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Abstract

In response to the stringent requirements for future DC-link capacitors in electric vehicles
(EVs), it is desirable to develop dielectric polymer films with high temperature tolerance (at least
105 °C) and low loss (dissipation factor, tand <0.003). Although the biaxially oriented
poly(ethylene terephthalate) (BOPET) film has an alleged temperature rating of 120 °C, its
dielectric performance in terms of breakdown strength and lifetime cannot satisfy the stringent
requirements for power electronics in EVs. In this work, we carried out a structure-electrical
insulation property relationship study to understand the working mechanism for various PET films,
including a commercial BOPET film, an amorphous PET (AmPET) film, and two annealed PET
films (AnPET, i.e., cold-crystallized from AmPET). Structural analyses revealed a uniform edge-
on crystalline orientation in BOPET with the @" axis in the film normal direction. Meanwhile, a
high content of the rigid amorphous fraction (RAF) was identified for BOPET, which was resulted
from biaxial stretching during processing. On the contrary, AnPET films had a random crystal
orientation with lower RAF contents. From dielectric breakdown and lifetime studies, the high
crystallinity AnPET film exhibited better electrical insulation than BOPET, and AmPET had the
worst electrical insulation. Electrical conductivity results revealed that the high RAF content in
BOPET led to high breakdown strength and long lifetime only at low temperatures (<100 °C).
Meanwhile, PET crystals were more insulating than the amorphous phase, whether mobile, rigid
or glassy. In particular, the flat-on lamellae in the AnPET film were more effective than the edge-
on lamellae in BOPET to block the conduction of charge carriers (electrons and impurity ions).
This understanding will help us design high-temperature semicrystalline polymer films for DC-

link capacitors in EVs.



Introduction

A direct current (DC)-link capacitor is an important passive component of power
electronics in electric vehicles (EVs), which connects the DC/DC converter or battery and the
DC/alternating current (AC) inverter for powerful electric drive.! Compared to ceramic®* and
electrolytic capacitors,® polymer film capacitors have advantages of high ripple current, high
voltage, low loss, and self-healing capability,””’ and are proven to be the most suitable technology
for high voltage, high temperature, and high ripple current power electronics used in EVs.! 8
Among many polymer film capacitors, biaxially oriented polypropylene (BOPP) film capacitors
are the state-of-the-art technology.> % %1% The thinnest BOPP film is about 2.5 um thick without

L9 Thinner

sacrificing any dielectric performance in terms of breakdown strength and lifetime.
polymer films increase the capacitance density at the capacitor level and save material costs for
capacitors. However, BOPP film capacitors have a low temperature rating of only 85 °C,
significantly lower than the 140 °C ambient temperature in the insulated gate bipolar transistor- or
SiC-based inverter unit. As a result, a 60-70 °C water cooling system must be used to keep the
BOPP film capacitors below 85 °C.!  This is largely attributed to the 30-50% voltage derating
because of the deteriorated breakdown strength and lifetime of the BOPP film. In addition, BOPP
has a low dielectric constant and thus the film-level energy density is low.

In response to the stringent requirements for DC-link capacitors in EVs, it is desirable to
develop a high temperature dielectric film that possesses good dielectric properties as BOPP (i.e.,
low dielectric loss, high breakdown strength, and long lifetime). Note that the film thickness
should be comparable to that (2-3 um) of the state-of-the-art BOPP film in order to keep a high
capacitance density for low material costs. In the past decade, many research efforts have been

11-18

carried out to search for next generation polymer dielectrics. However, most of them focus



on increasing dielectric constant and energy density for polymer or polymer nanocomposite films.
One should be cautious about pursuing high polarization, because more polarization mechanisms
(e.g., orientational, interfacial, and space charge polarizations) cause higher dielectric losses.'? In
practical capacitor applications, when the dissipation factor (tand) is above 0.003, polymer film
capacitors will suffer from high heat generation during operation.® Therefore, pursuing low
dielectric loss while enhancing high temperature tolerance should be the first priority for DC-link
capacitors in EVs.

Among various high temperature capacitor films, such as poly(phenylene sulfide) (PPS),'*-
20 polycarbonates (PC), and poly(ether imide) (PEI),>! poly(ethylene terephthalate) (PET) and
poly(ethylene naphthalate) (PEN) are the most promising, because they can also be readily
processed into high quality thin films down to 1 um using biaxial orientation via the tenter-line
processing.”> Their dielectric constant is about 3.3-3.5; therefore, the energy density is about 1.5
times that of BOPP. Meanwhile, the temperature ratings are 120 °C for biaxially oriented PET
(BOPET)® and 150 °C for biaxially oriented PEN (i.e., BOPEN).?> Despite good dielectric
performance at low temperatures (<80 °C), BOPET films have been practically proven not suitable
for DC-link capacitors in EVs, because they exhibit a higher electric conduction and a lower
breakdown strength/lifetime than BOPP films at high temperatures. @ The fundamental
understanding for this observation is still lacking.

In this study, the structure-electrical insulation property relationship was studied for
various PET films, including a commercial BOPET film, a melt-extruded amorphous PET
(AmPET) film, and two cold-crystallized PET films (i.e., AmPET annealed at 120 and 190 °C,
denoted as AnPET-120 and AnPET-190, respectively). From both structural and thermal analyses,

crystallinity, content of rigid amorphous fraction (RAF),>*?¢ and crystalline lamellar orientation



were determined for these PET films. Correlating to these structural parameters, dielectric
breakdown strength and lifetime were investigated for different PET films. Effects of RAF and
crystal orientation were discussed in order to understand the primary reason for the unsatisfied
dielectric performance of BOPET, especially at elevated temperatures. This knowledge will help

us to develop new low loss BOPEN films for even higher temperature rating up to 150 °C.2?’

Experimental Section

Materials and Sample Preparation. The BOPET film (6.0 um) was provided by SBE,
Inc. (Barre, VT). PET resin was purchased from Eastman Chemical Co. (Eastar 6763, Kingsport,
TN), and was dried under vacuum at 80 °C for 2 d prior to melt extrusion. The amorphous PET
(AmPET) film was melt-cast at 260 °C with a film thickness of ca. 10 pm. The AnPET films were
prepared by annealing the AmPET above the glass transition temperature (Tg) for cold
crystallization. Two temperatures, above (i.e. 190 °C) and below (i.e. 120 °C) the peak cold-
crystallization temperature (i.e., 145 °C), were chosen to obtain randomly oriented PET crystals.
The annealing time was set as 2 h to complete the cold crystallization at both temperatures (see
Figure S1 and discussion in the Supporting Information). This result was consistent with those
reported before.” %

Characterization Methods and Instrumentation. 'H solid-state nuclear magnetic
resonance (ssNMR) echo (90-t-90-1) experiment was conducted using a Bruker AVANCE 111 300
MHz instrument equipped with a 4 mm double resonance probe. The 'H resonance frequency is
300.1 MHz. The 'H 90° pulse was 2.3 us and the echo delay time (t) was set to 7 us (or 200 us)

to record all the proton signals.

Conventional and temperature-modulated differential scanning calorimetry (DSC and



TMDSC) experiments were performed on a TA Q2000 DSC (TA Instruments, New Castle, DE)
under a nitrogen flow at 50 mL/min. For conventional DSC, the scanning rate was 10 °C/min.
For TMDSC, the protocol with a heating rate of 2 °C/min and a modulation amplitude of 0.32 °C
for every 60 s was chosen. This protocol has been reported to show high sensitivity and
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resolution, and thus is suitable for studying microstructure evolution in semicrystalline

polymers.

Two-dimensional (2D) small-angle X-ray scattering (SAXS) and wide-angle X-ray
diffraction (WAXD) measurements were conducted at the beamline BL16B1 of the Shanghai
Synchrotron Radiation Facility (SSRF, Shanghai, China). The monochromatic X-ray beam
operated at a wavelength of 0.124 nm with a beam size of 300500 um?, and the sample-to-detector
distances for WAXD and SAXS experiments were 131 and 1866 mm, respectively. The 2D
SAXS and WAXD images were collected with an X-ray charge-coupled device (CCD) detector
(Model SX165, resolution of 2048%2048 pixels, Rayonix Co. Ltd., Evanston, IL).

Breakdown strength of PET films was measured using a home-made fixture. Aluminum
electrodes of 50 nm thickness and 4.57 mm? area were thermally deposited on both sides of the
film. High voltage was supplied by a Quadtech Guardian 20 kV HiPot tester (Marlborough, MA),
and was ramped at a speed of 500 V/s until dielectric breakdown. All breakdown tests were
carried out in silicone oil to avoid surface corona discharge. At least forty repetitions were
measured for each sample for perform the Weibull statistical analysis.

Broadband dielectric spectroscopy (BDS) measurements were performed on a Novocontrol
Concept 80 broadband dielectric spectrometer with temperature control (Montabaur, Germany).
The applied voltage was 1.0 Vs (i.€., root-mean-square AC voltage). Temperature scans were

performed from -100 to 180 °C at a heating rate of 2 °C/min with frequency ranging from 1 Hz to



1 MHz. Frequency scans were performed with frequency from 10 Hz to 10 MHz under a
constant temperature. 20 nm gold (10 mm diameter) was evaporated on both sides of the PET
films as electrodes with an area of 78.5 mm?.

Low-field (<120 MV/m) leakage current measurements were performed using a
Novocontrol Concept 80 broadband dielectric spectrometer equipped with a Keithley 6517B
electrometer. Immediately after the application of a DC voltage, the leakage current was
recorded for 30 min at each temperature. The steady-state current was used to calculate the bulk
conductivity: 6 = J/E, where J is the current density and E is the applied electric field. To avoid
the interference of discharge currents and to minimize ionic conduction, the leakage current
experiments were conducted with DC voltage from low to high and temperature from high to low.
50 nm thick aluminum (10 mm diameter) was evaporated on both sides of the film sample. High-
field (up to 600 MV/m) leakage current was measured by a Premiere II ferroelectric tester (Radiant
Technologies, Inc., Albuquerque, NM) equipped with a Trek 10/10B-HS high voltage amplifier
(0-10 kV AC). Tests were performed in silicone oil at different temperatures. Aluminum
electrodes with 50 nm thickness and 5.15 mm? area were coated on both sides of the film. A
period of 21 s was used as both the soak and measurement time to lower the transient current and
avoid breakdown during tests.

Lifetime measurement was carried out using a self-built apparatus. A schematic
representation of the electric circuit is shown in Scheme S1.  High DC voltage was supplied using
a Matsusada AMT-20B10-B high voltage amplifier. A thin layer of gold (ca. 5 nm) was
evaporated onto both sides of the film with an overlapping area of 78.5 mm?. It was important
to keep the gold electrode thin (i.e., semi-transparent to light) in order to achieve self-healing." "

33 The film sample was immersed in silicone oil to avoid surface corona discharge.



Temperature was controlled using an Arex-6 Conn. Pro System (Chemglass, Vineland, NJ). A
National Instruments card (NI USB-6002, Austin, TX), which was in parallel with a 4 kQ resistor,
was used to record the breakdown event as a function of time using LabVIEW. Sample
capacitance was measured before and after each lifetime test. Capacitance change as a function
of time was estimated by assuming each breakdown caused the same decrease in capacitance for

the sample.
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Figure 1. Baseline normalized solid state 'H NMR at different temperatures: (A) 100 °C, (B)

120 °C, and (C) 140 °C. The echo delay time (t) was set to 7 ps.  After peak-fitting, the frar,

MAF, and feryse are shown in the plot (C).

Results and Discussion

Determination of RAF Content in Various PET Films. For semi-rigid crystalline
polymers, the three-phase model is commonly used to describe the microstructure, i.e., the
crystalline phase, the mobile amorphous fraction (MAF) and the RAF between the crystalline
phase and the MAF.>* 2> % Egpecially, large-scale plastic deformation during mechanical
stretching can lead to oriented amorphous chains stemming out from the oriented crystals.?’
ssNMR spin-diffusion experiments have been used to provide information about microdomains
with different chain mobilities in heterogeneous polymers.>**  In this study, '"H ssNMR was used

to demonstrate the existence of RAF in various PET films. The baseline-normalized '"H NMR



spectra at different temperatures are shown in Figure S2 (T < 100 °C) and Figure 1 (T > 100 °C).
Below 70 °C (Figure S2), a very broad 'H peak was observed, because all samples were below
their T,. At 90 °C (Figure S2), AmPET exhibited a narrower 'H peak, indicating enhanced chain
mobility above its T, at 76 °C. In order to observe distinct differences in molecular mobility for
the three components, the test should be conducted above the dynamic Ty at the time scale of the
ssNMR experiment.*®

When the temperature increased to above 100 °C, chain mobility in the AnPET and
BOPET films started to enhance. Especially for the temperature above 120 °C, the AnPET
showed a sharp resonance peak compared to BOPET (Figure 1), indicative of the existence of
microdomains with a higher chain mobility. Deconvolution of the ssNMR spectra at 140 °C was
performed to obtain contents of three components (feryst, fRar, and fmar); see Figure S3.  As shown
in Figure 1C, BOPET had a significantly higher frar and thus a lower fumar than AnPET-120 and
AnPET-190 at 140 °C. Meanwhile, the full-width at half maximum (FWHM) for RAF in BOPET
was much larger than that in AnPET, i.e., 14.2 kHz for BOPET vs. 10.9 kHz for AnPET-190 and
11.9 kHz for AnPET-120, indicating that the RAF in BOPET had a lower chain mobility than that
in AnPET. Note that ssNMR cannot accurately determine the content of three components,
because the peak shape also depended on the echo delay time (e.g., 7 us for Figure 1). It was
observed that at a longer echo delay time of 200 ps, signals from the rigid and semi-rigid
components would be completely screened out, as shown in Figure S4. Below, we used TMDSC
and WAXD to determine the crystallinity (xc). Then, we used BDS to determine the MAF content.
After subtraction, the RAF content could be determined. Note that this method can be more
versatile, because it does not depend on the known heat capacity values and can be applied to

polymers that are not listed in the ATHAS data bank.’
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Figure 2. (A) Conventional DSC first-heating curves for different PET films at a heating rate of
10 °C/min. (B) TMDSC first-heating curves with a modulation period of 60 s and an amplitude
0f 0.32 °C. The heating rate was 2 °C/min.

Although conventional DSC was performed for various PET films (Figure 2A), the
crystallinity (xc) was difficult to be accurately determined due to the influence of cold
crystallization and/or crystal perfection during the normal heating speed at 10 °C/min.**  Since
TMDSC can separate reversible processes from irreversible processes under certain appropriate
conditions, it was used to reveal the microstructure and determine the initial crystallinity for
various PET films (see Figure 2B and Figures S5A-C). The characterization results are
summarized in Table 1. For AmPET, T, was determined by conventional DSC to be 76 °C,
consistent with the result for purely amorphous PET.?% 3% 3 Meanwhile, its amorphous nature
for AmPET was also confirmed by the WAXD result later. Based on the TMDSC results, the T,
values for BOPET, AnPET-120, and AnPET-190 were found to be 99, 85, and 81 °C, respectively
(see Figure S5D). The xc was calculated from the sum of melting and crystallization processes

observed in the reversing and non-reversing curves, as shown in Figure S6.4° Here, AH}) =

140.2 J/g3”  The related results are shown in Table 1, i.e., 42% for BOPET, 21% for AnPET-120,

11



and 33% for AnPET-190. These results are consistent with those reported for BOPET*! and cold-
crystallized PET.

The Ty and x. values obtained by other methods (i.e., BDS for T, and WAXD for x.) are
also listed in Table 1. Although the absolute values of T and x. varied for different measurements,
the trends appeared to be similar. That is, BOPET had the highest crystallinity as well as the
highest RAF. Another interesting phenomenon was that the trend of Ty was different from that
of x. in the annealed samples, i.e., the x. in AnPET-190 was higher than that in AnPET-120.
However, AnPET-120 exhibited a higher Ty, suggesting a somewhat higher RAF content. This
is consistent with previous reports that low temperature cold-crystallized polymers had a higher

content of RAF.?% 42
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Figure3. Temperature-scan BDS results of (A,C,E,G) &/ and (B,D,F,H) &," for various PET films:
(A,B) BOPET, (C,D) AnPET-120, (E,F) AnPET-190, and (G,H) AmPET.
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Table 1. T, x., and xrar Determined by Different Methods.

sample xe (%) xc (%) T, (°C) T, (°C) xrar (%) xrar (%)
(TMDSC) (XRD)¢ (TMDSC)  (BDSatl1Hz) (NMR)¢ (TMDSC-BDS) ¢

AmPET 0 0 76° 81 - -

AnPET-120 21 14 85 90 26 29

AnPET-190 33 35 81 84 19 16

BOPET 42 36 99 100 31 34

4 Calculated using the 1D WAXD profiles integrated from 2D WAXD patterns. Note that the crystallinity
calculated from the oriented WAXD pattern of BOPET may not reflect the true crystallinity due to crystal
orientation.

> AMPET Ty is calculated from conventional DSC.

¢ Taken as the frar in the deconvoluted 'H ssNMR spectrum at 140 °C (see Figure S3).

4 Calculated using the percentage of total amorphous phase from TMDSC minus the percentage of MAF from
BDS.

For a semi-rigid polymer with polar groups in the main chain such as PET, the MAF
contributes to the dielectric constant change during glass transition, whereas RAF should not.
Figure 3 shows temperature-scan BDS results for BOPET, AnPET-120, AnPET-190, and AmPET.
The dynamic T, determined by the relaxation peak in the " curves at 1 Hz was 100, 90, 84, and
81 °C, respectively. These values were slightly higher than those determined by DSC, but the
trend was similar. The dielectric constant increment (Ag;") values during the glass transition at 1
Hz are also shown in Figure 3. The A&’ for AmPET was 2.11.  If this value was taken as 100%
amorphous, then the MAF contents in AnPET-120, AnPET-190, and BOPET were calculated to be
50%, 51%, and 24%, respectively. Using the non-crystalline contents from TMDSC (i.e., 75%
for AnPET-120, 68% for AnPET-190, and 59% for BOPET), the RAF contents were calculated to
be 29%, 16%, and 34% for AnPET-120, AnPET-190, and BOPET, respectively.

It has been reported that the xrar was determined by quasi-isothermal TMDSC to be around
40% for cold-crystallized PET at 117 °C,” significantly higher than 29% determined by the
TMDSC-BDS method. It is imperative for us to compare these two experimental methods and
understand the different xrar values. Note that the xrar determined by quasi-isothermal TMDSC

is right at the T, for the sample studied, whereas BDS needs to heat above the T range to obtain
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xmar. In Figure 3, for example, we need to heat to 120 °C to determine xmar. As such, the xrar
determined by the TMDSC-BDS method should be around 120 °C, which is higher than the T
values for all the PET films (i.e., 80-100 °C). It has been reported that significant devitrification
happens for RAF around the Ty range for various semicrystalline polymers, including PET,
poly(butylene terephthalate) (PBT), and isotactic polystyrene (iPS).***>  For example, the xraF is
ca. 42% for a melt-crystallized PET at 80 °C, and it decreases to 18% at 120 °C.* Beyond the
T, range, the decrease in xrar becomes gradual and eventually RAF disappears above a certain
temperature (below the T, e.g., 210 °C for PET**%). Therefore, significant devitrification of
RAF around the T, range should explain why the xrar determined by TMDSC-BDS is lower than
that determined by quasi-isothermal TMDSC. Since we are interested in the high temperature
insulation property (i.e., above 100 °C), the xrar determined by TMDSC-BDS should be more
relevant.

For the commercial BOPET film, xrar = 0.34, which is slightly higher than that reported
in the literature for BOPET with a 3.5x3.5 draw ratio (xrar ~ 0.31).*'  We consider that it is likely
that the draw ratio for the commercial BOPET is higher than 3.5%3.5, and more RAF is formed

during the tenter-line biaxial stretching process.*?
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Figure 4. 2D WAXD patterns for BOPET [(A) flat-on and (B) edge-on], (C) AnPET-120, and
(D) AnPET-190 at room temperature. (E) Corresponding 1D WAXD profiles for different PET
films.

Lamellar Crystal Orientation in Different PET Films. Lamellar crystal structures in
these PET films were characterized by SAXS and WAXD. SAXS results are shown in Figure S7.
Since lamellar scattering concentrated on the horizontal direction when the X-ray was flat-on to
the film (Figure S7A), PET crystals oriented vertically in the BOPET film (see the right panel of
Scheme 1). For AnPET-120 and AnPET-190, random lamellar orientation was observed (Figure
S7B,C and see the left panel of Scheme 1). The weaker SAXS peak intensities for BOPET and
AnPET-120 indicated poorer lamellar stacking than that in AnPET-190. From the SAXS peaks
in Figure S7D, the long periods for BOPET, AnPET-120, and AnPET-190 were 13.6, 11.2, and
15.4 nm, respectively. Using the TMDSC crystallinities, crystalline lamellar thicknesses were
calculated to be 5.53, 2.80, and 4.90 nm for BOPET, AnPET-120, and AnPET-190, respectively.

PET crystal orientation was further characterized by 2D WAXD, and results are shown in

Figure 4. For BOPET, the flat-on WAXD pattern showed isotropic reflections, indicating a more
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or less random orientation with respect to the film normal direction (ND; see Figure 4A). This
suggests that the biaxial stretching along the machine (MD) and the transverse directions (TD)
should be similar. From the edge-on WAXD pattern, the (100) reflection (i.e., a*) was observed
in the vertical direction, whereas the (010) reflection (i.e., b*) tilted in the quadrant direction
(Figure 4B). Therefore, the WAXD pattern should be a (100)-uniaxial pattern with the c- and b-
axes oriented in the film (see the right panel of Scheme 1). In other words, the lamellar crystals
oriented edge-on in the BOPET film. For AnPET samples, random crystal orientation was
observed (Figures 4C,D; see the left panel of Scheme 1).

From the WAXD patterns for BOPET (Figures 4A,B), we can see that the film was not
ultradrawn mechanically; therefore, no mesophase, which was reported for ultradrawn PET
fibers,*, should be present. In addition, when PET was uniaxially drawn below the T,, a
precursor mesophase was observed before cold crystallization, as evidenced by the smectic-like
ordering on the meridian.’. However, when stretched above the T, no such mesophase could be

.49 Since all tenter-line BOPET films are processed above the T,,?? no such precursor

seen.
mesophase should exist for the BOPET film. Therefore, we do not need to consider the influence

of mesophase on the RAF in this study.

BOPET
;a*
2 TIT
I I33E
553 CLELS
. 200D
random lamellae edge-on lamellae

Scheme 1. Schematic of crystal orientation in the AnPET (including both AnPET-120 and
AnPET-190) and the BOPET films.
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The crystallite size (dnk) along each axis was estimated using the Scherrer equation after
peak-fitting (see Figure S8), and results are shown in Table 2. It is seen that the dioo and doo
were smaller than the doio for BOPET. The crystallite sizes (dioo and doio) of BOPET were
smaller than those of AnPET-190 regardless of its random orientation. Due to poor cold
crystallization in AnPET-120, all crystallite sizes were the smallest because of limited crystal
growth. Meanwhile, the crystallinity determined by WAXD (see Figure S8D) was not very

accurate due to weak and broad WAXD reflections from the poor crystals.

Table 2. Calculated Crystallite Size along Each Axis using Scherrer Equation.?

Samples di0o do1o doo1 [ (SAXS)
(nm) (nm) (nm) (nm)
BOPET (flat-on)  5.15 6.57 5.48 5.53
BOPET (edge-on)  3.88 6.84 5.99 -
AnPET-190 5.73 7.04 6.30 4.90
AnPET-120 4.25 4.19 3.73 2.80
4 The crystallite size (dhk) is calculated using Scherrer equation: dpy; = m%ghkl’ where K = 1.0,

A is the X-ray wavelength, B is the full width at half maximum, and O is the half scattering angle
for the (hkl) reflection.

b Method proposed by Hisao et al.:*® Dgg; = Dy1; cOSa; > where a; is the angle between (001)
and (011) planes, which is calculated to be 27°.

800 - L = BOPET o BOPET
-A ‘71 * AnPET-120 B o AnPET-120
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E 400 E
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Figure 5. (A) Weibull characteristic Ey (o) and (B) slope (B) for different PET films as a function
of temperature. Lines are used to guide the eyes. The BDS Ty at 1 Hz was marked with dotted
lines. The Weibull plots are shown in Figure S9.

Dielectric Breakdown and Lifetime of Various PET Films. Given the understanding
of crystalline structures in these PET films, dielectric insulation properties including breakdown
strength (Ep) and lifetime analyses were carried out.>® For Weibull analysis of breakdown
strength, at least 40 individual samples with a parallel plate capacitor geometry and an electrode
area of 5.15 mm? were tested for each data point. Experimental data were analyzed using two-
parameter Weibull statistics (Figure S9). The characteristic Weibull strength (o) or Ep at 63.2%
failure probability and the Weibull slope (B) as a function of temperature are plotted in Figures SA
and B, respectively. At room temperature (i.e., below Tg), Ep values of different samples were
similar. When temperature increased to 50 °C, the Ep for AmPET and AnPET films showed
certain increases. This was attributed to the decreased brittleness of AMPET and AnPET when
increasing the temperature close to their Tg. Note that at room temperature, both AmPET and
AnPET films were brittle, and crazing failure under the high Maxwell pressure made the Ey, low.
When temperature further increased, especially above the Tg of each PET film, the Ey, exhibited an
obvious decrease, primarily owing to enhanced segmental motion of polymer chains to facilitate
transport of charge carriers. The decrease in Ep was the most significant for AmPET (up to
100 °C). Note that the AmPET would not cold crystallize in a short time under 100 °C.
Therefore, amorphous PET was the most conductive for charge carriers.

After AmPET crystallized (i.e., AnPET-120 and AnPET-190), E; significantly increased,
suggesting that crystals were more insulating than amorphous PET regardless of the random crystal
orientation. Between 50 °C and T, around 100 °C, the AnPET films had even higher Ey than

BOPET. Above 100 °C, AnPET-190 and BOPET exhibited the highest E,. Besides high
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crystallinities (33% for AnPET-190 and 42% for BOPET; see Table 1), the reasons for their high
breakdown strength might be somewhat different. AnPET-190 had a random crystal orientation.
Some lamellae must be oriented flat-on in the film (see the left panel in Scheme 1), and they served
as effective blocks for the conduction of charge carriers (e.g., injected electrons). For BOPET,
all lamellar crystals were edge-on in the film (see the right panel in Scheme 1), and the blocking
effect from these edge-on crystals should be limited. However, the high RAF content in BOPET
should be responsible for reducing the chain mobility and thus charge carrier conductivity.
Similarly, the Weibull slopes also exhibited certain temperature dependence and were
related to the Tg of PET films (Figure 5B). The Weibull slope for BOPET was the highest among
all samples for T < 100 °C, primarily owing to the uniform film thickness from biaxial film
processing. In addition to the uniform film thickness, surface roughness can also influence

dielectric breakdown, as reported recently.>?
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Figure 6. Normalized capacitance (Cp/Cp) as a function of time for the AmPET film during
lifetime tests at 50 °C. The applied DC fields ranged from 300 to 450 MV/m.
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Note that the Weibull breakdown study only analyzed the first breakdown strength for each
sample, and the first breakdown could be related to extrinsic defects during the film processing.
To reflect the intrinsic insulation property, it would be better to study the lifetime of dielectric films

33,54 where the dielectric

with repeated breakdowns.”! Different from our previous reports,
lifetime tests were performed in air, the film sample was immersed in paraffin oil to avoid corona
discharge. In such a way, we observed that each breakdown only generated a small pinhole,
rather than large and connected breakdown holes due to the plasma-enhanced breakdowns in air.>
% When holding at a certain DC electric field, initial breakdown events should have eliminated
the extrinsic defects, and later breakdowns should more or less reflect the intrinsic insulation
property of the film. Example breakdown histograms for BOPET, AmPET, AnPET-120, and
AnPET-190 films under a constant DC field are shown in Figure S10. By assuming that each
breakdown event cleared out the same amount of metal electrode, the capacitance decrease during
the lifetime test could be obtained and reflected by the normalized C,/Cpo (Cp and C,o are
capacitance at time t and 0 s, respectively). Typical lifetime results for the AmPET film at 50 °C
are shown in Figure 6. For 300 MV/m, the AmPET film survived 40000 s without significant
decreased in capacitance. When the electric field increased to 350 and 400 MV/m, the lifetime
at 5% capacitance loss (tose,) was around 900 s. Finally, for 450 MV/m, the tose, drastically

decreased to 88 s. At the end of lifetime test, the normalized capacitance decreased to as low as

25%.
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Figure 7. Normalized capacitance (Cp/Cp) as a function of time for (A,D,G) BOPET, (B,E,H)
AnPET-120, and (C,E,I) AnPET-190 films during lifetime tests at: (A,B,C) 50 °C, (D,E,F) 100 °C,
and (G,H,I) 120 °C, respectively. The applied DC electric fields are indicated in each plot.
Using this new test method, the lifetime was studied for BOPET, AnPET-120, and AnPET-
190 films at 50, 100, and 120 °C, respectively (Figure 7). At 50 °C, the tose, of BOPET at 400
MV/m was 7214 s (Figure 7A), significantly higher than that (896 s) of AmPET (Figure 6).
Therefore, BOPET was more insulating than AmPET. This could be attributed to both high
crystallinity and high RAF content in BOPET. However, it was less insulating than AnPET-120
(tosy, = 17574 s; see Figure 7B) and AnPET-190 (toso, = 14456 s; see Figure 7C) at 400 MV/m. In

addition, the final Cp/Cppo was only 25% for BOPET at 400 MV/m, much lower than the final
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capacitance of 90% for AnPET-120 and 91% for AnPET-190. The poorer insulation for BOPET
than AnPET could be attributed to the exclusive edge-on crystal orientation from biaxial
orientation, which was less effective in blocking injected hot electrons from the metal electrode.
When the temperature increased to 100 °C (Figure 7D) and 120 °C (Figure 7G), the insulation of
BOPET further dropped and it could not survive 400 MV/m. Even at a reduced field of 350
MV/m, the tosy, was rather low with massive breakdowns after the initial breakdown event.

On the contrary, AnPET-120 was somewhat more insulating than BOPET at 100 °C. For
example, the final C,/Cpo was 69% for AnPET-120, higher than that of 26% for BOPET at 350
MV/m. AnPET-190 was more insulating than AnPET-120 at 100 °C, because its tose, at 400
MV/m (737 s) was higher than that of AnPET-120 (236 s). When the temperature increased to
120 °C, similar insulation trend was observed. Namely, AnPET-190 was more insulating than
AnPET-120 and BOPET. Intriguingly, at 120 °C BOPET was more insulating than AnPET-120
at 300 MV/m. This could be again attributed to the more uniform film thickness of commercial
BOPET than AnPET-120, which was extruded using our single-screw extruder. From this
lifetime study, the better dielectric lifetime of AnPET-190 than BOPET at high electric fields and
high temperatures could be attributed to the randomly oriented PET crystals in AnPET-190, among
which some should orient flat-on to block the conduction of injected space charges. From this
lifetime study, we conclude that the effect of RAF on reduction of space charge conductivity should

be less important than crystal orientation for the electrical insulation property.
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Figure 8. Frequency-scan BDS results of &” for various PET films at different temperatures: (A)
75 °C, (B) 100 °C, (C) 125 °C, and (D) 150 °C.

To prove our hypothesis of flat-on crystals blocking charge transport and RAF reducing
charge mobility, low-field BDS study was used to study the impurity ionic conduction in various
PET films. Figure 8 shows frequency-scan BDS results of ;" for various PET films at 75-150 °C.
The corresponding &' results are shown in Figure S11. At 75 °C, a (i.e., T¢) and B (i.e., sub-Ty)
relaxation peaks were observed at low and high frequencies, respectively. No impurity ion
conduction peak was observed. At 100 °C, impurity ion conduction peaks showed up at low
frequencies with AmPET being the most conductive and BOPET being the least conductive. At

125 and 150 °C, BOPET was still the least conductive for impurity ions. This was primarily
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attributed to the reduced chain mobility of the high RAF content in BOPET and thus reduced ion

mobility/conduction.
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Figure 9. Electronic conductivity as a function of applied electric field at different temperatures:
(A) 60 °C, (B) 80 °C, and (C) 100 °C. The leakage current was measured by Novocontrol
Concept 80 with a Keithley 6517B electrometer (the maximum DC voltage is 1000 V). The
measurement time was 30 min.

To study electronic conductivity, leakage current tests were carried out by holding these
PET films at a constant voltage for a long enough time (e.g., 30 min).>> Because of the voltage
limit of 1000 V for the Keithley 6517B power supply, we could not reach high electric fields above
100 MV/m for AmMPET and AnPET films. Figure 9 shows the conductivity as a function of
electric field for various PET films at 60-100 °C. Figure S12 shows the electronic conductivity
as a function of temperature for these films. Obviously, AmPET had the highest conductivity,
especially around its T (Figure 9B). At a low temperature such as 60 °C and low electric fields,
BOPET had the lowest electronic conductivity. At high temperatures (>80 °C) and high electric
fields, AnPET-190 should have the lowest electronic conductivity if extrapolated to high fields

(>90 MV/m; see Figure 9C).
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Figure 10. High-field conductivity as a function of applied electric field at different temperatures:
(A) 50 °C; (B) 80 °C; (C) 100 °C and (D) 120 °C. The leakage current was measured using the
Radiant ferroelectric tester. Both the soak time and the measurement time were 21 s.
Measurements of electronic leakage current under high electric fields (i.e., holding at >200
MV/m for >30 min) have been performed for BOPP films.! However, it is difficult for PET
films because of their higher conductivity and thus low breakdown strength/lifetime. To measure
leakage current at high fields, we used the Radiant ferroelectric tester with the leakage current
function, where the soak time and the measurement time were 21 s, respectively. Because of the

short measurement time, the measured leakage current could have a significant contribution from

ionic contribution, especially at high temperatures. Therefore, the measured conductivity should
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be the overall conductivity, rather than pure electronic conductivity. The results are shown in
Figure 10. When the temperature was below 80 °C, AmPET had the highest overall conductivity.
This is the reason why AmPET exhibit the lowest breakdown strength and shortest lifetime.
Above 80 °C, AnPET-190 exhibited the lowest overall conductivity. This explained why AnPET-
190 had the longest lifetime. Meanwhile, BOPET had a lower overall conductivity than AnPET-
120 for the electric field below 350 MV/m. This explained why BOPET had a better life than
AnPET-120 (see Figures 7G and H).

From this study, we understand that RAF is the major working mechanism for BOPET to
maintain reasonably high breakdown strength and lifetime for temperatures below 100 °C.  This
is why the temperature rating for Mylar film capacitors is 120 °C. However, BOPET does not
have the highest breakdown strength and lifetime, especially at high temperatures (>50 °C) and
under high DC fields (>300 MV/m). This is because of its edge-on lamellar crystals from biaxial
orientation during processing. Better breakdown and lifetime can be achieved if the PET lamellar
crystals could orient flat-on in the film, because flat-on crystals are more insulating and can prevent
the conduction of space charges and impurity ions.>® However, the flat-on crystal orientation is
not compatible with the biaxial stretching processing. Note, biaxial orientation is the most
effective way to achieve uniform thickness and decrease/eliminate extrinsic defects for polymer
films,?* which is important for quality control in film-manufacturing. It is still challenging to

further improve breakdown strength and lifetime for PET films.

Conclusions
In this study, effects of RAF and crystal orientation on dielectric breakdown and lifetime

were studied for various PET films: melt-extruded AmPET, cold-crystallized AnPET with low
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(AnPET-120) and high (AnPET-190) crystallinities, and commercial BOPET. From 'H ssNMR,
TMDSC, and XRD results, the crystallinities are:

AmPET: 0%, AnPET-120: 21%, AnPET-190: 33%, and BOPET: 42%.

On the basis of these crystallinity results, the RAF contents in these PET films are determined by
temperature-scan BDS:

AmPET: 0%, AnPET-120: 29%, AnPET-190: 16%, and BOPET: 34%.

In addition, 2D WAXD showed that BOPET exhibit an edge-on crystal orientation with the
reciprocal a* normal to the film. AnPET had a random crystal orientation with certain crystalline
lamellae flat-on in the film. Frequency-scan BDS and leakage current conductivity studies
suggested that the electrical insulation property decreased in the order of crystals > RAF > MAF.
Indeed, AnPET-190 had the best dielectric lifetime performance, as revealed by dielectric
breakdown and lifetime tests. This could be attributed to the presence of certain flat-on crystals
and relatively high crystallinity in AnPET-190. BOPET had better dielectric lifetime than
AnPET-120 because of its higher crystallinity, although the edge-on lamellar crystals were less
effective in blocking conduction of injected hot electrons. The major working mechanism for
BOPET was the high content of RAF as a result of biaxial orientation during the manufacturing
process. Finally, AmPET exhibited the lowest breakdown strength and the shortest lifetime.

On the basis of this study, electrical insulation can be further enhanced by achieving flat-
on crystals for PET films. However, this is not compatible with the biaxial stretching processing
of high quality polymer films. Research effort is needed to tackle this difficulty. For example,
confined crystallization of PET can induce flat-on crystals in multilayer films.>” In the future, we

plan to study PET-based multilayer films to achieve better electrical insulation.
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