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ABSTRACT

The use of lightweight materials in structural apgtions is ever increasing. Today,
lightweight engineering materials are needed tbsegreener, safer and more competitive
products. A route to achieve this could be to corabnore than one primary function in a
material or component to create multi-functionalithus reducing the number of
components and ultimately the overall weight. Tiissis presents an approach towards
realising novel multi-functional polymer composite& series of structural capacitor
materials made from carbon fibre reinforced polysrteve been developed, manufactured
and tested.

In papers | andll, capacitors have been manufactured using diffgrapers and polymer
films as dielectric separator employing carbon dibpoxy pre-pregs as structural
electrodes. Plasma treatment was used as a routémfiroved epoxy/polymer film
adhesion. The manufactured materials were evaldatedechanical performance by ILSS
and tearing tests and electrical performance bysmréesy capacitance and dielectric
breakdown voltage.

In paper Ill the concept was extended in a parametric studygugie most promising
approach with a polymer film as dielectric separaidree thicknesses of PET (50, 75 and
125 pum) were used as dielectric separator withoraftbre/epoxy pre-pregs as structural
electrodes. PET was chosen due to availability ifferént thicknesses as well as the
frequent use in ordinary capacitors making it dadlé candidate. As ipaper | andll,
plasma treatment was used to improve the PET/epdkygsion. The capacitor materials
were evaluated for mechanical performance by tersits and ILSS and for electrical

performance by measuring capacitance and dieldwteimkdown voltage.



The multifunctional materials shows good potenfialreplacing steel and other materials
with lower specific mechanical properties but canmatch the high specific mechanical
performance of mono-functional materials. Both natbal and electrical performance
could have large benefits from developing new separmaterials adapted for use in

multifunctional applications and could be an ingtirgg field for extended research.
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INTRODUCTION
MULTI-FUNCTIONAL MATERIALS

Environmental concerns along with the forecastrofle oil shortage have started recent
trends towards electrification of ground vehicl&s. realise electric vehicles the mobile
platforms must carry increasingly larger massesvanhoime of energy storage components
such as capacitors, supercapacitors and battefieis. development counteracts the
realisation of efficient electric vehicles, for whilow weight is essential. One route to
address this problem could be the development dfifomctional materials, in this case,
materials that could store electrical energy anttisténd mechanical loading.

More than a decade ago Chung and Wang [1] presah&ddea of using the semi-
conductive nature of the carbon fibre in “structugkectronics”, making electric devices,
e.g. diodes, detectors, transistors, etc. Followfig they were first to propose the use of a
high dielectric constant material as an interfaggveen CFRP laminas to make a structural
parallel-plate capacitor. By this approach trulyltifunctional materials, i.e. a material that
can perform more than one function, emerge. In llvieon study Luo and Chung
demonstrated structural capacitor materials forfitlsetime [2]. Lou and Chung made thin
structural capacitors from single unidirectionaloaan fibre epoxy pre-preg layers separated
by different paper dielectrics.

More recently, another approach for making strudtoapacitors was suggested by Baechle
et al. [3]. To achieve high energy density of tla@acitor Baechle and co-workers made
structural capacitors employing glass fibre/epors-reg as the dielectric with metalized
polymer films as electrodes. By this approach Beeahd colleagues utilise the dielectric

layer for structural performance.



This work has been focused on the approached steggbeg Lou and Chung [2] and have
utilized carbon fibre pre-pregs as structural etet#s along with a large set of different

separator materials.

MATERIALS AND MANUFACTURING

Structural capacitors were made from carbon filpexg composites to facilitate high
performance mechanical electrodes. The electrogigdglaminas) were made from 0/90°
twill weave, MTM57/CF3200-42% RW, pre-preg supplieg the Advanced Composites
Group, UK.

In papers landll a set of different papers and polymer films wheseduas separators
while in paper lll a parametric study was performed with three diffetdicknesses of
Mylar-A (PET) film separator. Adhesion between pogr films and epoxy could be an
issue and in addition to the neat polymer filmaspta treated polymer-films were prepared
in all papers.

Manufacturing of all laminates were done accordingthe same principle. Prior to
manufacturing the laminates the pre-preg roll ve&em from the freezer and laminas were
cut to required size. The laminas were allowedech room temperature before putting
them in a vacuum chamber for 30 min to evaporate laftover condensation. During
manufacture the pre-preg layers were stacked aldthgthe separators in a release agent
coated mould. To achieve equal surface propertiesbath sides of the laminate the
structural capacitor laminates were manufacturedguseel plies on both top and bottom
surfaces. The mould was sealed with butyl tape amdcuum bag. A schematic of the

bagged layup is shown in Figure 1. Vacuum was agd@nd debulking without heat for 30



min was performed. The mould was then placed imen and heated according to the

supplier's recommendations (120°C for 30 minutesgjdahieve fully cured laminates.

Vacuum connection

Peel plies Laminate
) A Vacuum bag
________ e\

Mould
Butyl tape

Fig. 1. Manufacture of the structural capacitor laminates.

A copper mesh was used as electrical connection laminates for electrical

characterisation. A laminate for electrical testisigepicted in Figure 2.

Fig. 2. A single dielectric layer structural capacitor &ectric characterisation.

Specimens for mechanical characterisation were nh@addosely match the requirements
set by the standards for respective test, ASTMdstahD2344/2344M [4] for ILSS testing
and D3039/D3039M [5] for tensile testing. The tegriests inpaper Il were performed

using a tearing test developed at Swerea SICOMHoABImulating a tearing failure [6]



and the specimens were manufactured to give enmagérial around the tearing affected

area to avoid edge effects.

EXPERIMENTAL CHARACTERISATION

The multifunctional materials properties were dsieed experimentally for both electrical
and mechanical properties.

Two electrical tests were performed on the multfional capacitor materials.The
materials capacitance was measured by sweepinggtn©®.1-1000Hz while recording the
electrical response, providing capacitance and.tan

Dielectric breakdown voltage (dielectric strengthf)the capacitors was measured using the
ASTM D3755 standard for direct current measurenwntlielectric breakdown [7], as
suggested by Baechle et al. [8]. The specimens swdrmerged in mineral oil to avoid any
edge effects that may disturb the measurements.

Evaluation of specific energy allows comparisontasin the different capacitor devices.
Use of thin film dielectric separators usually fesin capacitors with high capacitance but

low breakdown voltage [8]. The specific energyiigeg by

FTe=2_—, (1)

whereT < is the specific energy of the structural capacifothe capacitanca/ the voltage

at dielectric breakdown aneh, the mass of the structural capacitor.

Three types of mechanical testing were performezhapers |, Il andlll .
Interlaminar shear strength was evaluated at rampérature using the short beam three-
point bending test according to the ASTM D2344/D234 standard [4] to expose any

negative or positive effects of the dielectric, mid-thickness, on the mechanical
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performance of the composite. It is well known ttted short beam three-point bend test
does not provide very accurate ILSS values dukdgambn-uniformity of the stress field [9].
However, the test is useful to monitor differenoeiriterlaminar shear strength between
materials and therefore provides a useful tookfsgessment of the relative performance of
the individual structural capacitor materials deypeld in the current study.

In paper Il a tearing test was chosen to evaluate the stalatapacitors use in a crash
situation that could be found in e.g. an automotipplication. The tearing force was
evaluated using a tearing test developed for sitimgiaa tearing failure [6]. The test is
easily performed in an ordinary tensile tester withppose made fixture and requires very
little specimen preparation making it very fast aolust.

In paper Il tensile testing was performed to characterisetémsile properties of the
structural capacitor materials. Output from the t@as Young's modulus and ultimate
tensile strength of the laminates. The tests weréopned at room temperature according

to the ASTM standard D3039/D3039 M [5].

MULTI-FUNCTIONAL EVALUATION

Multifunctional performance is evaluated by asses¥nof measured specific electrical
energy vs. specific mechanical properties. Emplpyapecific electrical energy as the
parameter to assess multifunctional performanamvalifor comparison between different
structural capacitor designs and their applicapilit a structural system with respect to
their potential to reduce system weight. This igpamant as though the multifunctional
element exhibits specific energy and strength ansliiness that are lower than those of
the best monofunctional materials, at a systeml ldneemultifunctional material may still

enable an overall mass saving. In the paper by i€Bet al. [8] a procedure to evaluate



multifunctional capacitor designs, following an amgch suggested by Wetzel [10] is
presented. O'Brien and co-workers [8] define altsyatem masM equal to the sum of the
mass of the capacitors. and the mass of the structume The design metric for capacitor
performance is specific enerdy (in J/kg) with overall system energy storage dafims

I =T'm,. Similarly, the mechanical performance, e.g. sfeniodulus or ILSS (J/kg), can

be defined asE and 7. From these, the electrical energy density andiipanechanical

properties of the structural capacitors can bedasw T , ¢°E ando°T . o°® andg®are
the structural capacitor's energy and structuréicieficies, respectively. An improved
multifunctional design would maintain the same allesystem energy and mechanical
performance but reduce the total system weight. éd@m a structural capacitor will only
enable such system level mass savings if

ni:

o" =0°+0°>1 )



OBJECTIVE

The objective of this work has been to develop pghformance multifunctional polymer
composite capacitor materials. A method for martufaeg the laminates was developed
and the materials were tested electrically and wrmaichlly. The results were used to

evaluate the resulting materials multi-functionidicency.

SUMMARY OF PAPERS
Paper |

In this paper an approach towards realising novdtifunctional polymer composites is
presented. A series of structural capacitor mdsern@ade from carbon fibre reinforced
polymers have been developed, manufactured arebt€Bhe structural capacitor materials
were made from carbon fibre epoxy pre-preg wovenidae separated by a paper or
polymer film dielectric separator. The structurapacitor multifunctional performance was
characterised measuring capacitance, dielectrangtin and interlaminar shear strength.
The developed structural CFRP capacitor designdasting polymer film dielectrics (PA,
PC and PET) offer remarkable multifunctional poiant

Paper II

In this paper an approach towards realising novtifunctional polymer composites is
presented. A series of structural capacitor mdsern@gade from carbon fibre reinforced
polymers have been developed, manufactured arebt€Bhe structural capacitor materials
were made from carbon fibre epoxy pre-preg wovenina separated by a polymer film
dielectric separator. The structural capacitor ifwrttional performance was characterised

measuring capacitance, dielectric strength andinigafiorce. The developed structural



CFRP capacitor designs employing polymer film digies (PA, PC and PET) offer
remarkable multifunctional potential.

Paper 11l

This paper presents an approach towards realisiogel nmultifunctional polymer
composites. A series of structural capacitor maltennade from carbon fibre reinforced
polymers have been developed, manufactured aretteBhe capacitors where made using
three thicknesses of DuPont Mylar A thermoplas&T Ris dielectric separator employing
carbon fibre/epoxy pre-pregs as structural eleesoélasma treatment was used as a route
for improved epoxy/PET adhesion. The manufacturederals were mechanically and
electrically tested to evaluate their multifuncabefficiency.

The multifunctional materials show good potental feplacing steel and other materials
with lower specific mechanical properties but canmatch the high specific mechanical

performance of mono-functional composites.
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ABSTRACT

In this paper an approach towards realising nowdtifunctional polymer composites is

presented. A series of structural capacitor mdsen@ade from carbon fibre reinforced
polymers have been developed, manufactured arebtitéBhe structural capacitor materials
were made from carbon fibre epoxy pre-preg wovenidae separated by a paper or
polymer film dielectric separator. The structurapacitor multifunctional performance was
characterised measuring capacitance, dielectrangtin and interlaminar shear strength.
The developed structural CFRP capacitor designdasting polymer film dielectrics (PA,

PC and PET) offer remarkable multifunctional poiant

Keywords: A: Functional composites, A: Layered staues, B: Electrical properties, B: Interfaciakstgth



1 Introduction

The use of lightweight materials in structural aggtions is ever increasing. Today,
lightweight engineering materials are needed tbsegreener, safer and more competitive
products in all transportation modes. To facilitd®velopment of such products, a step
change towards electrification to urban mobilitydatransport is imminent, further
requiring yet lighter vehicles. The immediate néadelectrical vehicles is driven by the
forecasted shortage of crude oil based energyetanogether with the necessity to reduce
greenhouse gas emissions.

To realise electric vehicles, and to keep up wite power requirements of new and
emerging technologies, the mobile platforms mustycacreasingly larger masses and
volume of energy storage components such as capmcgupercapacitors and batteries.
This development works against realisation of &dfit electric vehicles, for which low
weight is essential. A decade ago Chung and Wahpgrékented the idea of using carbon
fibre reinforced polymers (CFRP) in “structural@lenics”. They suggested that the semi-
conductive nature of carbon fibre composites cdaddused to make electric devices, e.qg.
diodes, detectors, transistors, etc. In this sty were first to propose use of a high
dielectric constant material as an interface betw@ERP laminae to provide a capacitor
material, i.e. a structural parallel-plate capaci®y this approach truly multifunctional
material, i.e. a material that can perform morentbae function, emerge. In the case of a
structural capacitor, the material is stiff anasty to sustain mechanical loading and at the
same time is able to store electric energy. In Bodeon study Luo and Chung
demonstrated structural capacitor materials foffitlsetime [2]. Lou and Chang made thin

structural capacitors from single unidirectionalooan fibre epoxy pre-preg layers separated
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by different paper dielectrics. For these materigisamic capacitance up to 1200 n¥fan

2 MHz was demonstrated, however no mechanical ctaisation was performed. More
recently, another approach for making structurpbcéors was suggested by Baechle et al.
[8]. To achieve high energy density of the capacifior maximised multifunctional
efficiency Baechle and co-workers made structuaglacitors from dielectric glass/epoxy
pre-preg with thin metal electrodes. By this applo®&aechle and colleagues utilise the
dielectric layer for structural performance.

Since Chung and Wang [1] first suggested the ustro€tural electronics development of
such materials has been reported in the opentliterand a new research area has emerged
— that of “composite structural power storage mal®r Recently, concepts for structural
polymer composite batteries [4, 5] and supercapacib] have been presented. All these
materials are developed with a desire to reducéchketveight permitting replacement of
structural components (e.g. car floor panels) aratgy storage devices (e.g. batteries). The
work presented here was enthused by the ambitiodetelop a truly multifunctional
composite material that may boost the developmehutore ultra-light electric vehicles.

The objective of this study is to develop high parfance multifunctional polymer
composite capacitor materials. These capacitormatgeare developed in the spirit of Luo
and Chung [2], employing carbon fibre pre-preg leemseparated by a dielectric material.
In this study, papers and polymer films are utdisses dielectric separator layers. The
electric and mechanical performance is charactéfiseeach dielectric material employed

and its overall multifunctional performance is asssl.



2 Experimental

2.1 Materials

Structural capacitors were made from carbon filpexg composites to facilitate high
performance mechanical electrodes. The electrogierda(laminae) were made from
0.125 mm thick pre-preg weaves. The pre-preg waé5ag/nf 2x2 Twill HS (3K) 0°/90°
configuration, MTM57/CF3200-42% RW, supplied by tAdvanced Composite Group,
UK. The resulting CFRP composite had a fibre voldraetion of 52%. A dielectric layer
in a composite laminate separated the electroderdayA number of materials were
employed as separator. The dielectric materialsi@yad in this study, and their nominal
thicknesses, are listed in Table 1. The papers wegealar printing paper of different
surface weights, which with the epoxy provide aasaetor layer. The Polyamide film brand
was Airtech Wrightlon 5400. The Polyester film wasPont Teijin Films Mylinex 301
Bondable Film. Finally, the polycarbonate film wa6.15 mm thick PC quality supplied by
Andren & soner, Sweden. Stacking two electroderkageparated by the dielectric layer
made the structural capacitors. To facilitate meaa testing thicker laminates were
manufactured. Here, the electrode laminas were e@te from a stack of 20 pre-preg
weaves, separated by the dielectric layer, regultina laminate with a nominal thickness
of 5 mm. The dielectric materials selection as vaslithe choice of pre-preg carbon fibre
epoxy weaves was done after an extensive pre-siudiglectrics, composite materials and
manufacturing techniques [7].

In addition to the dielectrics reported in Tabldiglectrics were employed to study effects
of surface treatment of the polymer dielectric 8lran structural performance. For this

purpose, composite material capacitors utilisirgspla treated (using a Technics Plasma
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440G equipment) PA- and PET-films were manufactutadthe plasma treatment the
surface of a substrate is exposed to plasma,aited in a gas e.g. Nas used in these
experiments. The treatment is done to increasadhesion between the dielectric film and
matrix of a composite as chemical bonds in the fdmface are broken and reactive
positions are generated [7]. These reactive séastrwith N creating polar groups at the
surface. The advantage of this process is thatheomial or mechanical strains are

introduced into the specimen. The treatment wapeed during 15 seconds.

Dielectric material Thickness [mm]
Paper 40g/m 0.08
Paper 80g/fm 0.10
Paper 150g/f 0.19
PA-film 0.05
PET-film 0.02
PC-film 0.17

Table 1. Dielectrics and their nominal thickness.

2.2  Composite manufacture and characterisation

During manufacture pre-preg layers were stackea irelease agent coated mould. To
achieve equal surface properties on both sidesheflaminate the structural capacitor
laminates were manufactured using peel plies oh togt and bottom surfaces. The mould
was sealed with butyl tape and a vacuum bag. Arsatie of the bagged lay up is shown in

Figure 1. Vacuum was applied and debulking withoeat was performed. The mould was
then placed in an oven and heated according teupplier's recommendations (120°C for
30 minutes) to achieve fully cured laminates. Thewum was necessary to achieve void
free, high quality composite laminates. Voids mostto be kept to minimum. Air has a

lower dielectric constant then the tested dielestrPresence of voids will therefore locally

reduce the isolative properties of the dielectiisp mechanical properties are lowered.



Vacuum
connection
Separator

CF prepreg

Vacuum bag

Mould Butyl tape

Figure 1. Manufacture of the structural capacitor laminates.

In total six types of structural capacitor lamiaterere manufactured for electrical
characterisation. For each type of material a &éive specimens was manufactured. The
specimen designed for electrical (capacitance)acttarsation is depicted in Figure 2. The
specimen had a total area of 0.019and had a nominal thickness between 0.25-0.45 mm,
depending on the dielectric material employed. $tpgare shape was chosen because it is
easy to control size and placement, though a eraliape would be better from electrical
point of view, since corners concentrate chargee dielectric material has an excess of
approximately 10 mm around carbon fibre plies toidedge effects. A copper mesh was
used as electrical connection due to good eletitmaductivity and compatibility to most
matrices, as well as flexibility.

Eight structural capacitor materials were manufaciifor mechanical characterisation. In
addition to the six capacitor materials made fogcklcal characterisation capacitors
employing the plasma treated PA and PET separators,f PA-PT and PET-PT
respectively were manufactured. Note that no cégaoe measurements were performed
on capacitors using plasma treated dielectrics.r€hson for this is that plasma treatment

alters only the surface properties of the polyniler &nd not its intrinsic properties, nor its



thickness. It is therefore assumed that plasmatntesa of the dielectric will have

negligible influence on the capacitance of thecitmal capacitor.

Electrical
connection

Separator

Electrode

Figure 2. A single layer structural capacitor for electriacacterisation.
Specimens for ILSS characterisation using the sheam 3-point bending test [8] were
manufactured. The specimens were grinded and poligb the nominal dimensions:

thickness 5 mm, width 10 mm and length 40 mm.
2.3  Experimental characterisation

2.3.1 Capacitance

Capacitance measurements were carried out ondah30tspecimens, five for each type of
dielectric. Measurements were performed as folloWe capacitor was charged repeatedly
to an increasing voltageV) until the structural capacitor was short-circdité-or each
voltage the structural capacitor was dischargedthedharge@), in Coulombs, giving the

capacitance as

_Q
c=5 )



The voltage to which the capacitor was charged mvaasured using a Voltmeter, Eltex
EMF 58. The charge during discharge was measur@tbging a Coulomb meter, Keithley

Instruments 602 Solid state electrometer.

To further characterise the electric propertieshef structural capacitors measurements of
dynamic capacitance and losses were performedi€gte were run in a dynamic electric
test equipment, General Electric Programma IDA 280these tests the impedance was
measured over the frequency range 0.1 Hz - 1 kistsTwere only performed on one

randomly selected sample of each capacitor material

2.3.2 Dielectric breakdown voltage

Dielectric breakdown voltage (dielectric strengtbf)the capacitors was measured using the
ASTM standard for direct current measurement ofedieic breakdown [11] as done by
Baechle et al. [12]. Voltage was applied with aeraif 100V/s with the specimen
submerged in mineral oil. Breakdown tests wereqgoaréd on three structural capacitors of
each type, in total 18 measurements. The equipmsed was a Spellman SR6 High
Voltage Supply controlled by PCI GPIB and a HP 3BAFunction Waveform Generator,
with a maximum voltage of 28,3 kV. A PCI NI-6023BAQ) with a BNC-2111 connector
block was used to record the results from the té&age was applied until failure was

evident by a large drop in voltage.

2.3.3 Interlaminar shear strength

The mechanical characterisation was limited to measent of the interlaminar shear
strength (ILSS) of the structural capacitor to esgpany negative or positive effects of the

dielectric, at mid-thickness, on the mechanicalfggerance of the composite. This is
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motivated, as the fibre-dominated in-plane propsrtare almost unaffected by the
introduction of a soft and weak dielectric layehekeas the matrix-dominated out-of-plane
properties are, in particular the ILSS. No sigdfit effect of the dielectric on the matrix-
dominated in-plane mechanical properties, e.gstrarse strength, is expected.

The interlaminar shear strength was evaluated ubmghort beam three-point bending test
according to the ASTM D2344 standard [8]. The sttup is shown in Figure 3. In the
test, the specimen rested on two support rolldns. displacement was applied at the centre
of the specimen at a rate of 1.0 mm/min. As a temudximum shear stresses appear at the
specimen mid-thickness, i.e. at the position of thelectric. Hence, the ILSS of the
dielectric/CFRP interface was measured in the tegdbtal, 40 specimens were tested, five
for each capacitor material, including the strugfwapacitor materials with the plasma

treated dielectrics. In addition, ILSS for the CRR&s measured on five samples.

Figure 3. Short beam 3-point bending set up.

Due to design of the test rig, the ILSS test setuagz modified somewhat compared to
ASTM D2344 standard [8]. The employed rig had aimim span of 22.7 mm with rollers

10 mm in diameter.

During the ILSS tests load and crosshead displasemere recorded. The load was

applied until either of three conditions occurredjoad drop of 30 %, the cross head



displacement exceeded the specimen nominal thiskres specimen fracture. The
interlaminar shear strength was calculated accgrirthe standard [8].

It is well known that the short beam three-poinhdbéest does not provide very accurate
ILSS values due non-uniformity of the stress fig®d. However, the test is useful to
monitor difference in interlaminar shear strengétmieen materials and therefore provides
a useful tool for assessment of the relative peréorce of the individual structural
capacitor materials developed here. The methodlécted in this study being a very easy

to perform and robust test.

2.4 Energy density

Evaluation of energy density allows comparison leemvthe different capacitor devices.
Use of thin film dielectric separators usually lé&sin capacitors with high capacitance but
low breakdown voltage [12]. The energy densityiieg by

N Leve

Me=2——, )
m

SC

whereT « is the energy density of the structural capacifathe capacitance/ the voltage

at dielectric breakdown anth, the mass of the structural capacitor. It shoulcpbiated

out that the energy density of a single dieledayer capacitor, like the ones assessed here,
will be lower than that of a conventional multilayeapacitor.This is due to the more
effective use of electrodes in a multilayer capacitA single layer capacitor has two
electrodes and one dielectric layer. Generallylayas capacitor will have n+1 electrodes
and n dielectric layers. Here the energy densitylwei used to evaluate the multifunctional

efficiency of the structural capacitors.
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3 Results and discussion

3.1  Electrical properties

Dielectric Thickness Capacitance Dielectric strength Ave;ae%eSieE;ergy
[um] [nF/nf] [kV] e
Paper 40g/Mm 71+4 7124118 0.55+0,08 0.00013
Paper 80g/fh 89+3 24661007 0.78+0,05 0.00088
Paper 150g/fh | 1735 766+286 1.690,08 0.0012
PA-film 50+3 868+198 7.80+1,03 0.034
PET-film 19+1 186011024 6.40+0,66 0.052
PC-film 15548 206+11 28.3* 0.089*

*The capacitors had not failed at maximum voltayéhie breakdown voltage tests.

Table 2. Summary of results for various structural capasito

The results from the discharge and dielectric gteexperiments are presented in Table 2.
The results are measured average capacitance a&hetctdc strength with standard

deviations, for respective dielectric.

3.1.1 Capacitance

The 80 g/m paper capacitor gives the highest capacitances iBhiinexpected since the
thinner 40 g/rh paper dielectric should give a higher capacitamsecapacitance is
proportional to the inverse of the thickness of dieectric. One plausible reason for the
lower capacitance of the 40 ¢fimaper capacitor could be migration of carbon thtstthe
porous surface of the paper. Such effects wereredden an earlier study for other thin
porous dielectrics [7] and also found by Luo andifth[2] for thin paper dielectrics.

For the polymer films, thickness is the main vaeabontrolling capacitance. This is
evident for the PC film, which has the largest khiess and consequently the lowest

capacitance. An explanation for the noticeably ligindard deviation for 80 gfrand PET
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could be test equipment limitations. The capacitwith high capacitance required low
voltage in order to be measured, affecting accuddegeasurements.

The reported capacitances for all structural CFREtm®de capacitor designs studied here
were significantly higher than those found for cafmas employing structural dielectric
layers [3, 12]. The highest capacitance reportedttiose materials was approximately
150 nF/nd [12], c.f. Table 2. No experimental comparison hwitapacitance of a
conventional capacitor material was possible. Nbedess, a comparison with theoretical
capacitance of conventional film capacitors (80 thick PET film covered by gm copper

on both sides) suggests that the structural capaciteveloped in this study match the
conventional capacitors considering capacitance ffieoretical capacitance for such a
conventional film capacitor is 365 nF/ito be compared with the 1860 nF/far the PET-
film structural capacitor developed here. As disedsby Luo and Chung [2], the carbon
fibres in the structural capacitor electrodes pievan increased surface area, and therefore

promote an increase in capacity compared to comoraitfilm electrode capacitors.

Dielectric Dynamic capacitance [NF/m Tand

Paper 40g/m 783 0.486
Paper 80g/m 2450 2.449
Paper 150g/f 924 1.178
PA-film 2461 0.635
PET-film 1144 0.022
PC-film 157 0.003

Table 3.Dynamic capacitance and electric loss at 0.1 Hz.

Results from the dynamic capacitance and loss mea&mts at 0,1 Hz are presented in
Table 3. The 80 g/Mmpaper capacitor along with PA and PET ones exlhiisit highest

values of dynamic capacitance. Complete data fremynamic tests are found in ref. [7].
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3.1.2 Dielectric strength
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Figure 4. Voltage history of a typical dielectric strengtlstte

In Figure 4 the voltage history for a typical diethic strength test series is depicted. Note
the absence of clearing reported in tests on capacemploying structural dielectric
separators [12Results from the dielectric breakdown voltage measents are presented
in Table 2. The results show superior performantehe polymer films to that of
impregnated paper dielectrics. The dielectric gitlerof the polymer film capacitors was at
least one order of magnitude higher than that émacitors with paper dielectric separators.
The performance of the PC-film capacitor was ouditag, and did not breakdown before
maximum voltage was reacheHence is should be recognized that maximum energy
density for the PC-film capacitor could not be mead with the current test set-up.

The average static capacitance, average breakdoltage and average weight were used
to calculate the energy density according to EquafR). The calculated energy densities
are presented in Table 2.

The achieved energy densities for the capacitaifs palymer film dielectric separators are
significantly higher than those from paper dielestr This is explained by the superior

dielectric strengths of these capacitors. The snelgnsity for PC-film capacitor was
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particularly good. All PC-film capacitors exceedad energy density of 0.089 J/g. This
value is lower than the 0.28 J/g reported for s$tmad dielectric separator capacitors
developed by O’'Brien et al. [12]. However, the liekavn voltage was not reached for the
PD-film dielectric capacitor studied here. As theemgy density is proportional to the
breakdown voltage squared, even a moderate incireaseasured dielectric strength will

result in a significant increase in energy density.

3.2  Mechanical properties —ILSS

Dielectric ILSS [MPa]
Paper 40g/m 9.54+0.19
Paper 80g/fm 21.76+1.08
Paper 150g/f 36.61+2.34
PA-film 22.12+3.50
PA-film, plasma treated 65.26+1.19
PET-film 20.31+0.58
PET-film, plasma treated 29.78+2.22
PC-film 10.19+1.04
CFRP 23.28+2.88

Table 4. Interlaminar shear strength for the structuralacitprs.

The interlaminar shear strength (ILSS) results ftbmshort beam three-point bending tests
are summarised in Table 4. ILSS tests were alstonpeed on the carbon fibre epoxy
laminate without any dielectric (i.e. the monofuaotl structural composite material). The
average ILSS for the five CFRP specimens was 29R28.

A clear trend is observed for the paper capacitbesthicker paper the higher interlaminar
shear strength. The 150 /rpaper dielectric capacitor out-performs the cotioeal
CFRP laminate by approximately 50%! All untreatddspc film capacitors show lower
values than the 150 gfmpaper capacitor. However, both the PA-film and Hilti

capacitors perform as good as the CFRP lamindtexeteding ILSS of 20 MPa. This is
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also the case for the 80 dffpaper capacitor. Among the polymer film dielectrtbe PC-
film capacitors perform less good. Its ILSS is l#san half of that of the CFRP. Although
not generally observed here, improved delaminatasistance is expected by interleaving
CFRP with thermoplastic films, see e.g. [13]. Taate such improvements, however,
excellent film/composite adhesion is required. @opently, the results for plasma treated
films reveal a tremendous effect of plasma treatréthe polymer film dielectrics on the
ILSS of the structural capacitor materials. Plasreatment of the PA-film dielectric results
in an increase from 22.12 MPa to 65.26 MPa forc@posite capacitor material. That is
an increase in ILSS by almost 200%! Also for theTRiin capacitor a very large
improvement of the interlaminar shear strength feaad (almost 50%).

An ocular inspection of the fractured specimens dase immediately after testing. The
visual inspection showed that all specimens fractuat the middle interface, i.e. at the
position of the dielectric separator. The specimeere split open and the fracture surfaces
were inspected in an optical microscope. For thmacidors with paper dielectrics cohesive
failure in the impregnated paper was observed,ingavesidue paper on both fracture
surfaces. For the plastic film structural capasitoadhesive failure at the
separator/composite interface with, some eviderfcenproved adhesion for the plasma

treated films was observed.

3.3 Multifunctional performance

Multifunctional performance is evaluated by asses#nof measured energy density vs.
specific interlaminar shear strength and calculaeetific in plane stiffness. Here, the in
plane stiffness was calculated by rule of mixtuseng the stiffness data for the CFRP and

the polymer films provided by the material supgiefAlthough capacitance and dielectric
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strength are important properties for the perforoeanf a capacitor, use of these properties
individually to assess multifunctional performarmfea structural capacitor will produce
contradicting results. For example, if one was $seas multifunctional performance with
respect to capacitance alone, the 80°giaper and PET-film would be found most suitable
to achieve structural capacitor materials, whetbasPC-film capacitor would be found
worse. In contrast, if only dielectric strength wtasbe considered, the PC- and PET-film
capacitors would be ranked highest and the all pdigtectric capacitors would be found
inferior.

Employing energy density as the parameter to asselgunctional performance allows us
to compare the different structural capacitor desifpr their applicability in a structural
system, where energy needs to be stored, with cespeheir potential to reduce system
weight. Consequently, this approach allows us talwate the structural capacitors
influence on system weight, as described by O’Beeal. [12]. This is important as even
though the multifunctional element exhibits enedpnsity and strength and/or stiffness
that usually are lower than the best monofunctiomaltterials, at a system level the
multifunctional material enables an overall massraa In the paper by O'Brien et al. [12]
a procedure to evaluate multifunctional capacitsighs, following an approach suggested
by Wetzel [14] is presented. O'Brien and co-workgr2] define a total system mabs
equal to the sum of the mass of the capacigrand the mass of the structurg The

design metric for capacitor performance is energysity I (in J/kg) with overall system

energy storage defined ds=Tm,_. Similarly, the mechanical performance, e.g. djeci

modulus or ILSS (J/kg), can be defined Bsnd 7. From these, the energy density and

specific mechanical properties of the structur@acitors can be found as°l’, o°E and
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o°T. o°® and c®are the structural capacitor's energy and struttfficiencies,
respectively. An improved multifunctional designwa maintain the same overall system
energy and mechanical performance but reduce tte# system weight. However, a
structural capacitor will only enable such systewel mass savings if

o™ =

ot +0°>1 (3)
Multifunctional performance is depicted in Figurel® Figure 5a energy density is plotted

as function of specific interlaminar shear strengththe Figure, a dashed line, representing

™  of the structural

Equation (3) is introduced to indicate multifuncig efficiency, o
capacitors, with respect to ILSS. Data points leddb the right of the dashed line exhibit a
multifunctional efficiency greater than unity. Hetke reference energy density for a state
of the art capacitor material has been assumedtg [1L2], whereas the ILSS for the CFRP
is used as benchmark for the strength. From thehgitais evident that the PA- and PET-
film capacitors exhibit multifunctional efficienaeexceeding unity. Note that these data
refer to the tests on untreated films. When plasested, the ILSS increased substantially,
by which both capacitors should achieve multifumaail efficiencies exceeding unity by a
large margin. Also, the 150 g?rpaper exhibits multifunctional efficiency largéath unity.
This is however solely due to the high specific $.6f the capacitor material exceeding
that of the CFRP. Consequently, based on theségese of the paper dielectric capacitors
cannot be recommended.

Results for multifunctional efficiency with respdot specific in plane stiffness are plotted
in Figure 5b. Again a dashed line indicating muliictional efficiency of unity, according

to Equation (3) is introduced, where energy densityl J/g and specific modulus of

40.93 GPa/(g/c) are used for the monofunctional materials. Cousatly, the stiffness
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offered by the CFRP structural capacitor electragteatly exceeds that resulting from use
of GFRP dielectrics developed by O’Brien et al.][X2ere, data for polymer films only are
presented, as the energy densities in the paparsged capacitors are too low to be of
interest. For this case, a multifunctional effiagrhigher than unity is achieved for all
polymer-film capacitor materials. Note that in bdilgure 5a and 5b, the energy density
plotted for the PC-film capacitor is a lower thdre tmaximum energy density, which

remains unknown at this stage.
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Figure 5. a) Energy density versus specific ILSS for thadtrral capacitors b) Energy density versus

calculated specific stiffness for plastic film sttural capacitors.

4 Conclusions

A series of structural capacitor materials madenfroarbon fibre reinforced polymers
electrodes have been manufactured and evaluatedh&r mechanical, electric and
multifunctional performance. The structural caparcitnaterials were made from carbon
fibre epoxy pre-preg woven lamina as electrodesrsépd by a dielectric material. The
dielectric materials employed in this study weree¢hdifferent surface weights of paper

and three different polymer films (PA, PET and PC).
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Multifunctional efficiency of the developed strucdlicapacitors was evaluated on the basis
of achieved energy density and interlaminar shgangth as well as in plane stiffness. All
capacitors employing a polymer film dielectric segtar investigated indicate potential for
high multifunctional efficiency. Depending on filthickness and surface plasma treatment
significantly improved multifunctional designs witbverall weight savings can be
achieved. In particular, use of CFRP in the capa&tectrodes will result in significantly
higher in plane stiffness of the multifunctionahgeonent than will use of GFRP structural
dielectric separators. Nevertheless, further rebe&@ needed to identify best choice of

polymer film and film thickness as well as bestgbice for surface treatment.
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ABSTRACT

In this paper an approach towards realising novtifunctional polymer composites is

presented. A series of structural capacitor mdsern@ade from carbon fibre reinforced
polymers have been developed, manufactured aretitéBhe structural capacitor materials
were made from carbon fibre epoxy pre-preg woveniria separated by a polymer film

dielectric separator. The structural capacitor Hurttional performance was characterised
measuring capacitance, dielectric strength andingafiorce. The developed structural
CFRP capacitor designs employing polymer film digies (PA, PC and PET) offer

remarkable multifunctional potential.

Keywords: Multifunctional, Electrical properties,edhanical properties, Carbon fibre
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1 Introduction

The use of lightweight materials in structural aggtions is ever increasing. Today,
lightweight engineering materials are needed tbsegreener, safer and more competitive
products in all transportation modes. To facilitd®velopment of such products, a step
change towards electrification to urban mobilitydatransport is imminent, further
requiring yet lighter vehicles. The immediate néadelectrical vehicles is driven by the
forecasted shortage of crude oil based energyetanogether with the necessity to reduce
greenhouse gas emissions.

To realise electric vehicles, and to keep up wite power requirements of new and
emerging technologies, the mobile platforms mustycacreasingly larger masses and
volume of energy storage components such as capmcgupercapacitors and batteries.
This development works against realisation of &ffit electric vehicles, for which low
weight is essential. A decade ago Chung and Wahpgrékented the idea of using carbon
fibre reinforced polymers (CFRP) in “structural@lenics”. They suggested that the semi-
conductive nature of carbon fibre composites cdaddused to make electric devices, e.qg.
diodes, detectors, transistors, etc. In this sty were first to propose use of a high
dielectric constant material as an interface betw@ERP lamina to provide a capacitor
material, i.e. a structural parallel-plate capaci®y this approach truly multifunctional
material, i.e. a material that can perform morentbae function, emerge. In the case of a
structural capacitor, the material is stiff anasty to sustain mechanical loading and at the
same time is able to store electric energy. In Bodeon study Luo and Chung
demonstrated structural capacitor materials foffitlsetime [2]. Lou and Chang made thin

structural capacitors from single unidirectionalooan fibre epoxy pre-preg layers separated
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by different paper dielectrics. For these materigisamic capacitance up to 1200 n¥fan

2 MHz was demonstrated, however no mechanical ctaisation was performed. More
recently, another approach for making structurpbcéors was suggested by Baechle et al.
[8]. To achieve high energy density of the capacifior maximised multifunctional
efficiency Baechle and co-workers made structuaglacitors from dielectric glass/epoxy
pre-preg with thin metal electrodes. By this applo®&aechle and colleagues utilise the
dielectric layer for structural performance.

Since Chung and Wang [1] first suggested the ustro€tural electronics development of
such materials has been reported in the opentliterand a new research area has emerged
— that of “composite structural power storage mal®t Recently, concepts for structural
polymer composite batteries [4, 5] and supercapacib] have been presented. All these
materials are developed with a desire to reducéchketveight permitting replacement of
structural components (e.g. car floor panels) aratgy storage devices (e.g. batteries). The
work presented here was enthused by the ambitiodetelop a truly multifunctional
composite material that may boost the developmehutore ultra-light electric vehicles.

The objective of this study is to develop high parfance multifunctional polymer
composite capacitor materials. These capacitormatgeare developed in the spirit of Luo
and Chung [2], employing carbon fibre pre-preg leemseparated by a dielectric material.
In this study polymer films are utilised as dietectseparator layers. The electric and
mechanical performance is characterised for eaelealric material employed and its

overall multifunctional performance is assessed.
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2 Experimental

2.1 Materials

Structural capacitors were made from carbon filpexg composites to facilitate high
performance mechanical electrodes. The electroglerda(laminae) were made from
0.125 mm thick pre-preg weaves. The pre-preg wa45ag/nf 2x2 Twill HS (3K) 0°/90°
configuration, MTM57/CF3200-42% RW, supplied by tAdvanced Composite Group,
UK. The resulting CFRP composite had a fibre voldraetion of 52%. A dielectric layer
in a composite laminate separated the electroderdayA selection of materials was
employed as separator. The dielectric materialsl@yad in this study, and their nominal
thicknesses, are listed in Table 1. The Polyamide brand was Airtech Wrightlon 5400.
The Polyester film was DuPont Teijin Films Mylin&@01 Bondable Film. Finally, the
polycarbonate film was a 0.15 mm thick PC qualitpied by Andren & séner, Sweden.
Stacking two electrode layers separated by theedi®t layer made the structural
capacitors. To facilitate mechanical testing thideeninates were manufactured. Here, the
specimens were made from six layers of pre-pregvesealternated with five dielectric
layers, resulting in a laminate with a nominal kimess of 2 mm.

In addition to the dielectrics reported in Tabldiglectrics were employed to study effects
of surface treatment of the polymer dielectric 8lran structural performance. For this
purpose, composite material capacitors utilisirgspla treated (using a Technics Plasma
440G equipment) PA- and PET-films were manufactulaedthe plasma treatment the
surface of a substrate is exposed to plasma,xaited in a gas e.g. Nas used in these
experiments. The treatment is done to increasadhesion between the dielectric film and

matrix of a composite as chemical bonds in the fimface are broken and reactive
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positions are generated [7]. These reactive s#iast with nitrogen creating polar groups at
the surface. The advantage of this process isnthathermal or mechanical strains are

introduced into the specimen. The treatment wapeed during 15 seconds.

Dielectric material | Thickness [mm]
PA-film 0.05
PET-film 0.02
PC-film 0.17

Table 1.Dielectrics and their nominal thickness.
2.2  Composite manufacture and characterisation

During manufacture pre-preg layers were stacked irelease agent coated mould. To
achieve equal surface properties on both sideshefldminate the structural capacitor
laminates were manufactured using peel plies oh togt and bottom surfaces. The mould
was sealed with butyl tape and a vacuum bag. Armsatie of the bagged layup is shown in
Figure 1. Vacuum was applied and debulking withoeat was performed. The mould was
then placed in an oven and heated according tsupplier's recommendations (120°C for
30 minutes) to achieve fully cured laminates. Thewum was necessary to achieve void
free, high quality composite laminates. Voids mibstto be kept to minimum. Air has a
lower dielectric constant then the tested dielestrPresence of voids will therefore locally

reduce the isolative properties of the dielecalsp mechanical properties are lowered.

Vacuum
CF prepreg connection
Separator T
Vacuum bag
....Y. ............71 ...........................
Mould Butyl tape

Figure 1. Manufacture of the structural capacitor laminates.
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In total three types of structural capacitor lanésawere manufactured for electrical
characterisation. For each type of material a 6éve specimens was manufactured. The
specimen designed for electrical (capacitance)acharisation is depicted in Figure 2. The
specimen had a total area of 0.01®and had a nominal thickness between 0.27-0.42 mm,
depending on the dielectric material employed. $tpgare shape was chosen because it is
easy to control size and placement, though a @rahliape would be better from electrical
point of view, since corners concentrate chargee dielectric material has an excess of
approximately 10 mm around carbon fibre plies toiégwedge effects. A copper mesh was
used as electrical connection due to good eletirmaductivity and compatibility to most
matrices, as well as flexibility.

Two structural capacitor materials were manufactdte mechanical characterisation. In
addition to the three capacitor materials made eflectrical characterisation capacitors
employing the plasma treated PA and PET separdtors,f PA-PT and PET-PT
respectively were manufactured. Note that no cégaoe measurements were performed
on capacitors using plasma treated dielectrics.r€heson for this is that plasma treatment
alters only the surface properties of the polyniler &nd not its intrinsic properties, nor its
thickness. It is therefore assumed that plasmatntesst of the dielectric will have

negligible influence on the capacitance of thecitmal capacitor.
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Electrical
connection

Separator

Electrode

Figure 2. A single layer structural capacitor for electrimacacterisation.

Specimens for tearing were manufactured; specimens cut and grinded to the nominal
dimensions: thickness 2 mm, width 30 mm and lerigg@ mm and a hole with diameter

5 mm was drilled.

2.3 Experimental characterisation
2.3.1 Capacitance

Capacitance measurements were carried out onahlbtspecimens, five for each type of
dielectric. Measurements were performed as folloWe capacitor was charged repeatedly
to an increasing voltageV) until the structural capacitor was short-circdité-or each
voltage the structural capacitor was dischargedthedharge@), in Coulombs, giving the

capacitance as

_Q
€=y y

The voltage to which the capacitor was charged wemsured using a Voltmeter,
Eltex EMF 58. The charge during discharge was nredsamploying a Coulomb meter,

Keithley Instruments 602 Solid state electrometer.
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2.3.2 Dielectric breakdown voltage

Dielectric breakdown voltage (dielectric strengthf)the capacitors was measured using the
ASTM standard for direct current measurement ofedieic breakdown [8] as done by
Baechle et al. [9]. Voltage was applied with a @itd 00V/s with the specimesubmerged

in mineral oil. Breakdown tests were performed loeé structural capacitors of each type,
in total 18 measurements. The equipment used vEseman SR6 High Voltage Supply
controlled by PCI GPIB and a HP 33120A Function Wfavrm Generator, with a
maximum voltage of 28.3 kV. A PCI NI-6023E (DAQ)tlvia BNC-2111 connector block
was used to record the results from the tests.ageltvas applied until failure was evident

by a large drop in voltage.

2.3.3 Tearing

A tearing test was chosen to evaluate the structafzacitors use in a crash situation that
could be found in e.g. an automotive applicatione Tearing force was evaluated using a
tearing test developed for simulating a tearintufai[10]. The test is easily performed and
requires very little specimen preparation makingeéty fast and robust. The test was
performed in an ordinary tensile tester utilizingwpose made fixture. The specimen was
clamped at end and a bolt was put though the plextifiole.

When performing the test a fixed cross head sp&€&0 onm/min and a tearing distance of

70 mm were used. The force was measured continutusiughout the test. The structural

capacitor materials have different thicknesses.s€quently to allow comparison of tearing

force the measured force is normalized with bolantter and laminate thickness,

expressed in equation 2 as
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E
From = —— - 2
norm t * d ( )

Where F is the average tearing fordeis the thickness of the sample ahib the diameter
of the bolt (4.88 mm for the test equipment useghe
Due to the nature of this test being a process une@sover a bulk of material it was

considered sufficient to use only two specimensaah type.

2.4 Electrical energy density
Evaluation of electrical energy density allows camgon between the different capacitor
devices. Use of thin film dielectric separators allsuresults in capacitors with high

capacitance but low breakdown voltage [9]. The gynéensity is given by

Loy
Mo = 2msc ©)

WhereT < is the energy density of the structural capaciiathe capacitanca/ the voltage

at dielectric breakdown anah,, the mass of the structural capacitor.

3 Results and discussion

3.1  Electrical properties

Dielectric Thickness Capacitance Dielectric strength Average electrical energy
[um] [NF/m? [kV] density [J/g]

PA-film 50+3 868+198 7.80£1,03 0.034

PET-film 19+1 186011024 6.40+0,66 0.052

PC-film 155+8 206+11 28.3* 0.089*

*The capacitors had not failed at maximum voltagthe breakdown voltage tests.

Table 2. Summary of results for various structural capasito
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The results from the discharge and dielectric giteexperiments are presented in Table 2.
The results are measured average capacitance abectdc strength with standard

deviations, for respective dielectric.

3.1.1 Capacitance

For the polymer films, thickness is the main vaeabontrolling capacitance. This is
evident for the PC film, which has the largest khiess and consequently the lowest
capacitance. An explanation for the noticeably higdndard deviation for the PET-film
capacitor could be test equipment limitations. Tdapacitors with high capacitance
required low voltage in order to be measured, sifigaccuracy of measurements.

The reported capacitances for all structural CFREt®de capacitor designs studied here
were significantly higher than those found for aatmas employing structural dielectric
layers [3, 9]. The highest capacitance reportedtfimse materials was approximately
150 nF/nd [9], c.f. Table2. No experimental comparison wittapacitance of a
conventional capacitor material was possible. Nbedess, a comparison with theoretical
capacitance of conventional film capacitors (80 thitk PET-film covered by 4 yum
copper on both sides) suggests that the struatapcitors developed in this study match
the conventional capacitors considering capacitaflke theoretical capacitance for such a
conventional film capacitor is 1460 nF/rto be compared with the 1860 nP/for the
PET-film structural capacitor developed here. Ascdssed by Luo and Chung [2], the
carbon fibres in the structural capacitor electsogmvide an increased surface area, and
therefore promote an increase in capacity compdeectonventional film electrode

capacitors.

II-10



3.1.2 Dielectric strength
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Figure 3. Voltage history of a typical dielectric strengtlstte

In Figure 3 the voltage history for a typical digthic strength test series is depicted. Note
the absence of clearing reported in tests on capacemploying structural dielectric
separators [9]Results from the dielectric breakdown voltage mezments are presented
in Table 2. The PA and PET films performance argh@ same region but the lower
thickness of the PET film makes it favourable asraulator in a structural capacitor. The
performance of the PC-film capacitor was outstagdiand did not breakdown before
maximum voltage was reachddence is should be recognized that maximum eledtric
energy density for the PC-film capacitor could betmeasured with the current test set-up.
The average static capacitance, average breakdoltage and average weight were used
to calculate the electrical energy density accaydorEquation (3). The calculated energy
densities are presented in Table 2.

The electrical energy density for PC-film capaciteas particularly good. All PC-film
capacitors exceeded an electrical energy densi®/Q#9 J/g. This value is lower than the
0.28 J/g reported for structural dielectric separaapacitors developed by O'Brien et al.

[9]. However, the breakdown voltage was not readoedhe PD-film dielectric capacitor
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studied here. As the energy density is proportiemahe breakdown voltage squared, even
a moderate increase in measured dielectric stremijtliesult in a significant increase in

electrical energy density

3.2 Mechanical properties — Tearing

A typical force measurement is depicted in Figur&tte force used in the calculations is

the average force in the steady state region dieiugng.

Steady state region

oad [kN]

0.2 1/ w—Tearing initiation region

a 10 20 30 40 50 60 70 80
Tearing distance [mm]

Figure 5. Typical tearing force measurement

Dielectric Normalized tearing force [MPa]
PA-film 124.5 (11.4)

PA-film, plasma treated 171.0 (12.4)
PET-film 127.4 (16.0)
PET-film, plasma treated 121.9 (15.8)
PC-film 154.2 (14.8)

CFRP 202.8 (15.6)

Table 3. Average tearing force normalized by sample thiskrend bolt diameter (Std. dev. within brackets)

The normalized tearing forces (see Eq. 2) are pteddn table 3. As seen in the table no
structural capacitor can compete with the pure CFERfitnate. Worth noting, however, is

the great performance for the plasma treated PA-Gihpacitor material compared to the
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non-treated PA-film material. No such improvemeintsn treatment noted for the PET-
film, for which the plasma treated film shows stighower performance than that of the
non-treated film material. The variation is quiteadl and could be due to natural variations

within the samples.

3.3 Multifunctional performance

Multifunctional performance is evaluated by asses#gnof measured energy density vs.
specific tearing force and calculated specific lang stiffness. Here, the in plane stiffness
was calculated by rule of mixture using the stif®elata for the CFRP and the polymer
films provided by the material suppliers. Althougdipacitance and dielectric strength are
important properties for the performance of a capgause of these properties individually
to assess multifunctional performance of a stradtaapacitor will produce contradicting
results. For example, if one was to assess muttifomal performance with respect to
capacitance alone, PET-film would be found mostasle to achieve structural capacitor
materials, whereas the PC-film capacitor woulddaenfl worse. In contrast, if only tearing
energy was to be considered none could match tree@ERP but the best choice would be
the PC-film capacitor.

Employing energy density as the parameter to assekgunctional performance allows us
to compare the different structural capacitor desifpr their applicability in a structural
system, where energy needs to be stored, with ces$peheir potential to reduce system
weight. Consequently, this approach allows us taluate the structural capacitors
influence on system weight, as described by O’'Beeml. [9]. This is important as even
though the multifunctional element exhibits enedgnsity and strength and/or stiffness

that usually are lower than the best monofunctiomalterials, at a system level the
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multifunctional material enables an overall massrga In the paper by O’'Brien et al. [9] a
procedure to evaluate multifunctional capacitorigies following an approach suggested
by Wetzel [11] is presented. O’'Brien and co-workgE define a total system mads
equal to the sum of the mass of the capacitgrand the mass of the structurg The
design metric for capacitor performance is energysity I (in J/kg) with overall system

energy storage defined ds=Tm,. Similarly, the mechanical performance, e.g. speci

modulus or ILSS (J/kg), can be defined Bsaindr. From these, the energy density and
specific mechanical properties of the structurgbacitors can be found a$F, o°E
ando°T. o®and o®are the structural capacitor's energy and strukteféiciencies,
respectively. An improved multifunctional designwa maintain the same overall system
energy and mechanical performance but reduce tted system weight. However, a

structural capacitor will only enable such systenel mass savings if

o™ =0°+0°>1 (4)

Multifunctional performance is depicted in Figurel® Figure 6a electrical energy density
is plotted as function of specific normalized tagriforce. In the Figure, a dashed line,
representing Equation (4) is introduced to indicatgtifunctional efficiencyg™ , of the
structural capacitors, with respect to tearing éordata points located to the right of the
dashed line exhibit a multifunctional efficiencyegter than unity. Here, the reference
electrical energy density for a state of the apac#tor material has been assumed to 1 J/g
[9], whereas the tearing force for the CFRP is umetenchmark for the strength. From the
graph it is evident that only the PC-film capacitthibit multifunctional efficiencies

exceeding unity. Note that these data refer totélses on untreated films. When plasma
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treated, the tearing force increased substantfaltythe PA-film and would therefore
achieve multifunctional efficiency exceeding urity a large margin.

Results for multifunctional efficiency with respdot specific in plane stiffness are plotted
in Figure 6b. Again a dashed line indicating mutidtional efficiency of unity, according
to Equation (3) is introduced, where electricalrggedensity of 1 J/g and specific modulus
of 40.93 GPa/(g/ciy are used for the monofunctional materials. Conertly, the stiffness
offered by the CFRP structural capacitor electragteatly exceeds that resulting from use
of GFRP dielectrics developed by O'Brien et al..[9) all cases a multifunctional
efficiency higher than unity is achieved for alllyoer-film capacitor materials. Note that
in both Figure 5a and 5b, the energy density pdofte the PC-film capacitor is a lower

than the maximum energy density, which remains anknat this stage.
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Figure 6. a) Energy density versus specific specific noreealitearing force for the structural capacitors
b)Energy density versus calculated spesifftness for plastic film structural capacitors.

4 Conclusions

A series of structural capacitor materials madenfroarbon fibre reinforced polymers
electrodes have been manufactured and evaluatedh&r mechanical, electric and
multifunctional performance. The structural capacitnaterials were made from carbon
fibre epoxy pre-preg woven lamina as electrodesrsgpd by a dielectric material. The
dielectric materials employed in this study wenmneéhdifferent polymer films (PA, PET and
PC).

Multifunctional efficiency of the developed struclicapacitors was evaluated on the basis
of achieved electrical energy density and tearmigd as well as in plane stiffness. All
capacitors investigated indicate potential for highitifunctional efficiency. Depending on
film thickness and surface plasma treatment sicpuifily improved multifunctional designs
with overall weight savings can be achieved. Intipalar, use of CFRP in the capacitor
electrodes will result in significantly higher inlape stiffness of the multifunctional

component than will use of GFRP structural dielecseparators. Nevertheless, further
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research is needed to identify best choice of pehyiiim and film thickness as well as best

practice for surface treatment.
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ABSTRACT

This paper presents an approach towards realisiogel nmultifunctional polymer
composites. A series of structural capacitor matenmade from carbon fibre reinforced
polymers have been developed, manufactured aretteBbe capacitors where made using
three thicknesses of DuPont Mylar A thermoplastT Rs dielectric separator employing
carbon fibre/epoxy pre-pregs as structural eleeso®lasma treatment was used as a route
for improved epoxy/PET adhesion. The manufacturederials have been mechanically
and electrically tested to evaluate their multifiorgal efficiency.

The multifunctional materials shows good potenfiialreplacing steel and other materials
with lower specific mechanical properties but canmatch the high specific mechanical

performance of mono-functional composites.

Keywords:A: Multi-functional composites, A: Layered struatst B: Electrical properties, B: Interfacial

strength
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1 Introduction

Environmental concerns along with the forecastrofle oil shortage have started recent
trends towards electrification of ground vehiclddence, a step change towards
electrification to urban mobility and transporirsminent.

To realise electric vehicles the mobile platformssincarry increasingly larger masses and
volume of energy storage components such as cap@cfupercapacitors and batteries.
This development counteracts the realisation dtiefit electric vehicles, for which low
weight is essential. One route to address this Ipnobcould be the development of
multifunctional materials, in this case, materitthait could store electrical energy and
withstand mechanical loading.

More than a decade ago Chung and Wang [1] preseht&ddea of using the semi-
conductive nature of the carbon fibre in “structugkectronics”, making electric devices,
e.g. diodes, detectors, transistors, etc. Followlmgthey were first to propose the use of a
high dielectric constant material as an interfaggvieen CFRP laminas to make a structural
parallel-plate capacitor. By this approach trulyltifunctional materials, i.e. a material that
can perform more than one function, emerge. In lvieon study Luo and Chung
demonstrated structural capacitor materials foffitlsetime [2]. Lou and Chung made thin
structural capacitors from single unidirectionaloaan fibre epoxy pre-preg layers separated
by different paper dielectrics. For these materdgisamic capacitance up to 1200 nan

2 MHz was demonstrated, however no mechanical cteisation was performed. More
recently, another approach for making structurpbcéors was suggested by Baechle et al.
[3]. To achieve high energy density of the capacBaechle and co-workers made

structural capacitors employing glass fibre/eporg-reg as the dielectric with metalized
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polymer films as electrodes. By this approach Beeahd colleagues utilise the dielectric
layer for structural performance.

Previous work [4-6] performed at Swerea SICOMP /A8 mvestigated the use of different
surface weight printing papers and polymer filmelelitric separator with carbon fibre
prepreg electrodes in the spirit of Luo and Chuzig The concept of making capacitors
with carbon fibre epoxy pre-preg electrodes sepdrhy a thin polymer film was found to
be most promising. This concept is further explarethis paper.

The objective of this follow-on study of previousork [4-6] has been to develop high
performance multifunctional polymer composite cdipac materials. In this study
thermoplastic PET-films of three different thickees, with and without surface treatment,
are utilised as dielectric separator layers betvwoaebon fibre epoxy pre-pregs. The electric
and mechanical performance was characterised tdr diglectric separator thickness and

surface treatment employed and the overall multifional performance was assessed.
2 Experimental

2.1  Materials

Structural capacitors were made from carbon filpexg composites to facilitate high
performance mechanical electrodes. The electrogierda(laminas) were made from
0.268 mm thick pre-preg weaves. The pre-preg wad5g/nf 2x2 Twill HS (3K) 0°/90°
configuration, MTM57/CF3200-42% RW, supplied by thdvanced Composites Group,
UK. As dielectrics three thicknesses, 50, 75 arut?of DuPont Mylar A, thermoplastic
polyester film supplied by Trafomo AB, Sweden, wased. The dielectric material

selection, as well as the choice of pre-preg cafiloe epoxy weaves, was done after an
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extensive pre-study of dielectrics, composite nialeand manufacturing techniques [4-6].

PET is available in different thicknesses and imicmnly used in capacitors, hence a logic
choice for a parametric study.

However, adhesion between PET and epoxy could hiesae and in addition to the neat

polymer films, plasma treated PET-films were preparThe excited plasma gas breaks
chemical bonds in the film surface generating &ctites where chemical bonds can form
for improved adhesion to the epoxy matrix [7]. Bonént used was a Technics Plasma
440G. The treatment was performed indss for 15 seconds with 300W of power for all

plasma treated specimens.

2.2  Composite manufacture and sample preparation

The pre-preg requires to be kept in a freezer tdapremature curing. Therefore, prior to
manufacturing the laminates the pre-preg roll veken from the freezer and cut to required
size laminas. The laminas were allowed to reacmrmmperature before putting them in a
vacuum chamber for 30 min to evaporate any left@egrdensation. During manufacture
the pre-preg layers were stacked in a release agated mould. To achieve equal surface
properties on both sides of the laminate the gairattcapacitor laminates were
manufactured using peel plies on both top and botorfaces. The mould was sealed with
butyl tape and a vacuum bag. A schematic of thegéédayup is shown in Figure 1.
Vacuum was applied and debulking without heat forn@n was performed. The mould
was then placed in an oven and heated accorditigetsupplier’s recommendations (120°C
for 30 minutes) to achieve fully cured laminatepphication of vacuum was necessary to
achieve void free, high quality composite laminafidss is important as presence of voids

lowers the mechanical properties (e.g. ILSS) ad althe isolative properties of the
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laminate. Thus present voids could cause premdiefectric breakdown in the electrical

specimens.

Vacuum connection

Peel plies Laminate
A Vacuum bag
o R
Mould
Butyl tape

Figure 1. Manufacture of the structural capacitor laminates.

In total six types of structural capacitor lamirgsateere manufactured for electrical
characterisation, capacitance and dielectric breakd For each type of material a set of
five specimens was manufactured. These structayzdator laminates where made from
two pre-preg plies separated by one PET film. Aiteate for electrical testing is depicted
in Figure 2. The specimen had a nominal electrada af 0.010rh The square shape was
chosen because it is easy to control size and mplag although a circular shape would be
better from an electrical point of view, since @ concentrate charge. The dielectric
material has an excess of approximately 25mm aranamdon fibre plies to avoid edge
effects. A copper mesh was used as electrical abiome due to good electrical

conductivity and compatibility to most matrices veadl as flexibility.
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Figure 2. A single dielectric layer structural capacitor &ectric characterisation.

For mechanical characterisations materials for lietisile and interlaminar shear stress
tests were manufactured. In total seven typesarsatogous to the electrical specimens and
a reference CFRP laminate, were manufactured fdr beechanical tests. A set of five
specimens per test was manufactured for each ralateri

Tensile test specimens were manufactured for tpsocording to ASTM standard
D3039/D3039M [8] in an alternating layup of ten jpreg plies and nine PET plies. The
manufactured plates were cut to 25x250 mm piecdsfitiad with grip tabs according to
the standard. The thickness varied depending othibleness of the PET-film used.

ILSS test specimens were manufactured, for testwgording to ASTM standard
D2344/2344M [9]. The laminates were manufacturenfi20 pre-preg plies, 10 on each
side of a single PET ply for testing the shearrgile of the PET/epoxy bond. All
specimens were cut according to the standard. Henvehe reference needed larger

specimens to break in shear. Average dimensioneo$pecimens are listed in table 1.
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Dielectric Thickness [mm] Length [mm]  Width [mm]
50 pm 5.8 34.0 11.5
50 um PT 5.7 33.3 11.3
75 pm 5.7 33.2 11.1
75 um PT 5.8 34.0 11.4
125 pum 5.8 34.1 114
125 pm PT 5.8 33.6 11.4
Ref. 5.8 39.9 12.2

Table 1.ILSS specimen average dimensions

2.3 Experimental characterisation

2.3.1 Capacitance and tai®

To characterise the structural capacitor matertls capacitance was measured by
sweeping through 0.1-1000Hz at 1 and 10V while cipiace and tahwas recorded. The

equipment used was a General Electric Programma&UDAwith Keithley 8009 electrode

fixtures.

2.3.2 Dielectric breakdown voltage

Dielectric breakdown voltage (dielectric strengthf)the capacitors was measured using the
ASTM D3755 standard for direct current measurenwndielectric breakdown [10], as
suggested by Baechle et al. [11]. Voltage was aegpliith a rate of 500V/s according to the
standard instead of 100V/s as done by Baechle amdockers [11]. The specimens were
submerged in mineral oil to avoid any edge efféués may disturb the measurements. The
test was stopped when breakdown was apparent byottege over the capacitor sharply
dropping to zero. Equipment used was an AC transforwith a half wave rectifier. The
sample voltage was measured with a resistive wlthgder connected to a DAQ-card on

a stationary computer.
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2.3.3 Tensile testing

Two types of mechanical testing were performed. Tinst was tensile testing to
characterise the tensile properties of the stratapacitor materials. Output from the test
was Young's modulus and ultimate tensile strendtithe laminates. The tests were
performed at room temperature according to the AStavidard D3039/D3039 M [8]. The
equipment used was an INSTRON 8501/H0162 with &Md0ad cell (INSTRON 2518-
111). A constant crosshead speed of 2mm/min wad asd strain was measured with a

25mm gauge length extensometer.

2.3.4 Interlaminar shear strength

Interlaminar shear strength (ILSS) of the strudtwapacitor configurations was also
measured to expose any negative or positive effidctise dielectric, at mid-thickness, on
the mechanical performance of the composite.

The interlaminar shear strength was evaluated @nhrtemperature using the short beam
three-point bending test according to the ASTM DEB2344 M standard [9]. The
equipment used was a MTS 20/M with a 10kN load. geltonstant crosshead speed of
Imm/min was used.

It is well known that the short beam three-poinbhdbéest does not provide very accurate
ILSS values due non-uniformity of the stress figl@]. However, the test is useful to
monitor difference in interlaminar shear strengétmiieen materials and therefore provides
a useful tool for assessment of the relative peréorce of the individual structural
capacitor materials developed in the current stldhe method is selected in this study

since it is a robust and easily performed test.
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2.4 Specific energy

Evaluation of specific energy allows comparisonalaen the different capacitor devices.
Use of thin film dielectric separators usually fesin capacitors with high capacitance but
low breakdown voltage [11]. The specific energgiigen by

3 Leve

Me=2 —, (1)
me,

whereT < is the specific energy of the structural capacifothe capacitanca/ the voltage

at dielectric breakdown annh, the mass of the structural capacitor. It shoulgpbiaited

out that the specific energy of a single dieledaier capacitor, like the ones assessed here,
will be lower than that of a conventional multilayeapacitor.This is due to the more
effective use of electrodes in a multilayer camacitA single layer capacitor has two
electrodes and one dielectric layer. Generallyp-dayer capacitor will have n+1 electrodes
and n dielectric layers. Here the specific energlybe used to evaluate the multifunctional

efficiency of the structural capacitor configuraiso
3 Results and discussion

3.1  Electrical properties

Dielectric strength Specific energy

. . . N N
Dielectric Capacitance* [nF/th tand [KV] [9/g]
PET-film 5Qum 447+3.8 0.002+0.0007 14.6+2.3 0.06+0.02
PET-film 5um PT 442+2.6 0.002+0.0007 15.4+1.7 0.06+0.01
PET-film 75um 300+2.6 0.002+0.0005 22.4+3.6 0.08+0.03
PET-film 75um PT 300+4.5 0.002+0.0005 20.8+1.8 0.07+0.01
PET-film 125um 193+4.6 0.003+0.002 29.4+4.1 0.09+0.02
PET-film 125um PT 195+1.6 0.001+0.0001 29.8+4.8 0.09+0.03

*@ 1V and 0.1Hz
Table 2. Summary of electrical properties for various sl capacitors
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The results from the capacitance and dielectriength experiments are presented in
Table 2. The results are measured average capazitda®, dielectric strength and
calculated specific energies with standard dewviatiofor respective dielectric. The
difference in capacitance and &afor measurements at 1 and 10V was negligible.
Therefore only values for 1V are presented. Also,an automotive application the
frequency of charging/discharging will most likébg low. Hence the results achieved at

0.1Hz are presented.

3.1.1 Capacitance and ta®

As expected the capacitance is highest for thentigndielectric, 50m, and decreases with
an increase in separator thickness. All resultscipacitance are consistent, only small
scatter in data indicating a stable electric respdnom the manufactured materials. Also,
the measured tanfor the materials is small showing that there @mé/ minor electrical
losses in the capacitors. This is a good resulivstgpthat the carbon fibre weaves works
acceptable as electrodes. The losses are most dkedsult of the resistivity of the carbon
fibres.

An important result is that there is no significaiifference in capacitance nor &for as
received and plasma treated films. This suppodsasumption made in previous studies
[4-6] that plasma treatment does not affect thiedigc properties of the film.

The theoretical areal capacitance for a flat ptaggacitor can be calculated according to

C=—+, )

where g, is the electric constant approximately equal 186810 Fm™* [13], & the

separator dielectric constaahdd the separator thickness.
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Using a dielectric constanty, of 3.3 for the PET-films [14] one will find that ¢h
theoretical capacitance, calculated using eq. 8% 390 and 234 nFfnfor 50, 75 and
125um film thicknesses respectively. Comparing thesmilte to the values measured for
the structural capacitor materials one will finéttthe measured vales are approximately
80% of the theoretical for respective film thickaes

In previous studies [4-6], capacitance values highan the theoretical was presented.
1860 nF/m was measured compared to the theoretical 1460°fBima 20um PET-film.
One reason for the lower experimental than themaktapacitance values found in this
study may be that the thicker films do not folldve wavy shape of the carbon fibre weaves
making less use of the electrode area availablettar@fore results in lower capacitance.
There is also a difference in the test method ahosethis study all measurements was

done dynamically compared to the static approaghieyad in previous studies [4-6].

3.1.2 Dielectric strength and specific energy

20.0
18.0
16.0
14.0
12.0
10.0
8.0
6.0
4.0
2.0
0.0

Voltage [kV]

0 10 20 30 40

Time [s]

Figure 3. Voltage history of a typical dielectric strengtlstte
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The voltage history for a typical dielectric strémgest series is depicted in Figure 3. Note
the absence of clearing, reported previously itstes structural capacitors employing
structural dielectric separators [11]. This ressilconsistent with observations in previous
studies [5, 6]Results from the dielectric breakdown voltage messents are presented in
Table 2.

As expected, structural capacitors with the thitkeparator exhibit the highest breakdown
voltage. However, considering the breakdown voltdiyided by the separator thickness
the thickest film presents the lowest breakdowarsjth per mm. This is also expected as a
larger volume of material has a higher probabityiaws.

No adverse effects from the plasma treatment cbeldoncluded from the tests. The small
variations are most likely normal variations witlsirset of specimens.

The average capacitance, average breakdown vodtageaverage weight were used to
calculate the specific energy according to EquaignThe calculated specific energies are
presented in Table 2.

The highest value of specific energy is 0.09J/gtlier 125mm thick PET-film. Hence, the
lower capacitance of the thicker film capacitorsasnpensated for by a higher breakdown
voltage. The value is however lower than the 0@8&ported for structural dielectric

separator capacitors developed by O'Brien et 4l [1
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3.2  Mechanical properties

Dielectric E [GPa] Gult [MPa] ILSS [MPa]
PET-film 5Qum 42.7£3.0 354166 29.5+1.3
PET-film 5Qum PT 42.5+2.1 32047 32.0£1.1
PET-film 75um 44.6+0.8 377115 30.6+1.7
PET-film 75um PT 41.745.2 344+35 30.7£2.0
PET-film 125um 36.5£1.9 317+36 32.5%1.4
PET-film 125um PT 37.814.3 339135 31.8+1.1
CFRP Ref. 56.1+1.7 631+73 54.4+£1.5

Table 3. Summary of mechanical properties for various $tmat capacitors and the CFRP reference

The results from the tensile and ILSS tests aresegmted in Table 3. The results are
measured Young's modulus (E), ultimate tensilengfite ©y) and interlaminar shear

strength with standard deviations, for respectietedtric and the CFRP reference.

3.3  Tensile properties

Figure 4. Typical failure of a tensile specimen
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Typical features of a failed tensile specimen agicted in Figure 4. As seen in the picture
a significant amount of delamination has occurredha polymer film/epoxy interfaces.
This failure characteristic was evident in all staral capacitor materials, including the
plasma treated ones.

Young’'s modulus was calculated between 0.05-0.1§%ns and not between 0.1-0.3%
strain as recommended in the ASTM standard [8]s Was due to the failure onset beyond
0.2% strain.

Considering the values of stiffness, there is ackdown of approximately 15GPa
regardless of film thickness. A small knockdowreigected from the interleaving of the
CFRP with a less stiff material (PET). All strualicapacitor materials show stiffness
around 40GPa.

Considering the ultimate tensile strength, thei sggnificant knockdown in the strength of
the material compared to the CFRP reference. Thisnost likely a result of the
delamination behaviour triggered in the structapacitor materials.

The delamination behaviour is not found in the CKHBference. The reference specimens
break at an approximate 90° angle to the loadirecton, featuring a flat fracture surface.
Furthermore, a subsequent secondary fracture sunfisast likely a compressive failure, is

found in all CFRP reference specimens.

3.4 ILSS

As seen in table 3 all capacitor material specimsr®v significantly lower ILSS values
then the reference. Note the effect of plasma nreat which is more evident for the
thinnest film where an increase of 1.5MPa is adtdewhereas for the thickest film a

decrease of 0.7MPa is found. The difference inguathnce between the as received PET-

I-14



film and the plasma treated PET-film is small anohsidering the extra step in
manufacturing the reward is low or non-existing.

The capacitor material specimens are not easilaraggd at the interface after failure.
Additional examination of the specimens is needecldrify if the failure is at the interface
between epoxy and PET-film or if it is a shear el in the PET-film. The small
differences in failure stress across all structaeglacitor materials could be an indication

of this.

3.5  Multifunctional performance

Multifunctional performance is evaluated by assesgnof measured specific energy vs.
specific stiffness, specific strength and spedifierlaminar shear strength.

Employing specific energy as the parameter to assestifunctional performance allows
us to compare the different structural capacitaigtes for their applicability in a structural
system, where energy needs to be stored, with cespeaheir potential to reduce system
weight. Consequently, this approach allows us taluate the structural capacitors
influence on system weight, as described by O’Bgtal. [11]. This is important as even
though the multifunctional element exhibits speciéinergy and strength and/or stiffness
that usually are lower than those of the best mamzdifonal materials, at a system level the
multifunctional material may still enable an ovérabss saving. In the paper by O'Brien et
al. [11] a procedure to evaluate multifunctionapaeitor designs, following an approach
suggested by Wetzel [15] is presented. O'Brien emavorkers [11] define a total system
massM equal to the sum of the mass of the capacitgrand the mass of the structurg
The design metric for capacitor performance is iiseenergy I (in J/kg) with overall
system energy storage defined as'm,. Similarly, the mechanical performance, e.g.
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specific modulus or ILSS (J/kg), can be defined Band 7. From these, the energy

density and specific mechanical properties of ttrectural capacitors can be found as

o°T, 0°E and ¢°T. o° and g*are the structural capacitor's energy and struttura
efficiencies, respectively. An improved multifurarial design would maintain the same
overall system energy and mechanical performanterdtluce the total system weight.

However, a structural capacitor will only enablelsgystem level mass savings if

mo=

o" =0g°+0°>1 (3)

Multifunctional performance is depicted in Figuss b and c. In the Figures, two lines are

plotted, representing Equation (3) with a multiftiocal efficiency,c™ , equal to one for
two scenarios. The dashed line represents a tecgatrio where specific energy for a state
of the art capacitor material set to 0.5J/g asmnedan the literature as a maximum value
for a electric field energy storage devise (aluommielectrolytic capacitor) [16] (1J/g, was
used by O'Brien and co-workers [11]) and specifiechmnical properties are set to those of
the tested CFRP reference material. The soliditifiiggure 5a and 5b represents a second
scenario where the specific energy is the samethmitmechanical properties are the
maximum values found for steel, which is a likehndidate material to be replaced by the
multifunctional material. Values chosen are speciftiffness 25GPa/(g/cin [17], and
specific strength 150MPa/(g/d16]. ILSS is not applicable for steel and hettvere is

no solid line in Figure 5 c.

In Figure 5a specific energy is plotted as functadnspecific stiffness. As seen in the
figure, none of the manufactured materials arédéoright of the dashed line. Hence, none
of the manufactured materials will meet or excdedtarget. However, all materials are to

the right of the solid line meaning that comparm@dteel the multifunctional material would
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provide a weight saving. Comparing these resulthose reported in previous studies [5,
6] it is obvious that the overall performance oé thew materials are worse than those
found the previous studies. However, it must beeshdhat the stiffness and density in

previous studies [5, 6] were calculated while meadin the current study.

In figure 5b specific energy is plotted as a fumctof specific strength. As for stiffness the

manufactured multifunctional materials will not mekee target values but will provide a

weight saving when compared to steel.

In figure 5c specific energy is plotted as a fumetof specific ILSS. And as for the other

mechanical properties the multifunctional materais below the targeted line. Since ILSS
is not applicable on steel there is no solid l@emparing these results with those found in
previous studies [5, 6] it is apparent that thdqyerance of the current and old materials is
of the same magnitude. The main reason that thenmaerials falls under the dotted line is

the much improved performance of the reference maht@ this study compared to that

found in previous studies [5, 6]. One reason fis tould be an improved manufacturing

procedure and more experienced personnel in ity st
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Figure 5. a) Specific energy versus specific stiffness Ifier structural capacitors b) Specific energy versus

specific strength for the structural capacitorSpgcific energy versus specific ILSS for the suicait

capacitors

4 Conclusions

A number of multifunctional materials have beencassfully manufactured. However,

none of them provides a solution that meets thgetaifhe main reason for this is the loss
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in mechanical performance which needs to be adelless order to make an efficient
multifunctional material. Further work with a fragraphic examination of the failed
tensile and ILSS specimen will hopefully give aagex understanding of what needs to be
altered in order to improve the mechanical perforoea

However, if multifunctional performance of the capsfie materials were to be compared
to the mechanical performance of steel as referesgstem weight savings would be
possible to realize. This is illustrated by thet filbat the multifunctional materials provides
specific stiffness and strength values to the righihe solid line in figures 5a and 5b

On electrical performance there might be some ivgmeents to be done in the selection of
separator film. Finding films with higher dielectrconstant and high dielectric strength
will give better electrical performance.

Another route to achieve higher capacitance coeldobmanufacture polymer films with
fillers that raise the dielectric constant.

The fastest way to improve the capacitance wouldtdaise thinner films, with the
drawback of lower breakdown voltage. However, mapplications will not need an upper
limit as high as 15-30kV, and there is the posisybib adjust the film thickness to suit the

maximum voltage required in the application andhggher capacitance.

5 Acknowledgements

Financial support from the European commissiontkie&a FP7 project grant no. 234236,
StorAge is gratefully acknowledged.
Mr. Jiafu Wang and Ms. Anette Johansson at Hightagael Enginering, Materials and

Manufacturing Technology, Chalmers University of cfieology are gratefully

lr-19



acknowledged for their assistance with capacitariaey and dielectric breakdown

measurements.

6 References

1. Chung DDL, Wang S. Carbon fiber polymer-matrittustural composite as a
semiconductor and concept of optoelectronic andtréedevices made from it. Smart
Mater. Struct. 1999;8:161-166.

2. Luo X, Chung DDL. Carbon-fiber/polymer-matrixropositors as capacitors. Comp Sci
Tech. 2001;61:885-888.

3. Baechle DM, O’Brien DJ, Wetzel ED. Design andgassing of structural composite
capacitors. Proceedings of SAMPE 2007, BaltimorB, MSA, 2007.

4. Carlson, T, Ordéus, D, Wysocki, M, “Load carginomposites for electrical energy
storage” SICOMP TR08-02, Swerea SICOMP, Sweder8.200

5. Carlson, T, Ordéus, D, Wysocki, M, Asp, LE, $tural capacitor materials made from

carbon fibre epoxy composites, Comp Sci Techn, 2@((r):1135-1140.

6. Carlson, T, Ordéus, D, Wysocki, M, Asp, LE, CFRRuctural capacitor materials for
automotive applications, Plastics, Rubbers and @aitgs, 2011;40(6-7):311-316

7. Garbassi, F, Morra, M, Occhiello, E, Polymerf&ces — From Physics to Technology,
Revised and updated ed. pp. 226-229, 1998.

8. ASTM Standard test method for tensile propeufgsolymer matrix composite materials
and their laminates, Annual book of ASTM standa¥lest Conshohocken, Vol 15.03, 79-

91. 2010.

lr-20



9. ASTM Standard test method for short-beam strerajt polymer matrix composite
materials and their laminates, Annual book of AS$tdndards, West Conshohocken, Vol
15.03, 71-78. 2010.

10. ASTM Standard test method for dielectric breatal voltage and dielectric strength of
solid electrical insulating materials under dirgottage stress, STD no. D 3755 — 97
(Reapproved 2004).

11. O'Brien DJ, Baechle DM, Wetzel ED. Multifunatial structural composite capacitors
for U.S. army applications. Proceedings of SAMPE&Dallas, Texas, USA, 2006.

12. Melin, G, Neumeister, JM, Pettersson, KB, thalsson, H and Asp, LE, Evaluation of
four shear test methods by fractographic analysid digital speckle strain mapping,
Journal of Composites Technology & Research, 2@{8)21.61-172.

13. Karlebo handbok, vol 15, pp 915, 2005.

14. Klason, C, Kubat, J, Plaster — materialval meterialdata, Vol. 5, pp 270, 2001.

15. Wetzel ED, Reducing weight: Multifunctional cpasites integrate power,
communications and structure, AMPTIAC Quarterly02@®:91-95.

16. Holm SR, Polinder, H, Ferreira JA, van GeldeDRIl, R, A comparison of energy
storage technologies as energy buffer in renewaiérgy sources with respect to power
capability, IEEE Young Researchers Symposium irctieal Power Engineering, Leuven,

Belgium, 7-8 February, 2002.

17. Ashby, MF, Materials selection in mechanicaige, third ed., pp 50-60, 2005.

lr-21












