cm™
with a simultaneous decrease in the signal amplitude
from 6-10° to 4-10°. This is due to a decrease in the
concentration of radicals = N-H, -N-H, groups until
their complete disappearance and the formation



of new ones caused by electron irradiation. Such
changes in the EPR spectrum reflect the transition of
radicals in polyimide films from one type to another
caused by the action of uniaxial stretching and
electron irradiation. Such a transition is accompanied
by the complete disappearance of the first type of
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Taking into account such features of the
connection of mechanical properties with the
behavior of structural elements of polymer materials,
under the influence of various external physical
factors, it is possible to predict the creation of new
ones and improve existing ones.

radicals and the formation of new ones.
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AHOamna. 3neKkmpoHObl cayneneHydiH 40 mIp ciHipineeH 003acbIHbIH HaHe beame memMmnepamypaceiHOa y3inyze oeliiH
6ip ocomi co3ydbiH Instron 5982 cbIHAK MAWUHACLIHOA NOAUUMUOMI /1eHKA MAKPOMO/EKYNaAapPbIHbIH KYPblabIMbIHbIH,
e3zepyiHe acepi 3epmmendi. CayneneHdipy 6esme memnepamypacbiHOa ELA-6 31eKkmpoHObI CbI3bIKMbIK yOoemKiwiHoe
Hypeizindi, an KypblasbimHbiH e32epyi Nicolet 5700 VK cnekmpomempiHiy kemezimeH 4000-400 cm™ duanasoHbIHOG,
Bruker ¢pupmacsiHbiH ESP 300 E cnekmpomempiHiH mosKbiH Y3bIHObIFbI 3,2 cm HcaHe Instron 5982 coiHay MAWUHACHIH-
0a 6esime memnepamypacsiHOa y3inyee deliiH bip ocbmi co3biny apKbiabl 3epmmendi. KMymbiCmblH MAKCamel — 371ekK-
MpPOHObI CayseneHy HaHe MEXAHUKA/bIK HYyKmeme HamuMeciHoe noauumudmi rnaeHKanapobliH MAKPOMOeKy1ana-
PbIHbIH KYpblabiMbiHOGFLI 632epicmepdi 3epmmey. CayneneHydeH KeliiH UK cnekmpiHid KapKbiHObIAbIFbI ~2-6 ece, an
HOMAKMapOobiH eHi apmameiHbl AHbIKMAA0bI, byn paduKkandaposiH KebetiH kepcemeoi. laeHKaHb! KeliiHHeH mexa-
HUKQsbIK yKmememeH cayneneHoipy IIP cnekmpiHiH cbi3biFblH 3475,0 cm™-0eH 3512,5 cm-2e deliiH #binaxnbimaosi,
cueHan amnaumyoacsiHsiH 6ip yakeimma 6-10°-meH 4-10°-ke deliiH memeHOeyimeH, byn paduxkandap KoHUeHmpauyu-
ACbIHBIH MmemeHOeyiH kepcemedi = N-H, -N-H, monmap moneireiMeH xolibinFaHra 0eliiH aHe HaHanapsiHsiH nalioa
60nybl 31eKMPOHObI CayneneHyoeH mysiHOaliosbl.

Kinm ce3dep: nonuumud, ynbipnep, 3neKmpoHObIK cayneneHy, K- mwaHe 3P-cniekmpocKonus, #apy MawuHacsl,
Instron 5982, cynpamonekynansiK KypblabiMbl, MEXAHUKAAbLIK Kacuemmepi, CiHipineeH 0o3acsl, Bruker ESP300E criek-
mpomempi.
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AHHOMayusAa. N3y4deHo enusHuUe noz2aouweHHol 0036l 31eKMpPoHHO20 0b6sayveHusa 40 mIp u 0OHOOCHO20 pacmsaAxMeHus
00 paspoelsa npu KoMHamHol memnepamype Ha ucnsimamesnsHol paspeieHol mawuHe Instron 5982 Ha usmeHeHus
CMpPYKmMypbl MAKpoMOoseKysn NoauuMuoHoUl naeHku. ObayyeHuUe nposoousau Ha 31eKMPOHHOM AUHEeUHOM ycKkopumerne
ELA-6 npu KomHamHol memnepamype, a U3MeHeHuUe CmpyKmypbl usy4anau ¢ nomouibto MK-cnekmpomempa Nicolet
5700 e ouanasoHe 4000-400 cm™, cnekmpomempa ESP 300 E ¢pupmei Bruker npu dnuHe 80sHbI 3,2 CM U 00HOOCHO20
pacmsaxeHua 00 pa3peiea Npu KOMHAMHoOU memnepamype Ha ucneimamensHol paspeisHol mawuHe Instron 5982. Lle-
nbto 0aHHol pabomel bbiano usyvyeHue usMeHeHUl CmpyKmypbl MAKPOMOAEKYA NOAUUMUOHbIX MAEHOK 8 pe3yabmame
3/1eKMPOHHO20 061YYEHUSA U MEeXaHU4YeCKo20 HazpyxeHUs. bblao obHapyx#ceHo, Ymo nocsae 0bay4eHUa UHMeHCUBHOCMb
UK-cnekmpa ysenuyusaemcsa 8 ~2-6 pas, a WUPUHA MOAOC y8eauyusaemcs, Ymo ceudemesnscmayem ob ygenuyeHUU
cooepxcaHusa padukanos. Obay4yeHuUe rnaeHKU ¢ nocsaedyroweli mexaHuYeckol Haepy3Kol ebi3zbieaem cosue aAuHuu 3P
cnekmpa ¢ 3475,0 cm™ 0o 3512,5 cm™ ¢ 00HOBpeMeHHbIM YyMeHbWEeHUEM amaumyosl cueHana ¢ 6:10° do 4-10°, umo
yKa3bieaem Ha ymeHblieHue KoHyeHmpayuu padukanos = N-H, -N-H, epyrnn 0o ux noaHo20 uc4ezHoseHus U 06pa3osa-
HUSA HOBbIX, 8bI38AHHbIX 31€KMPOHHLIM 06s1y4eHUeM.

Knrouesoie cnosa: nonuumud, naeHku, snekmpoHHoe obayveHue, K- u 3IP-cnekmpocKonus, pa3pbl8HAs MAWUHQ,
Instron 5982, cynpamonekynapHas cmpykmypa, MexaHu4eckue ceolicmea, noasaoweHHas 003a, cnekmpomemp Bruker
ESP300E.
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