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ABSTRACT: The long-term dielectric lifetime properties of multilayered polycarbonate/poly(vinylidene fluoride-co-hexafluoropropy-

lene) [PC/P(VDF-HFP)] films were measured as a function of the layer thickness. An optimum layer thickness of 160 nm was deter-

mined with the longest dielectric lifetime. The morphology of the damaged sites after dielectric breakdown was examined using

scanning electron microscope. Acoustic emission detection system was coupled with the dielectric setup to correlate fracture events

and dielectric breakdown to thereby elucidate the mechanisms of the enhancements in dielectric lifetime properties. Two types of

acoustic signals were always observed during the breakdown process for multilayered films. The high-amplitude signals were attrib-

uted to the formation of breakdown pinholes caused by the primary discharge from top to bottom electrode. The subsequent low-

amplitude signals were attributed to internal discharges that could further damage the film. The total number of acoustic hits, in par-

ticular, low-amplitude hits, increased with decreasing layer thickness, indicating more internal discharges occurred along the layered

interface. It was concluded that the breakdown event initiated at a defect initiated “hotspot” formed because of internal pressure

buildup. The film was punctured when the pressure buildup inside the film overcame the mechanical strength of the film. More num-

ber of PC layers and layer interfaces were desirable to slow down and divert the damage propagation through the film thickness

direction. The crazes in P(VDF-HFP) can, however, easily propagate across PC layers with less than 160 nm layer thickness. VC 2013
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INTRODUCTION

Microlayer coextrusion is a novel polymer-processing technique

that can tailor readily available polymers into high value-added

products for specific purposes. This technique enables fabrica-

tion of polymer films that contain up to thousands of alternat-

ing two or three polymeric layers with a continuous layer

thickness down to 10 nm. The production of nanometer-scale

polymer layers has been proven to be able to enhance dielec-

tric,1–3 optical,4,5 mechanical,6–8 and gas transport9 properties.

Polymer films are becoming more and more important in a

wide variety of applications ranging from dielectric, optical, and

mechanical to gas transport applications. The broad applica-

tions are made possible because polymer films have excellent

dielectric breakdown strength, high transparency, flexibility, and

high barrier to gases and/or moisture. Polymer film capacitors

play an important role in energy storage, power conditioning,

noise suppression, and signal coupling applications.10–13 Among

these dielectric applications, energy storage/power conditioning

application is becoming more and more essential, driven by the

next generation electric vehicles, in which fast charging and dis-

charging of a large amount of the energy is required. For these

applications, certain dielectric properties are desired for polymer

film dielectrics: high breakdown strength, long dielectric life-

time, low dielectric hysteresis, etc.

Recent studies on the layered polymer capacitor films have

focused on dielectric properties, including dielectric lifetime,3

breakdown strength,1,2 and hysteresis.14 Significant enhance-

ments were observed for dielectric lifetime and breakdown

strength, and hysteresis was reduced by decreasing poly(vinyli-

dene fluoride)(PVDF) layer thickness. Wolak15 and Mackey2
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studied the fracture mechanisms of the layered polycarbonate/

poly(vinylidene fluoride-CO-hexafluoro propylene)[PC/P(VDF-

HFP)] under divergent field (needle-plane electrode configura-

tion) conditions. However, little has been done on studying the

fracture mechanisms under uniform field, which is more close

to the actual use condition of capacitor films.

Previous studies6–8 of layered PC/poly(styrene-co-acrylonitrile)

(SAN) sheets demonstrated a significant amount of enhance-

ment in mechanical toughness. Through fracture mechanisms

study, it was concluded that the enhancement was attributed to

the formation of shear bands in PC layers, which absorbed

energy, blunted the tip of the crack in SAN layers, and stopped

the crack propagation. Inspired by the previous fracture mecha-

nisms study on mechanical enhancement in layered PC/SAN

sheets, it was equally important and of great interest to study

the fracture mechanisms of PC/P(VDF-HFP) layered films in

the dielectric lifetime test. The dielectric fracture mechanism

study would allow us to design high energy density capacitor

films better. Acoustic emission detection technique, coupled

with dielectric setup, was used to monitor acoustic emissions

produced within PC/P(VDF-HFP) films during the dielectric

fracture. The acoustic emission signals, in addition to fracture

imaging data and electric current profile, were used to record

time evolution of a breakdown event and probe the mechanisms

during dielectric fracture. The main goal of this article was to

study the effect of layer thickness on the breakdown/fracture

mechanisms in PC/P(VDF-HFP) films. Another goal of this

article was to systematically study the effect of layer thickness

on the long-term dielectric lifetime of PC/P(VDF-HFP) films by

varying the number of layers while maintaining a constant film

thickness and composition and to determine the optimum layer

thickness in terms of the dielectric lifetime. It was reported2,3

that the 32- and 256-layer systems demonstrated an increase in

both long-term dielectric lifetime and short-term dielectric

breakdown strength relative to control and blend films; how-

ever, no optimization has been done on the effect of layered

thickness on the dielectric properties of layered PC/P(VDF-

HFP) films. In this article, the PC and P(VDF-HFP) layer thick-

ness was systematically decreased from 5 lm to 20 nm by

increasing the number of layers from 3 to 513, and the total

film thickness and film composition remained essentially

constant.

MATERIALS AND METHODS

Micro- and Nano-Layer Film Fabrication Using Multilayer

Coextrusion Technology

An approach of “forced assembly” multilayer coextrusion16 was

used to produce alternately layered films of a P(VDF-HFP)

(Kynar
VR

2500) and a bisphenol A polycarbonate (PC,

Makrolon
VR

2207). The P(VDF-HFP) copolymer had a comono-

mer content of 19 wt % HFP content.

Multilayered films with 3, 5, 9, 17, 33, 65, 129, 257, and 513

layers were fabricated with a total film thickness of approxi-

mately 10 lm and a ratio of PC to P(VDF-HFP) of 50/50 vol./

vol. Control films of PC and P(VDF-HFP) as well as a 50/50

blend were extruded with the same film thickness of 10 lm.

Corresponding nominal layer thicknesses were calculated and

shown in Table 1. One layer of PC with half of the nominal

layer thickness was kept on each side of the layered films to

maintain low surface resistivity.

PC was chosen based on its excellent dielectric breakdown

strength, electronic resistivity, mechanical properties, combined

with adequate adhesion with P(VDF-HFP). P(VDF-HFP) copol-

ymer was chosen for its high dielectric constant (er511.2) and

rheological compatibility with PC for coextrusion at 240�C. Sac-

rificial low-density polyethylene skin layers with a melt flow

index of 5.0, which were removed prior to dielectric testing,

were coextruded on both sides of the films to improve the film

surface smoothness and handleability17.

Long-Term Dielectric Lifetime Measurements

The long-term dielectric lifetime test [Figure 1(a)] was carried

out with a stable high-voltage DC power supply, Fluke
VR

410B,

which has an output voltage of 0 to 6 10,000 VDC, and an out-

put stability of 6 0.02% per day after warm-up. The applied

electric field was maintained at 320 kV/mm for all the tested

samples. Four repetitions were performed on each sample. Sam-

ples for the dielectric lifetime tests were prepared by sputtering

20-nm-thick gold electrodes on both sides of the films (Figure

1(b). The plane—plane electrode configuration could probe a

Table 1. PC/P(VDF-HFP) Multilayer Films Under Investigation

HFP layer thicknesses (nm) 5000 2500 1250 630 310 160 80 40 20

Number of layers 3 5 9 17 33 65 129 257 513

a All multilayer films have a composition of 50/50 and film thickness of 10 lm.

Figure 1. (a) A schematic showing the dielectric lifetime test and the

acoustic emission setup for studying breakdown fracture mechanisms; (b)

Sample preparation for studying breakdown fracture mechanisms. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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large area in one experiment, which was equivalent to running

many tests simultaneously. The testing area was 1 3 1 cm2. The

deposited gold electrodes ensured good electrical contact

between the testing sample and the high-voltage power supply.

Electrical current versus time was determined during the life-

time test by measuring the voltage across a resistor using a data

acquisition card (NI AT-MIO-16E-1). To keep voltages within

the measurement range (610 V), two resistors (200 MX and

100 kX) were used to form a voltage divider. The voltage across

the precision 100 kX resistor was measured at a sampling rate

of 100 Hz (Figure 1(a). The current profile was calculated from

the voltage profile based on Ohm’s law:

I tð Þ5 V tð Þ
R2

(1)

where R2 is the precision 100 kX resistor, and V tð Þ is the meas-

ured voltage across the resistor R2 from the data acquisition card.

Acoustic Emission Detection of the Breakdown Event

An acoustic emission (AE) detection setup was incorporated with

the dielectric lifetime setup to monitor AE signals during film

breakdown. The sensor was purchased from Physical Acoustics

Corporation (PAC
VR

), a member of MISTRAS
VR

Group Inc., with a

resonant frequency at 150 kHz. Vacuum grease was used to ensure

good attachment between the acoustic sensor and a polypropyl-

ene sheet on which the dielectric lifetime experiments were car-

ried out. The layered film sample was placed on the

polypropylene sheet and was positioned 10 cm away from the sen-

sor. The AE signals were first preamplified at a fixed gain of 20 dB

through a low-noise voltage preamplifier, PAC 2/4/6. The signals

were then band pass filtered with a frequency range from 100 to

300 kHz. An acoustic amplitude threshold of 60 dB was chosen to

remove all background noise. The acquisition and analysis of the

signals were done using PCI/DSP-4P data acquisition card and

AEwin
VR

software, respectively.

Experimental Procedure to Observe Breakdown Cross Section

of the Breakdown Event

After the layered film had a breakdown event, the fracture

surfaces were examined under an optical microscope (OM).

Features were best resolved in transmission mode using normal

incidence illumination. The breakdown site of each sample was

then sputtered with 10 nm of gold and examined in a JEOL

JSM-6510LV scanning electron microscope (SEM) in secondary

electron imaging mode.

The sample with the breakdown damage site was then embedded

into epoxy resin and cured for at least 24. The sample in epoxy

was polished to a desired wedge shape with a thickness down to 1

mm. Sand paper of 4000 grit was used to achieve high transpar-

ency across the film thickness direction. The wedges shape speci-

men was sliced using a Leica
VR

EM UC 7 microtome at 250�C to

get an ultra smooth cross section. The distance between the

microtome knife tip and the breakdown hole can be measured

using an OM under transmission mode as the epoxied sample

was polished to be transparent. The specimen was cut to a desired

distance from the central hole, removed from the microtome, and

coated with 10 nm gold and examined in a JEOL JSM-6510LV

SEM. An accelerating voltage of 30 kV and a working distance of 6

mm were chosen to achieve high magnification (>10,0003)

images. High-magnification SEM images were taken quickly in

order to prevent degradation of the samples. This process was

repeated a few times to observe the cross sections at various dis-

tances from the central breakdown hole.

RESULTS AND DISCUSSION

Effect of Layer Thickness on the Dielectric Lifetime of

Layered PC/P(VDF-HFP) Films

Figure 2 shows the dielectric lifetime of PC/P(VDF-HFP) multi-

layer films with various layer thicknesses. Values for PC and

P(VDF-HFP) controls and 50/50 blend film were included for

comparison. The ratio of PC to P(VDF-HFP) was 50/50, and

the film thickness was maintained approximately 10 lm for

both the layered and blend films. Accurate measurements of the

thicknesses allowed applying a constant electric field of 320 kV/

mm. The breakdown holes happen randomly. It can either be in

the center of the film or along the edges/corners. An example of

the breakdown evolution during dielectric lifetime test is shown

in Ref. 3 (Figure 5). The detailed procedure describing the mea-

surement of dielectric lifetime was reported in Ref. 33.

The 50/50 blend film exhibited the shortest dielectric lifetime of

all tested films. It was even below both controls of individual

polymers. The damage sites were shown in the inserted picture

of Figure 2. On the structural standpoint, PC and P(VDF-HFP)

are immiscible and physical blending induces phase separated

domains. Thus, it appears that the interface between the two

polymers is sensitive to the high electrical field and responsible

for earlier failure of the blends. The reduction of lifetime may

also partly result from the electric field enhancement caused by

the large contrast in electrical properties of the two polymers.

The breakdown holes of blend films were along elongated

phase–separated domains, which were caused during extrusion

process. In any case, the blending strategy is not desirable to

improve the lifetime of polymers subjected to high electric field.

Figure 2. Dielectric lifetime as a function of layer thickness for PC/

P(VDF-HFP) films with various number of layers. The PC, P(VDF-HFP),

and 50/50 blend were also included and indicated as the dashed lines. The

number next to the dots are the layer number of the film tested. The

dielectric lifetime was obtained using a statistical analysis described in Ref.

3. The optical microscope image shows all damage holes on the 50/50 PC/

P(VDF-HPF) blend film after dielectric lifetime test. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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In contrast, the dielectric lifetime increased substantially for PC/

P(VDF-HFP) multilayer films, where the interfaces are arranged

perpendicular to the electric field. As previously suggested,2,15 the

layered interfaces seem to delocalize the damage tip, prevent its

propagation, and disfavor the breakdown across the film thick-

ness. The lifetime varied from 200 to 30,000 seconds with decreas-

ing the layer thickness from 5 lm to 160 nm. The 65-layer PC/

P(VDF-HFP) film with a layer thickness of 160 nm exhibited the

longest dielectric lifetime under the testing conditions.

For films with layer thickness thinner than 160 nm, the benefi-

cial effect of layering two polymers, however, dropped gradually.

A reasonable hypothesis to describe this limitation is related to

the mechanical fracture damage that necessarily can propagate

through the tough PC layers easily when the layers are too thin.

Another hypothesis is that ultrathin PC layers fail to develop an

electrical barrier effect. In other words, the charges trapped at

the interfaces carry out internal discharges within thin PC

layers. This means that electrons could tunnel through the

glassy PC layers thinner than 160 nm under the applied electric

fields. In order to further understand the major effect of layer-

ing on dielectric lifetime, the breakdown mechanisms during

the dielectric lifetime test were investigated in more details

through the observation of the damage areas.

The bulk PC film have longer dielectric lifetime than all layer 50/

50 PC/P(VDF-HFP). In Ref. 2, the dielectric breakdown strength

shows that PC control has lower dielectric breakdown strength

than some of the 32-layer layered composites. The difference in

the trend between the dielectric lifetime and breakdown strength

measurements lies in the difference in the testing techniques. Ref-

erence 2 used need–plane electrode configuration. The dielectric

lifetime test in this manuscript used plane–plane electrode.

SEM Imaging of 9-layer and 65-layer PC/P(VDF-HFP) Films

under Constant DC Field of 320 MV/m

Figure 3 and Figure 4 are top-view and cross-section images of

the multilayer films at several distances from the central break-

down hole for 9- and 65-layer films, respectively. Crazing,

microcavitation, and delamination are evidenced on the B

images. The cross-sectional images B and C gave some indica-

tions on nature of the breakdown event. Initially, high pressure

built up in the central part of the layered film due to the vapor-

ization of materials around the “hot spot”.18 When the internal

pressure overwhelmed the mechanical strength of neighboring

layers, the mechanical breakdown occurred, inducing micro-

cavitation, delamination, and crazing in the film. The break-

down of the PC layer allowed the discharge of the charged spe-

cies, simultaneously released the electric tension between layers.

Picture B0 is a zoom-in image of picture B in both Figure 3 and

Figure 4. P(VDF-HFP) layers were brighter relative to PC under

SEM because of its higher dielectric constant. Crazes with a

width of around 400 nm were observed only in bright P(VDF-

HFP) layers. PC layers remained intact. A smooth and feature-

less delamination tip was observed, indicating that the adhesion

between PC and P(VDF-HFP) layers was overcome by the

amount of energy released during breakdown.

The lateral delamination, which was also observed in the dielec-

tric breakdown under divergent field,2,15 deflected the propaga-

tion pathway and impeded the breakdown process, therefore,

contributed to the enhanced dielectric lifetime. In addition, the

textured nature of cross-section image B across the breakdown

hole implied that crazing and dilation was also involved in the

breakdown process to dissipate the input electric energy.

Effect of the Layer Thickness on SEM Cross-Section Images

After Dielectric Breakdown

The cross-section images were taken for each sample with vari-

ous layer thicknesses. It was first observed on the macroscopic

scale that all breakdown damage zones extended approximately

50 lm from the center of the main breakdown hole. Figure 5

contains the representative images showing the effect of layer

thickness on the breakdown fracture pattern across the break-

down hole under an electric field of 320 MV/m.

Three types of crazing were observed for all the tested samples.

Crazes were not interconnected when the layer thickness was

above 450 nm. The crazes were confined within a single

Figure 3. Cross-section images of the nine-layer PC/P(VDF-HFP) film after breakdown at various distances from the breakdown hole; (A) top view of

the breakdown hole; (B) cross-section image right across the breakdown; (B0) zoom in image of B; (C) Cross section image: 25 lm from the breakdown

hole; (D) cross-section image: 50 lm from the breakdown hole. The total film thickness is kept at 10 lm and the applied field is 320 MV/m. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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P(VDF-HFP) layer. The height of the crazes was, therefore, the

same as the layer thicknesses. The average width of the crazes

was of around 400 nm. Additionally, stretched fibrils with a

diameter close to 50 nm developed within those crazes (see the

sketch in the images with layer thickness of 630 nm in Figure

5). In contrast, PC layers remained essentially intact. In addition

to crazes, smooth delaminations with sharp tips occurred along

the PC/P(VDF-HFP) interfaces, indicating weak interlayer

adhesion.

When the layer thickness was in the range of 100 to 450 nm, parts

of the crazes were interconnected across the film thickness direc-

tion. The craze density, defined as the number of crazes in a given

area, increased drastically with decreasing layer thickness. The

total amount of single crazes and craze arrays increased from 20

per 10 lm2 for the film with PC layer thickness of 1.3 lm to 160

per 10 lm2 for the film with PC layer thickness of 160 nm PC

layers (Figure 6). The majority of the crazes were single crazes for

all samples with layer thickness above 100 nm.

Figure 5. Representative images showing the effect of layer thickness on the type of crazing next to the breakdown hole after dielectric breakdown. Layer

thickness for the samples are indicated on the top left corner of each image. The total film thickness is kept at 10 lm and the applied field is 320 MV/m.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. Cross-section images of the 65-layer PC/P(VDF-HFP) film after breakdown at various distances from the breakdown hole; (A) top view of the

breakdown hole; (B) Cross-section image right across the breakdown; (B0) Zoom in image of B; (C) Cross section image: 25 lm from the breakdown

hole; (D) Cross section image: 50 lm from the breakdown hole. The total film thickness is kept at 10 lm and the applied field is 320 MV/m. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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All crazes penetrated through many PC layers and intercon-

nected with each other when the layer thickness decreased

below 100 nm. The type of crazing in the film with 80 nm film

was specific and qualitatively different from that observed with

thicker PC layers. PC layers were so thin that the crazes propa-

gated rapidly through many PC layers. An example of the craze

arrays was indicated inside the rectangular box in the image

with layer thickness of 80 nm in Figure 5.

To quantify the single craze and interconnected crazes, the craze

densities and the percentage of interconnected crazes were

counted and plotted as a function of PC layer thickness for the

PC/P(VDF-HFP) films with various number of layers, Figure 6

and Figure 7(a). The total number of crazes including both sin-

gle craze and interconnected crazes were counted in the images.

The number of crazes gradually increased with the number of

layers until the PC layer thickness reached 160 nm. For thinner

PC layer, this amount dropped significantly because of a result

of the development of the craze interconnectivity. In summary,

Figure 5 follows a bell curve very similar in nature to that

describing the dielectric lifetime in Figure 2. It is desirable to

have more PC layers and interfaces to divert or delocalize the

breakdown damages for the 10-lm-layered capacitor films.

However, when the PC layers are too thin, the crazes can propa-

gate rapidly through PC layers. These craze arrays indicate thin-

ner PC layers are not as effective as thicker PC layers in terms

of slowing down or stopping the craze propagation. This could

explain the existence of an optimum thickness of 160 nm for

achieving the longest dielectric lifetime.

Similar phenomenon described as “interactive crazing” was

observed in mechanical tensile test of PC/SAN layered sheet, Fig-

ure 7(b).6,7 Similarly, three types of crazing: single crazes, partially

craze arrays, and craze arrays were observed as a function of PC

layer thickness. The transition region, partially craze arrays

region, had a PC thickness of 1.3 to 6 lm during mechanical ten-

sile test. The transition region, partially craze arrays region, for

dielectric lifetime test had a PC thickness of 100 nm to 450 nm.

The difference in the transition PC layer thickness was from the

difference in testing conditions, specifically testing frequency.

During the dielectric lifetime test, film discharge breakdown event

had a time duration of micron-seconds or breakdown frequency

of approximately 106 Hz, and the testing frequency of conven-

tional mechanical tensile test was approximately 1 Hz. It is also

shown that the crazes tend not to connect when increasing testing

speed or frequency.6 In addition, the damage zones tend to

become smaller when increasing testing frequency during fatigue

testing of a polymeric sample.19,20 The glass transition tempera-

ture shifts to higher temperature and the material becomes harder

with increasing testing frequency. The PC tested at 106 Hz is

stronger and harder for crazes to penetrate through. All of the

above statements could explain that the layer thickness for the

transitional region was smaller for dielectric test, which had a

higher testing frequency.

Acoustic Emission Signals and Electric Current Profile

of 65-Layered PC/P(VDF-HFP) Films Under Constant DC

Field of 320 MV/m

Acoustic emission technique was incorporated with dielectric

lifetime setup to monitor acoustic emission signals emitted

from PC/P(VDF-HFP) films during dielectric fracture process.

The layered films were stressed under a DC field of 320 kV/mm

until a breakdown event occurred. A threshold of 60 dB was

chosen to eliminate the background noise.

Under these conditions, no current spikes or acoustic hits were

detected until film breakdowns happened. For each breakdown

Figure 6. The craze density as a function of nominal tie layer thickness for

PC/P(VDF-HFP) films with various number of layers. The total film thick-

ness is kept at 10 lm and the applied field is 320 MV/m. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. (a) Types of crazing as a function of PC layer thicknesses for

PC/P(VDF-HFP) films with various number of layers for dielectric test.

The total film thickness is kept at 10 lm and the applied field is 320 MV/

m. (b) Types of crazing as a function of PC layer thicknesses for PC/SAN

sheets with various number of layers for mechanical tensile test. The data

were from D. Haderski, et al6. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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event, a series of current peaks and acoustic hits were observed

for all samples. For all the observed events, a current peak cor-

responded to an acoustic hit. The monolithic control films

qualitatively differed from the layered films in the acoustic

amplitude profile. For the controls, all acoustic amplitudes were

similar and relatively high (above 75 dB). If the layered films

also exhibited a high initial acoustic amplitude (above 75dB),

the subsequent acoustic amplitude always was significantly

lower (�65 dB). The third and subsequent events increased

again to high amplitude (above 75 dB) (Figure 7).

The energy charged into the capacitor films is expressed based

on equation

Ec5
1

2
CV 25

1

2

Q2

C
(2)

lgEc52lgQ2lg 2Cð Þ (3)

where Ec is the energy charged into the capacitor film, C is the

film capacitance, V is the voltage across the resistor, and Q is

the charge input into the capacitor film. Assuming that C

remains constant before and after the breakdown event, lgQ has

a linear relationship with lgEc . The acoustic amplitude can be

expressed as equation

A510lg
Ea

Eref

(4)

A510lgEa210lgEref (5)

where A is the acoustic amplitude, Ea is the acoustic energy,

and Eref is the reference energy and equals 10212 J/m3

Therefore, acoustic amplitude A has a linear relationship

with lgEa.

The input charge calculated from the integration of the current

peak and acoustic amplitude was plotted (Figure 9). The loga-

rithmic charge calculated from the area under the current pro-

file increased linearly with acoustic amplitude for layered PC/

P(VDF-HFP) films, which indicated that lgQ has a linear rela-

tionship with A. lgQ had a linear relationship with lgEc and A

has a linear relationship with lgEa; therefore, lgEc and lgEa were

linearly related. The linear relationship indicated the acoustic

signals were intercorrelated with electric signals for all acoustic

hits.

For monolithic PC and P(VDF-HFP) controls, all acoustic

amplitude signals were above 75 dB (solid rectangles and circles

in Figure 9). The different trends for controls and layered PC/

P(VDF-HFP) films in amplitude versus. logarithmic charge gave

us indirect proof that the breakdown mechanisms were different

for controls and layered films. It is proposed that the initial

high amplitude acoustic emission was from the discharge from

the top to the bottom electrode, and subsequent low amplitude

acoustic emissions were from internal discharges along the layer

interfaces. The controls only exhibited high amplitude signals

because there was no discharge along the layered interfaces.

Figure 10 shows the effect of the layer thickness on the number

of acoustic hits during a breakdown event of layered PC/

P(VDF-HFP) films. The number of acoustic hits for PC and

P(VDF-HFP) monolithic controls was shown as arrows on the

right side of the plot. The total number of acoustic hits, mainly

the low amplitude acoustic hits produced by the discharge along

the layered interfaces, increased gradually with decreasing the

layer thickness. In other words, the discharge along the layered

interfaces happened more easily within films with thinner

layers.

Proposed Breakdown Mechanism Based on the Fracture

Images, Acoustic Signals, and Electrical Current Profile

Currently, there is no explicit model that can explain the life-

time data seen in multilayered films with various layer thick-

nesses (Figure 2). However, based on the fracture images,

acoustic signals and electrical current profile, a breakdown

Figure 8. (a) Electric current profile and (b) acoustic amplitude data for

the breakdown event of the 65-layer 50/50 PC/P(VDF-HFP) film; The

total film thickness is kept at 10 lm and the applied field is 320 MV/m.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 9. Correlation between the acoustic amplitude and the input

charge obtained from current profile in the 50/50 PC/P(VDF-HFP) system

with various number of layers. The total film thickness is kept at 10 lm

and the applied field is 320 MV/m. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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mechanism during the dielectric lifetime test is proposed (Fig-

ure 11).

After applying electric field for some time, a “hot spot” forms

along a conductive pathway.18 High pressure builds up inside

the layered film due to the vaporization of materials around the

“hot spot”. The film is punctured when the pressure buildup at

the hot spot overcome the mechanical strength of layered films.

Main breakdown hole forms, and the film discharges. Crazing,

microcavitation, and delamination happen during the puncture

of the film, inducing the loudest acoustic hit. The subsequent

acoustic hits, with lower amplitudes, happen because of internal

discharge along the layered interfaces. These hits further damage

the film and evaporate the electrodes. The breakdown events are

interrupted and the conductive pathway inside the capacitor

film formed previously is decomposed in this series of rapid

occurring events. In such a way, catastrophic damage and failure

of the capacitor are prevented. As long as the PC layers remain

tough enough to mechanically hold the structure, the lifetime is

enhanced by the increase of amount of interface. For very large

number of layers, however, the barrier effect is partially lost

because of the lack of strength of thin PC layers. In summary,

an optimum layer thickness of about 160 nm is observed corre-

sponding to the longest dielectric lifetime.

CONCLUSIONS

The forced assembly approach of microlayering lead to alternate

layers of polymers with enhanced dielectric lifetime properties.

The lifetime increased from 200 to 30,000 s by increasing the

number of layers within the films from 3 to 65. An optimum

layer thickness of 160 nm was found for achieving the longest

dielectric lifetime.

Dielectric fracture image analysis revealed that the damages

were delocalized by the blocking electrode PC layers and the

interfaces. Three types of crazing were observed in P(VDF-HFP)

layers for PC/P(VDF-HFP) systems with a wide range of layer

thicknesses. The crazes were noninterconnecting and confined

in only one P(VDF-HFP) when the PC layer thickness was

above 450 nm. Those crazes started to interconnect when the

layer thickness decreased. A partially craze arrays region was

found in between 450 and 100 nm. When the layer thickness

was further reduced to down below 100 nm, crazes could pene-

trate PC layers and interconnect with each other. The total

number of crazes also followed a bell curve as a function of the

PC layer thickness. The two properties (lifetime and number of

crazes) were closely interrelated with maxima at about 160 nm.

A similar phenomenon on the types of crazing was observed in

the mechanical tensile test of PC/SAN layered sheets. A differ-

ence was observed in the layer thickness of the transition region

from single craze to partial craze arrays. The PC layer thickness

of the transition region for tensile test was 1.3 to 6 lm, and the

PC layer thickness of the transition region for dielectric test was

100 to 45 nm. The difference in the PC layer thickness lies in

the testing frequency. High frequency testing disfavors the inter-

connection between the crazes shifting the transition to lower

thicknesses.

The acoustic signals indicated that the high-amplitude signals

were from the main breakdown hole formation caused by the

pressure buildup inside the film. The subsequent smaller

Figure 10. Effect of layer thickness on the number of acoustic hits during

a breakdown event of PC/P(VDF-HFP). The numbers next to the dots are

the layer number of the film tested. The total film thickness is kept at

around 10 lm and the applied field is 320 MV/m. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 11. Schematic representation of the time evolution of a breakdown event. Black, red, and blue colors represents electrodes, PC layers, and

P(VDF-HFP) layers, respectively. Solid green lines are electric current. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.3987739877 (8 of 9)

wileyonlinelibrary.com
wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


amplitude signals were from the internal discharges along the

layered interfaces. The film with thinner layers discharged along

the layered interfaces more easily because of smaller interlayer

distances, which was not desirable for capacitor applications.

A breakdown mechanism for the dielectric lifetime measure-

ment is proposed based on the data presented to explain the

optimum layer thickness observed in the dielectric lifetime data.

PC layers, in additional to the multiple layer interfaces, acted as

barrier layers to slow down or divert damage propagation

through the film thickness direction, thus prolonging the life-

time. However, if the PC layers were too thin, the crazes formed

in P(VDF-HFP) layers can penetrate rapidly through the PC

layers and the damage can propagate rapidly across the film. In

addition, the film discharge happened more easily when the

thickness of PC layers was thin, which was also not desirable

for energy-storage applications.
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