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SURFACE TREATMENTS' EFFECTS ON THE CAPACITOR'S DIELECTRIC
PERFORMANCE UNDER ELECTRO-THERMAL STRESSES

Abstract

Biaxial-oriented polypropylene (BOPP) films are characterized by unfavorable aging behavior because of
their poor susceptibility to high temperatures, humidity, and high electric fields. This makes them
unqualified to withstand harsh operating conditions, such as in capacitor applications. This study
investigates the impact of annealing BOPP samples at 100 °C for five hours after fluorination at different
times (15, 30, and 60 minutes) on their electrical and mechanical performance under electro-thermal
stresses. Scanning electron microscope (SEM) images confirm that there is an increase in surface
roughness and the formation of a dense layer of fluorine-containing groups monotonically with
fluorination time. So, these roughness increases can probably change the electrical properties of the film.
Based on the isothermal surface potential decay (ISPD) technique, the treated samples show slower
surface potential decay than the original sample. Compared to 54% for the original sample, the surface
potential remains at approximately 87.6% of its initial value after 7200 s. During aging, Fourier transform
infrared (FTIR) spectroscopy and X-ray diffraction (XRD) analysis revealed changes in the surface
chemical composition and crystallinity development, respectively. The treated samples show improved
aging behavior in terms of a lower dissipation factor and AC conductivity compared to the original
sample. In the dynamic mechanical analysis (DMA), it was demonstrated that the strong polar bonding of
C-F integrated into the polymer chain enhanced film mechanical performance.
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Surface Modifications Effects on the Capacitor's
Dielectric Performance Under Electro-thermal
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® State Key Laboratory of Power Transmission Equipment and System Security and New Technology, Chongging University,
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Abstract

Biaxial-oriented polypropylene (BOPP) films are characterized by unfavorable aging behavior due to their poor sus-
ceptibility to high temperatures, humidity, and electric fields. This makes them unqualified to withstand harsh operating
conditions, such as in capacitor applications. This study suggests chemical and physical surface treatments to enhance
the BOPP film's resistance to aging. The treatments include annealing the samples at 100 °C for five hours after being
fluorinated at different times (15, 30, and 60 min) and then investigating their electrical and mechanical performance
under electro-thermal stresses. The increase in surface roughness and the formation of a monotonically dense layer of
fluorine-containing groups during fluorination are revealed by scanning electron microscopy (SEM). These roughness
increases can probably change the electrical properties of the film. Based on the isothermal surface potential decay
(ISPD) technique, the treated samples show slower surface potential decay than the original sample. Compared to 54%
for the original sample, the surface potential remains at approximately 87.6% of its initial value after 7200 s. Fourier
transform infrared (FTIR) and X-ray diffraction (XRD) analyses reveal changes in the surface chemical composition and
crystal development. The decreased dissipation factor and AC conductivity of treated samples exhibit improved aging
behavior. The strong polar bonding impact of the CF bonds incorporated with the film chain on enhancing its me-
chanical performance is confirmed by dynamic mechanical analysis (DMA).

Keywords: Aging, Conductivity, Capacitor, Dielectric loss, Electro-thermal stresses, Mechanical performance

1. Introduction

B ecause of their distinct electrical properties and
chemical and thermal stability, biaxial-oriented
polypropylene (BOPP) films have been considerably
used in capacitor technology. They possess a low
dielectric loss (tan 3), typically 2 x 10~ for 0—85 °C,
and a high breakdown strength of up to 730 V/pum or
an electric field strength of 81 V/pum [1]. These
dielectric polymers are therefore among the most
critical parts of the structure of the metalized poly-
propylene (MPP) capacitor. MPP capacitors are
typically made of two PP films coated in a nanometer-

thick metal layer of aluminum or zinc-aluminum
alloy wrapped around a hollow mandrel [2]. On each
edge, there is one thin area that is non-metalized (i.e.,
the margin). In contrast, on each end of the winding is
a sprayed-on metal schoopage [3]. This allows each
film to connect with only one side and isolate the two
films from each other. The cylindrical-type MPP
capacitor construction is depicted in Fig. 1.

These films are semi-crystalline thermoplastic
polymers with the chemical formula (C;Hg) n and
have chemical structures shown in Fig. 2. They
therefore consist of a linear hydrocarbon chain and
an alternating methyl group [4].
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Fig. 1. Construction of a cylindrical MPP capacitor: (a) structural
components and (b) contact edges cross-section (replotted from Ref. [3]).
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Fig. 2. Chemical structure of Polypropylene (replotted from Ref. [4]).

The microscopic structure and dynamic proper-
ties of the polymer primarily determine its elec-
trical and mechanical performance during
application [5,6]. Irregular molecular arrangements
of oriented polymers cause the microstructural
defects that create weak points within the film, ul-
timately leading to their failure. These defects help
create space charge traps, which have cascading
impacts on the dielectric, such as local electric field
distortion and electromechanical stresses, and thus
aging [7]. Even though metallized BOPP has a
unique capacity for self-healing, a high tempera-
ture and electrical fields cause partial frequent
discharge, resulting in flashover events and ulti-
mately irreversible breakdown [1,8].

This type of polymer film has a tertiary proton in
each monomer unit, making it more vulnerable to
degradation by free radicals. When the polymeric
radical C is exposed to prolonged high tempera-
tures and/or high electric fields, it spontaneously
oxidizes to produce peroxy radicals (ROO). This
process also involves the removal of the hydroper-
oxide group (-OOH) and tertiary hydrogen (H*).
Two pairs of low-molecular-weight PP chains are
produced, and subsequent decomposition of the
(-OOH) is caused by two possible mechanisms of
polymer chain degradation [9]. The formation
mechanism of ROO and —OOH groups after the
removal of H* and the oxidation of O for the C
radical is illustrated in Fig. 3.

As a result, BOPP films have been classified as
dielectric polymers with unfavorable aging behavior
in applications involving harsh environments [1]. In
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Fig. 3. Formation mechanism of ROO and —OOH groups after H*
removal and O oxidation of the C radical (replotted from Ref. [9]).

this regard, enhancing the aging behavior of BOPP
films has not received significant attention in the
literature. Many works have attempted to improve
the various properties of polymers depending on
their applications using techniques of micro- and
Nano-fillers. For several factors, including the diffi-
culties of uniformly dispersing fillers, the stress
concentration within the polymer matrix, advanced
and expensive incorporation techniques, and
achieving balancing between their contradictory
properties. In addition to the problems related to
fillers' compatibility with the polymer matrix and the
polymer's dimensional stability under different
environmental conditions, these techniques were
classified as difficult and complex. Thus, the above
factors all significantly impact the polymer's ultimate
electrical, mechanical, and physical properties
[10—12].

Compared to others, gas fluorination is one of the
easiest and most effective techniques to modify the
molecular structure of the polymer surface layer and
may enhance its mechanical and electrical charac-
teristics. According to related results, fluorination
can improve the charge transfer characteristics of
polymeric films by altering the molecule structure.
This lowers the interfacial electric field and actively
suppresses space charge injection and accumulation
within the film [13,14]. Also, fluorination can in-
crease the depth and density of the surface traps,
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significantly reducing the electric field close to the
electrode by a sizable amount of the homocharges
trapped in the traps [15]. When fluorine atoms are
introduced into the structure of a polymer film, they
reduce its surface energy due to their high electro-
negativity, producing a surface that repels water.
Reducing the film's moisture absorption by
enhancing its hydrophobicity preserves its electrical
properties. Enhancing the polymer's moisture
resistance that is used in insulation makes it less
likely to degrade over time and ensures consistent
performance [16,17].

In contrast, annealing BOPP films would alter
their crystal structure and increase crystallinity,
which could ultimately enhance their mechanical
and electrical properties [18]. This process can
enhance the tensile strength and elongation at the
break of films and relieve internal stresses,
improving their mechanical stability. Annealing
also improves the film's heat resistance, which in-
creases its thermal stability and enhances its per-
formance, particularly at higher temperatures
[18,19]. Improved crystalline—amorphous interface
regions and/or increased crystallinity are two more
benefits of annealing [20]. Therefore, annealing can
enhance the structural properties of semi-crystal-
line polymers and, consequently, improve their
electrical properties [21].

The main objective of this study is to enhance the
electrical and mechanical performance of BOPP
film under electro-thermal stresses by altering its
chemical composition and crystal structure. The
enhancement of the film's performance is to in-
crease its ability to withstand temperatures and
electric field strengths for the long haul above
conventional values (i.e., above 85 °C and 81 V/pm)
without substantially increasing dielectric loss [22].
One of the most significant challenges facing BOPP
mechanical performance under applied stresses on
the capacitor is maintaining its elasticity or resis-
tance to mechanical deformation. Accordingly, this
study proposes film surface treatments that include
fluorination and subsequent annealing. The impact
of the introduction and interaction of the C—F
group on the film surface and its effect on pro-
ducing charge traps and suppressing charge decay
were discussed. Also, the morphological, chemical,
and crystalline changes and surface charge behav-
iors before and after treatments were studied. The
mechanical and electrical properties of the film
under electro-thermal stresses were studied
using dielectric relaxation spectroscopy (DRS), AC
conductivity, and dynamic mechanical analysis
(DMA).

2. Experiment procedures

2.1. Materials and sample preparation

Due to the capacitance being inversely propor-
tional to the distance of the capacitor plates, a
thinner dielectric provides higher capacitance in a
smaller volume. The performance of capacitors is
significantly dependent on the film thickness, which
in turn affects dielectric absorption, high-frequency
susceptibility, charge and discharge times, energy
losses, and structural defects. Yet, efficiency and
energy density increase as a result of their ease of
winding more tightly. On the other hand, thinner
films age more quickly under higher voltage stress
[22]. Accordingly, a semi-crystalline BOPP film with
a thickness of 9 um was selected in this study. The
film samples were subjected to surface chemical and
thermal treatments to enhance their mechanical and
electrical properties. Samples were washed with
full-concentration ethanol before treatment and
then dried overnight at 30 °C. Using an inert gas and
a fixed combination of 5% F, + 95% N,, fluorination
was carried out inside a sealed stainless steel vessel
at 25 °C for exposure times of 15, 30, and 60 min.
After that, the fluorinated samples were annealed at
100 °C for 5 h.

Samples were subjected to DC electro-thermal
stresses for 500 h in two cycles on a test platform
specifically designed for this purpose in order to
evaluate the effectiveness of the treatments
applied. The first cycle is 250 h with 80 V/um at
85 °C, while the second one is 250 h with 100 V/um
at 100 °C. To abbreviate in the later texts, the aged
pure sample was coded as PG, while the original
and annealed samples after fluorination at different
times (15, 30, and 60 min) were coded as Pure, FA1,
FA2, and FA3, respectively. The specifications of
the samples and related test preparations are listed
in Table 1.

2.2. Chemical structure analysis

The film's chemical composition alterations are
detected, and the polar groups are evolved using
Fourier transform infrared spectroscopy (FTIR)
(Broker Alpha, Germany). This analysis technique
uses infrared light to scan samples and detect the
chemical and bonding properties of polymeric ma-
terials. Thus, part of the infrared radiation that
passes through the various molecules that compose
the material structure is absorbed. This technique
produces different spectra that can be used to
identify and differentiate among molecules. Yet, the
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Table 1. Specifications of BOPP samples and related test preparations.

FA3 PG

Pure FA1 FA2
Testing Untreated sample Fluorinate for 15 min,
then anneal for five
hours at 110 °C.
SEM Sample size: 4 x 4 mm. Coated with 13 nm-thick gold.
ISPD Sample size: 25 x 25 mm. Coated on one side with
gold, 25 nm thick and 20 mm in diameter.
FTIR Sample size: 10 x 10 mm.
XRD Sample size: 10 x 10 mm.

DSR Sample size: 15 x 15 mm. Coated on two side with
gold, 20 nm thick and 10 mm in diameter.

DMA Sample size: 10 mm x 6 mm.

Fluorinate for
30 min, then
anneal for five
hours at 110 °C.

Fluorinate for 15 min,
then anneal for five
hours at 110 °C.

Aged pure sample

due to electro-thermal
stresses for 500 h on

two equal cycles of 250 h.

chemical structure of BOPP could alter as a result of
the applied electro-thermal stresses.

Regardless, testing was carried out with a scan
range of 4000—500 cm '. Four scans per sample
were applied with a resolution of 4 cm-1 (i.e,
spectra obtained at intervals of about 2 cm ')
without prior special preparation.

2.3. Morphological, crystalline, electrical, and
mechanical measurements

A scanning electron microscope (SEM, JEOL JSM-
7800F) was used to analyze the surface morphology
changes both before and after surface treatments. In
contrast, variations in the crystal structures during
the application of stresses were identified by X-ray
diffraction on a Rigaku DMAX/2500 diffractometer
(Rigaku, Woodlands, TX, USA) using an X-ray
source with an incident wavelength of 1.5406 A.
Using the peaks and baseline analysis approach
offered by the Origin Lab software, crystalline peaks
were determined as a first step. The crystalline
peaks' areas were summed using Excel to calculate
the total crystalline phase. Using the Origin Lab
software again, the total areas of the crystalline and
amorphous phases were computed for each peak in
the second stage. Finally, the crystallinity percent-
age was calculated for each sample using Excel
again. On the other hand, utilizing dielectric relax-
ation spectroscopy (DRS, Novocontrol GmbH,
Germany), dielectric performance was confirmed.
The dielectric losses (tan d) of Pure and treated
samples were measured as a function of frequency
during electro-thermal stressors. The measure-
ments were performed in the frequency range of
0.01—-10 MHz at a room temperature of 25 °C and a
relative humidity (RH) of about 30%. Meanwhile,
the temperature dependence of mechanical prop-
erties was measured using DMA (Q800 DMA, TA
Instruments). The DMA technique has been widely
used to calculate the kinetic properties of a material

by measuring the strain or stress that is produced
from the strain or stress oscillating over time due to
cyclically applying small deformations. This makes
it possible to examine the material's response to
stress, temperature, frequency, and other parame-
ters. Therefore, the value of this test lies in its ability
to simulate the material's working conditions,
allowing forecasting of its behavior under the
application. In this regard, the measurements were
made at temperatures ranging from —40 °C to
160 °C with a heating rate of 2 °C per minute at 1 Hz.

2.4. Potential decay measurement

The isothermal surface potential decay (ISPD)
technique was extensively used to study surface
charge dynamics and charge trapping characteris-
tics within dielectrics. Charges accumulate on the
dielectric surface during this process, and when
low-energy electrons briefly polarize it, surface po-
tential develops. The charges on the surface are
accelerated to flow into the material after depolari-
zation. This permits an analysis of the behavior of
dynamic surface potential and the measurement of
fast and slow potential charge decay [23]. The sur-
face potential decay measurement equipment
employed, however, is depicted in Fig. 4.

To ensure close contact during charging and
measurement, samples were coated on one side

Electrostatic
voltmeter

nec
Sources S
/ \ Mesh

- grid

Needle

rounded electrode

Fl

R Y 'I-/'

[ ]
f

Movable Platform

Fig. 4. Experimental setup for surface potential decay measurement.
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with a thin layer of gold that was 20 mm in diameter.
The sample was instilled on a moveable platform
beneath a needle electrode that was 13 mm long and
8 mm from the mesh grid. The DC voltages of 8 kV
and 4 kV were supplied to the needle electrode and
mesh grid, respectively, to polarize for 10 min. A
TREK model 542A electrostatic voltmeter was used
to measure potential decay for three hours at 25 °C.

2.5. Electro-thermal stresses

According to the planned stress cycle, the test
platform was carefully constructed to guarantee that
thermal and electrical stresses are applied simulta-
neously. Two 45 x 45 cm perpendicular poly-
vinylidene fluoride heat-resistant panels served as
the test platform. On the platform, four parallel
electrodes were constructed to simulate a real
capacitor on a lab scale. A thin gold layer with a
diameter of 10 mm was vaporized on one side of
each of the two opposing samples included on each
electrode. Hence, the test platform was put into a
precisely controlled air-circulation oven supplied
with DC voltage. Still, a heat-resistant wire up to
140 °C with a diameter of 1.32 mm was used to
connect the DC source to the positive electrodes,
while a flexible flat copper tape of size 4 mm? was
used as the ground.

3. Results and discussion
3.1. Surface morphology analysis

The cross-section images of treated samples are
illustrated in Fig. 5. These images reveal the ability
of fluorine to cause surface morphological alter-

ations and penetrate narrow regions of the sample
surface (i.e., light-colored regions).

1

p—3pum —

[S—— 1T, | J—

mag20000x [ ————— @mag20000x | —— ——1_
T —

0.79um 1. 14pm

—3pm—q [S— T J—

mag 20 000 x mag 20 000 x

Fig. 5. SEM cross-section images of pure and treated samples.

This activity may help relieve physical defects like
nanopores and cavities, which enhance dielectric
performance. Fluorination produced a rougher
surface than the pure sample, which is advanta-
geous for enhancing contact with the dielectric
surface. As the fluorination time advanced, the
samples FA1, FA2, and FA3 demonstrated an in-
crease in the fluorine layer by 0.43, 0.79, and
1.14 pm, respectively. As a result of C—F bond in-
teractions on the FA3 surface sample, its surface
morphology altered significantly compared to other
samples. This increase can advance the possibility of
water molecule adsorption and increase the surface
oxygen content, ultimately degrading dielectric
performance.

3.2. Surface-potential decay

The surface potential is formed when charges
accumulate on the surface of the dielectric after it
has been exposed to low-energy electrons for a short
period of time. The surface charges will be acceler-
ated after the irradiation to flow into the substance
[21]. In this regard, the injected charges follow two
different behaviors: some will get trapped in the trap
centers, while others will drift through the conduc-
tion band to the opposite electrode [24,25]. These
charge behaviors have a substantial impact on the
dielectric's performance during application. The
samples' typical normalized surface potential decay
curves are shown in Fig. 6. By dividing the surface
potential at every given time by the initial surface
potential of the samples, the normalized potential
decay was computed, which directly explains the
potential decay characteristics. Regardless, after
7200 s, the surface potentials of the samples Pure,
FA1, FA2, and FA3 dropped to 54%, 77.2%, 87.6%,

Normalized Surface Potential (V/V )

1 1 1 L 1 1 1 1 1 1 1 1 1 1 1

0 1000 2000 3000 4000 5000 6000 7000

Time/sec.

Fig. 6. Normalized surface potential decay curves of pure and treated
BOPP samples before application of electro-thermal stresses.



H.M. Umran, F. Wang / Karbala International Journal of Modern Science 10 (2024) 166—178 171

and 82%, respectively, from their initial potentials.
The surface charge density is associated with the rate
of fluorine deposition on the sample surface, which
decreases over time (i.e., from 0 to 30 min). This
increase in the surface charge rate is attributed to the
charge being easily and quickly de-trapped from the
trapping sites. Fluorine has the ability to alter the
surface state and shift traps from deep to shallow at
the surface [26,27].

On the other hand, as the fluorination time
increased to 60 min, the fluorine changed the sur-
face chemical composition and created defects and
deeper traps on the sample surface. This resulted in
a lower rate of charge decay because the charge trap
and release processes would take longer periods of
time, unlike those in the sample fluorinated for
30 min. Further, because deeper traps are qualified
to trap larger charge amounts, this will increase the
likelihood of charge injection and accumulation
within the film. The increased crystallinity resulting
from annealing helped increase charge stability due
to the difficulty of charges escaping from deep traps
[20]. Consequentially, the surface charge behavior is
enhanced as a result of changes in the chemical and
crystal structures of the dielectric.

3.3. Chemical and crystal structure

Surface chemical structural changes resulting from
electro-thermal stresses in the Pure and treated
samples were investigated using FTIR spectroscopy
analysis. The wavenumber range of the character-
istic vibration peaks of the saturated C—H bonds was
specified from 2950 to 2837 cm™'. The locations of
the C—H), deformation vibration peak and the C—Hj;
symmetrical deformation peak were specified at
1454 cm ! and 1375 cm ™}, respectively. Meanwhile,
at wavelengths ranging from 3800 to 3100 cm ' and
from 1900 to 1600 cm ', carbonyl (C=0) and hy-
droxyl (-OH) groups were specified, respectively
[26]. Still, the spectra of the pure, treated, and
stressed samples are presented in Fig. 7.

The characteristic absorption peaks of the PG
sample exhibited a noticeable intensification, indi-
cating alterations to the molecular and composi-
tional structure. The alterations were manifested by
the formation of C=0 and —OH groups, as well as
an increase in crystallinity compared to the pure
sample. These are a result of a combination of fac-
tors, including thermal degradation, oxidation, and
the existence of decomposition products. The
spectra of the treated FA1, FA2, and FA3 samples
showed a non-monotonic reduction in the charac-
teristic absorption peaks with an increased fluori-
nation time of 15—60 min. This decline indicates that

the weaker C—H bonds, with a bond energy of
414 kJ/mol, were broken as a result of the strength of
the C—F bonds, with a bond energy of 544 kJ/mol
[26].

The spectra of the FAl, FA2, and FA2 samples
exhibited the formation of prominent broadband
distinctive peaks at 1300—1020 cm ™ '. The increased
fluorine concentration on the surface causes the
saturated C—H bonds to break and the formation of
the C—F groups. Elemental substitution, chain
cleavages, and cross-linking reactions are combined
to alter the surface properties of samples. The fluo-
rine's high electronegativity led to strong polar
bonding between C and F that could contribute to
improved film thermal stability. Under applied
stressors, fluorine encouraged the cleavage of the
long chains, which produced polar groups. In this
regard, the FA1 sample's spectra revealed a marked
rise in the peaks of saturated C—H bonds compared
with the treated. This demonstrated the formation of
new chemical bonds resulting from those stresses.
These stresses broke the C—F bonds, reducing the
intensity of the absorption peaks associated with
these bonds and revealing the degradation of the
molecular structure. Meanwhile, the FA2 spectrum
showed the crystallinity and characteristic peaks of
the C—H and C—F groups increasing during treat-
ments. The FA2 sample surface's C—F bond accu-
mulation resulted in a denser molecular
conformation. This helped prevent the injection of
further charge from the electrode under the stresses,
thus lowering the absorption density of the polar
groups. The stresses encouraged cross-linking pro-
cesses and the formation of new chemical bonds,
which intensified characteristic absorption peaks.

On the other hand, the AF3 sample revealed a
reduction in the characteristic peaks of the C—H and
a significantly increased C—F group peak. Fluorina-
tion at high deposition rates (i.e.,, 60 min) can break
the surface chemical structure of the polymer film.
This could allow oxygen to permeate the surface
layer and accelerate oxidation processes as stresses
are applied. Consequently, the spectra of the FA3
sample revealed a marked increase in the polar
groups' intensity. Moreover, the high deposition rate
contributed to increased absorption peaks of the
crystalline phase at 997, 899, and 841 cm ! [28]. Tt is
found that the optimal fluorine layer (i.e., at 30 min)
significantly influences slowing down the aging re-
actions caused by the impact of applied stresses. By
producing a stable, inert surface that inhibits the
formation of free radicals and the penetration of
reactive oxygen species (ROS). The fluorine layer
acts as a barrier, shielding the polymer from
degradation and extending the film's lifespan.
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Fig. 7. FTIR spectra of Pure, treated, and electro-thermally stressed BOPP samples.

Using X-ray diffraction (XRD) analysis, the char-
acteristics of the crystal structure of the BOPP
samples were studied under electro-thermal
stressors. The XRD patterns of the samples are
displayed in Fig. 8. Meanwhile, the calculation re-
sults for crystallinity, reflection angle, and inter-
planar spacing are detailed in Table 2. The
reflection angles and corresponding interplanar
spacing were calculated based on Bragg's law (n
A = 2d sin 0). Where the X-ray source's wavelength
), the reflection angle 6, and the interplanar spacing
d in angstroms (A) are the law's parameters. The
crystallinity formula given in equation (1) was used
to calculate the total crystallinity percentage for
each sample.

On the XRD spectra of PP film, the characteristic
reflections (110), (040), and (130) of the a-crystals

(008)y (040)cx 110,040,130: a-crystals

3800 W 111,008: y-crystals
300,301: B-crystals
(300)

= A1y (110§
= T (130)a 301)B
<
£
z;
2 |rc
D
-
= | Fal
FA2
FA3

26 (°)

Fig. 8. XRD patterns for the Pure and treated BOPP samples during the
application of electro-thermal stresses.
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Area of crystalline peaks

Crystallinity =

Table 2. Crystallinity, reflection angle, and interplanar spacing results
for BOPP samples.

Samples Crystallinity 26 (°) Interplanar

spacing A)
Pure 68.1% 13.94, 16.80 6.348, 5.273
PG 79.3% 14.16, 17.03 6.249, 5.205
FA1 78% 14.11, 16.88 6.272, 5.248
FA2 78.2% 14.12, 16.94 6.267, 5.229
FA3 79.5% 14.15, 16.98 6.254, 5.218

typically appear as characteristic peaks at 20 equal
to 14.10°, 17.05°, and 18.61°. The vy-crystals' re-
flections (111) and (008) are at 13.84° and 16.71°. In
contrast, the B-crystals' reflections (300) and (301)
are located at 13.84° and 16.71°, respectively [29—31].
In this regard, analysis of the stressed samples
revealed that the reflection peaks (110, 141, and 130)
of the a-crystals decreased in both intensity and
width. Compared to the 13.94° and 16.80° of the Pure
sample, the two peaks of the diffraction angle
increased by 0.22° and 0.23° for the PG sample.

In contrast, they increased by 0.01° and 0.06° for
the FA1 sample and 0.03° and 0.04° for the FA3
sample, compared to 14.12° and 16.94° for the FA2
sample. On the other hand, the XRD pattern anal-
ysis revealed that the electro-thermal stresses have a
significant impact on crystallinity and correspond-
ing interplanar spacing. In comparison to the Pure
sample, the crystallinity of the PG sample increased
dramatically by 16.4%. The FAl, FA2, and FA3
samples, however, showed varying increases in
crystallinity of 14.5%, 14.8%, and 16.7%. The fluorine
atoms on the surface may also help pack and
arrange polymer chains.

The significant crystallinity observed in PG may
be due to the rearrangements of crystalline regions.
These events result from chain cleavages and de-
velopments in crystal size resulting from the crys-
tallization of the amorphous phase fraction. Given
that the interplanar spacing values are falling, it
implies that the chain spacing is also shrinking, and
cross-linking becomes more likely. Regardless,
fluorine can help encourage stronger inter-molecu-
lar interactions, which promote the hardness and
strength of the samples. Interestingly, alterations in
crystal structure had imposed effects beyond those
of chemical composition [20].

This implies that the charge traps of the dielectric
have a major influence on the trapping, de-trapping,

Area of all peaks (crystalline + amorphous)

x 100 (1)

transport, and generation of space charges. Chemi-
cal defects, such as impurities, defects in amorphous
and crystalline regions, and chain termini of mac-
romolecules, may all serve as charge traps.
Although compositional and structural changes
oppose each other, as fluorination enhances surface
conductivity while annealing reduces it, structural
changes have a significant impact on dielectric
performance. Therefore, these contrasting events
clearly destroyed the shallow surface traps and
created deeper charge traps.

3.4. Dielectric spectroscopy

This type of measurement was applied to inves-
tigate the electric dielectric performance of treated
BOPP samples under electro-thermal stresses.
During treatment, the tertiary hydrogen atoms,
secondary, and eventually primary (i.e, (CH,)
groups) were gradually substituted as the fluorina-
tion time progressed. Notably, the significant
growth of dipole polarization of (CF,) groups has a
critical role in the polarization process. Sample
surface molecules undergo cross-linking during
fluorination, restricting orientation polarization [22].

The loss factor (tan 3) is an important parameter to
measure energy dissipation and, hence, the dielec-
tric performance efficiency of polymer films. The tan
0 of the aged samples displayed a varying increase
in the frequency range from 0.01 to 1 MHz higher
than that of the Pure sample (Fig. 9). Samples FA2,

tan 8

SE-4

3.8E-4

2

102 10" 10° 10" 10?

100 10* 105 10°
Frequency (Hz)

Fig. 9. The tan 6 values for the pure and treated BOPP samples during
application of the electro-thermal stresses.
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PG, FA1, and FA3 all displayed varying increases in
tan 3 values by 0.8%, 9%, 15%, and 34%, respec-
tively, at 0.01 Hz when compared to 4.8 x 10 * for
the Pure one. Meanwhile, they increased to
11x107°1.37 x 10>, 1.53 x 10>, and 2 x 10> due
to an increase in dielectric relaxation loss as the
frequency increased to 1 MHz.

Enhanced low-molecular-weight radicals involved
in polarization often resulted in higher tan 3 values.
Therefore, the deposited fluorine layer on the sur-
face of the FA1 failed to prevent space charges from
being injected from the electrodes. This led to
oxidation and degradation events and caused a
noted increase in tan 8. In contrast, the fluorine
deposited at 60 min introduced additional dipole
moments and significantly increased the tan & value
of FA3. In this regard, changes in space charge dy-
namics and mechanisms caused by increased sur-
face fluorine content can degrade dielectric
properties. The local electric field is distorted as
space charge accumulates within the dielectric,
which increases the internal electromechanical
stress and causes an increase in loss.

On the other hand, the fluorine layer at 30 min
helped to prevent the accumulation of further space
charges by increasing the surface conductivity. This
resulted in a lesser increase in the tan 5 value of the
FA2 compared to the other samples. The dense
fluorine layer also radically changed the depth of
the charge trap and compensated for many of the
surface defects responsible for creating space charge
traps. The raised tan 5 value of PG can be attributed
to the impact of foreign materials and physical de-
fects within the sample. These materials and defects
activate as a catalytic mechanism to break the BOPP
chains under the action of the electric field. Also, the
tertiary protons in the film monomer units
(CH,CHCHj) can make the film susceptible to
oxidative degradation by free radical [34].

According to the mean value calculations of tan 3,
samples FA2, PG, FA1, and FA3 have recorded an
increase of 13%, 29%, 38.5%, and 87%, respectively,
compared to the Pure one. These results revealed
that the dielectric loss of FA2 did not show a sig-
nificant increase and remained within the permitted
limits. Consequently, this emphasizes the signifi-
cance of surface treatments carried out with special
care to enhance BOPP's aging resistance.

3.5. A.C. Conductivity

Under electro-thermal stresses, the dielectric
properties are changed chemically and physically,
increasing film conductivity. In this case, the dipole
orientation and the migration of charge carriers

brought on by space charge polarization could affect
the mechanism of AC conductivity (c,.) [32]. A
typical dielectric response indicates that o, is in-
dependent at low frequencies, in accordance with
the theory of dielectric physics. Yet, as shown in
equation (2), the empirical power law shows that

electrical conductivity increases at higher
frequencies.
O-a.c(w) =w 808// ((’)) =04ctAW" (2)

The equation parameters indicate that w is the
angular frequency (radians per second), ¢, is the
vacuum permittivity, and €" is the loss factor of the
dielectric or the imaginary part of the complex
permittivity. While A is a material-specific temper-
ature-dependent constant, n is a temperature- and
frequency-dependent exponent in the range
zero < n < unity, and o4, is the direct current
conductivity. The aging process causes oxidation
events and breaks the chains, hastening the
decomposition of the film and enabling the release
of more polar groups [33]. The development of the
polar group within samples is evident by the
apparent increase in o,

Regardless, the ca.c curves show variations in the
samples' conductivity depending on the circum-
stances of the surface treatments carried out, as
depicted in Fig. 10. At frequencies higher than
0.1 Hz, the conductivity of samples PG, FA1, FA2,
and FA3 increased according to the empirical power
law. Compared with the Pure sample, the mean
values for ca.c increased for the samples FA2, PG,
FA1l, and FA3 by 18.3%, 32.5%, 53.6%, and 67.7%,
respectively. The ca.c values gradually increased
and lost their frequency dependence, indicating that
the PG, FA1, and FA3 samples degraded. The con-
ductivity curves of the samples are represented as

R
i
;
é
é

AC conductivity o, . (S/cm)

2

102 10" 10" 10" 10> 10° 10* 108 10°

Frequency (Hz)

Fig. 10. AC conductivity patterns as a function of frequency at RT for
pure and treated BOPP samples during electro-thermal stresses.
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constant values at frequencies between 10" and
102, The oxidation causes the formation of conju-
gated double-bond groups with the film's chemical
structure. This will facilitate the electrons' mobility,
impacting the overall conductivity [35].

As the electro-thermal stresses increased, the
chemical composition of the polymer changed,
causing new charge carriers to develop and
enhancing their mobility within the film matrix. The
noteworthy rise in ca.c of FA1 and FA3 at low fre-
quencies is mostly due to the influence of interfacial
polarization and the accumulation of charge carrier
mobility [36].

3.6. Dynamic mechanical analysis

In this test, the FA3 sample was excluded due to
its unsatisfactory results, which unequivocally
showed a degradation in its properties. While the
Pure, PG, and FA1 were tested as backgrounds for
sample FA2. The storage modulus, loss modulus,
and loss factor (tan delta) curves for samples are
displayed in Fig. 11. The rise in crystallinity led to
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various increases in the storage and loss moduli. It
should be noted that the storage modulus is greater
in the crystalline region than in the amorphous one
[37].

For the Pure, PG, AF1, and AF2 samples, the
storage moduli generally started to decline at
different temperatures at 3.32 °C, -717 °C,
—9.98 °C, and —4.54 °C, respectively. In contrast, the
storage moduli of samples Pure, PG, AF1, and AF2
began with values of about 2865, 3500, 1640, and
7000 Mpa, respectively. A higher storage modulus
value indicates a greater ability of the material to
store energy. Two temperature peaks can be seen in
the loss modulus, which are roughly 1.76 °C and
32.25 °C for the Pure sample and roughly 1.53 °C
and 136.07 °C for the PG sample, respectively. These
peaks correspond to the B- and a-transitions for a
film. In return, the loss modulus for the FA1 and
FA2 samples revealed a single temperature peak at
about 3.35 °C and 9.59 °C, respectively. The abrupt
drop in loss modulus is associated with the mate-
rial's relaxation time, the time required for chains to
change in response to the applied stress. Thus, the
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Fig. 11. DMA curves of storage modulus, loss modulus, and loss factor for the pure and treated BOPP samples during electro-thermal stresses.
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material's viscous response is lost if it doesn't have
enough time to flow.

The tan delta curve of the Pure sample revealed
two peaks at 10.68 °C and 33.97 °C, which are
attributed to the B- and a-transitions. In contrast to
the Pure sample, the PG sample showed higher
peaks at 15.16 °C and 111.94 °C, which indicated a
definite shift toward a higher temperature. The tan
delta curve showed peaks at 5.63 °C and 110.95 °C
with regard to FA1, whereas it showed a single peak
at 11.48 °C for sample FA2. The peak of the a-tran-
sition has moved to a higher temperature and, as a
result, did not appear on the adopted temperature
scale. Among many calculating methods that
employ the loss modulus or the storage modulus,
the glass transition temperature (T,) was calculated
using the tan delta curves. It represents the localized
maximum of the loss factor on the curve. Tan delta
curves offer data on the material's energy dissipa-
tion and viscoelastic behavior impacted by the glass
transition.

The T, of materials can thus be determined and
studied using tan delta curves. The material—glass
transition region is related to the tan delta peak
because, in deformation conditions, the viscous
response to the elastic response proportion is
higher. The behavior of the T, varied depending on
the chemistry of each sample. The apparent peak in
the pure sample at 10.68 °C is attributed to T, or B-
relaxation. It was found that the PG sample has a T,
of 4.48 °C higher than that in the Pure. Meanwhile, it
was observed that the T, for the samples AF1 and
AF2 increased by 2.48 °C and 0.92 °C, respectively,
compared to the Pure one. The high T, value of the
PG sample indicates that chain cross-linking
occurred as a result of the polymer chains' restric-
tion on rotational motion.

The PG and AF1 samples' decreased loss modulus
values indicate that the material changed from an
elastic flow to a plastic flow behavior. The formation
probability of micro- and nanovoids on the sample
surface increased due to the significant degradation
of ductility. The FA1l sample's comparatively low
storage modulus was also attributed to cross-links
or weak noncovalent chemicals that formed within
the sample. The AF2 sample, on the other hand,
retained its ductility and saw the least change in T,
value among samples, which enhanced its resis-
tance to mechanical deformation [38].

The results imply improved thermal stability and
resistance to deformation of the FA2 sample under
raised temperatures. An acceptable slight increase
in stiffness and a decrease in energy dissipation (i.e.,
the ability to dissipate energy while deforming) are
indicators of the desired improvement.

4. Conclusion

The study methodology and result analysis have
demonstrated the impacts of optimal fluorination
and annealing processes on the properties of BOPP
film. On the other hand, the treated samples' aging
resistance behavior under electro-thermal stressors
is investigated.

The following is a summary of the key conclusions:

1. The conflicting fluorination and annealing
events on the FA2 surface resulted in enhanced
crystallinity, surface roughness, and denser
surface molecules. As a result, many physical
interfaces to the charge traps and deep charge
traps were established, accelerating the surface
potential decay by 87.6%.

2. Charge traps formed mitigated the impacts of
the electric field at the metal—dielectric interface
and limited the injection of more charges into
the FA2 sample. Thus, tan & showed a slight
increase of 13% and a limited conductivity in-
crease of 18.3% for the FA2 sample, in contrast to
the other samples that revealed a deterioration
in their properties.

3. The AF2 sample showed improved mechanical
properties manifested by a high storage modulus
of 7000 MPa, a loss modulus temperature peak of
9.59 °C, and a T, value evolution of 0.92 °C. These
results indicate the sample's ability to resist
gradual deformation, the highest energy dissi-
pation, and favorable ductility under stress.

The results verified the effectiveness of surface
treatments in enhancing BOPP film's aging resis-
tance for capacitors. Yet, for an in-depth evaluation,
more investigations are needed to determine the
impact of surface treatments on other electrical
properties of dielectric.
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