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Abstract

A novel functional material allowing stiffness-retlan upon external stimulation was

developed. Implementation of such technology inddsgn of a car front has high potential

to result in increased protection of vulnerable doasers (VRUs). The composite material is
obtained by coating carbon fibres with a thermoptapolymer in a continuous process,

followed by infusion with an epoxy resin. The psscés scalable for industrial use. The
coating process was optimized regarding coatingcieficy, energy consumption, risks
involved for operating personnel and environmemnt #ailored to gain the optimal coating

thickness obtained from numerical calculations. rAstic decrease in transversal stiffness
could be detected for the composite material byadya mechanical thermal analysis

(DMTA), when the temperature was increased abogeytass transition temperature of the
thermoplastic interphase. The ability of the materio achieve such temperature and
associated reduction in stiffness by the applicatd current was verified using a special 3-
point bending setup developed for this task.

1. Introduction

The current work addresses the development of astéfiness-variable composite material
aimed to be employed in a car front structure ficreased protection of pedestrians.
According to the European statistics, 6000 VRUsewalled in road accidents in the EU in
2010 [1]. The European Injury Database (EU IDB)ineates that about 4.2 million road
injuries per year have to be treated in Europeapiteds and almost two thirds of these road
injury victims are VRUs [2]. The most frequent aedi injuries in pedestrian fatalities are the
head and the lower extremities, and the vehicla aaising these injuries is usually the car
front [2]. It has been shown in investigations perfed at Chalmers University of
Technology that the head injury severity of VRUsmar front impact depends mainly on
impact speed and car front stiffness [3].

Recently, Tridech developed a technique to prepammposite material that softens by
application of an electric current through thedibeinforcement [4]. The material was studied
for use in morphing wing concepts for unmannedraftcIn the spirit of Tridech, a novel
type of stiffness-modifiable composite material tme in hoods and other parts of the front
structure of future electric cars is reported ia pinesent work. Allowing parts of the car front
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to soften on impact will decrease the deceleratipmncreasing the distance over which the
head or other body parts decelerate.

The aimed functional material is achieved by intrdg a thermoplastic interphase in carbon
fibre reinforced thermoset composites. The stiffaegiuction in this material can be
triggered by applying current through the carb@mefs. Thereby, the thermoplastic coating is
heated above its glass transition temperature, hwWieiads to softening of the interphase and
hence decreased load transfer between the mattisharfibre reinforcement.

A promising method to achieve organic coatings @amdeictive surfaces is electrocoating. The
cathodic electropolymerization at constant poténtias been studied extensively for the
application of polymer coatings on metal surfacgls Electrocoating at constant potential
does, however, usually result in extremely thinelayin a slow process and requires inert
atmosphere and is therefore industrially appliedwesively for highly advanced products.

It is assumed that the application of higher curdamsities might accelerate the process and
make it less sensitive by supplying an excess ifaspecies (electrons). This assumption is
supported by earlier studies by Bismarck and haigy who showed that electrocoating of
carbon fibres at constant current is possible dti@mt conditions [4, 6]. In the mentioned
publications, continuous coating of carbon fibreshwPoly(acrylamide) (PAAmM) [4] and
batch coating with Poly(methyl methacrylate) (PMMA) was reported.

Investigations on improving the electrocoating @sxin the present work focus mainly on (i)
increasing control over the system and reducing tegquired energy by using
electropolymerization at constant potential ratian constant current, alternatively by using
lower current densities and (ii) possibilities wo@l the carcinogenic monomer Acrylamide
(AAm, required for PAAmM coatings). Moreover, a daobus coating process is developed
and optimized regarding coating efficiency and it@pthickness.

Material models are employed to simulate the prigeiof a material reinforced with such
coated fibres. In order to support the materialettggment, the influence of the coating
thickness on the mechanical properties at diffetemtperatures is simulated. The stiffness-
variable properties of the material are verifiediMTA measurements and 3-point-bending
tests with applied current.

2. Description of experiments and analysis

2.1. Material development

Electrocoating experiments were performed in aupetiat allowed the continuous coating of
carbon fibres in a bundle as shown in Figure 1.9Gomt potential (reduction potential of the

monomer i.e. -1.5 V vs. Pt) or constant currentvieen -0.2 and -2.4 mA/cdincorresponding
to -0.1 and -1.2 A) was applied between the cafliovas and the stainless steel tube.

/NS

e

Figure 1: Set-up for continuous coating of carbon fibres.

Application and control of current was achievedhgsa Gamry Reference 3000 potentiostat
and the potential was measured against a platirmeudo-reference electrode.
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The set-up shown in Figure 1 allows the continuoaating of fibre bundles by pulling
unsized carbon fibre bundles (Hexcel® HexT8wS4D) through the electrocoating rig by a
motorized rotating spool.

Electrocoating experiments were performed in N,MiBhylformamide (DMF, 98%)
containing 0.75-10 mol/L Methyl methacrylate (MM®9% with<30 ppm inhibitor) and 0.25
mol/L Lithium perchlorate (LICIQ >98%) at a constant temperature of 65°C. Staticirmgat
was performed by applying constant potential orenirfor 70 s, while continuous coating
was performed at a fibre pulling speed of 3 mmésrésponding to 70 s in bath). All coating
experiments were performed at ambient conditiohg. doated fibres were washed with DMF
and dried overnight at 100°C under reduced pres3ine quality and thickness of the coating
was characterized by TGA, optical microscopy anMSE

Optical microscopy was performed on an OLYMPUS BB2A microscope with MSPLAN
and MDPLAN objective lenses providing different médgations between 2.5 and 50x. The
images were further enlarged digitally using Anayisnaging software. The evaluation of
optical microscopy images was performed with thp béa rough system judging the coating
success between:

Mark | Description
1 Discontinuous or powder-like coating or continsidilm on some fibres
2 Film covering a considerable portion of the fibteface or continuous film on most fibres
3 Continuous film covering complete fibre surface

Table 1. Description of the system for evaluating opticatrascopy images.

SEM micrographs were recorded on a Hitachi S48@Mhreag electron microscope at the
Royal University of Technology in Stockholm (KTH)GA experiments were performed on a
Mettler TGA/DSCL1 instrument in air at a heatingeraf 10C/min. The results were evaluated
using Mettler StarE software. The amount of polye@ating present on the fibre surface was
calculated from the mass loss between 160 antiC350

The composites reinforced with unidirectional cdafiores and commercial sized carbon
fibores (Hexcel® HexTow AS4D - for the reference g#h were prepared by filament
winding followed by vacuum infusion of epoxy reg#raldite LY556 with hardener Aradur
HY914 and accelerator DYQ070).

2.2. Material modelling

The effect of temperature on the stiffness of thecdbed material was modelled using the
concentric cylinder assembly model [1he model is a straightforward generalization of
Hashin’s concentric cylinder assembly model andistémsen’s generalized self-consistent
approach. It was shown that all engineering constéor the composite cylinder may be

calculated (with required accuracy) from knowleddehe constituent (phase) properties by
setting up and solving a system of linear equatimsisg appropriate continuity and interfacial

conditions [7]. The coated composite is considemsda three-phase system: carbon fibre
surrounded by PMMA coating embedded in the epoxtyima

2.3. Validation

2.3.1. DMTA
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DMTA analysis of the material was performed to fyethe ability of the material to reduce
its stiffness at temperatures above the glassiti@msemperature of the polymer coating.
DMTA measurements were performed on a Rheometrengic DMTA 4 analyzer in single
cantilever bending mode. The free distance betwleeilamp and the drive shaft was 14 mm.
Rectangular samples with dimensions 30x10x1.5 mme \weated from room temperature to
155C with a heating rate of°6/min. The tests were performed in strain contcbieode
with a frequency of 1 Hz (according to ASTM-D7028r(and with a maximum strain of
0.1%. The specimen were clamped to the frame witimiial clamp torque of 30cNm.

2.3.2. Testing with applied current

The stiffness-modifiable properties of the matenwale verified by 3-point bending tests with
applied current. A special 3-point bending rig wiaseloped in order to enable safe handling
even if high current or potential is applied to #pecimen. The load is thereby applied via a
weight exhibiting no contact to other parts of s#atup. As seen from the schematic image of
the setup presented in Figure 2, an electricallyatsng material (Teflon) is used for the
ground plate. The whole rig can be placed insideaemdayan cage for experiments where
high current is handled.

Figure 2. Schematic representation of the 3-point bendindarigests with applied current.

Electrical current was applied to the specimen [ltaonix B32-10R power supply with a
maximum output of 10A/32V. In order to assure édfint current transfer to the carbon fibres
in the specimen, the ends were polished with alrqu@ishing paper and silver paint was
applied to the polished ends before covering thath aluminium foil. A laser beam was
usedto measure the displacement of the sample andethpdrature of the specimen was
measured by taping a thermoelement to the specinsenface.

3. Results and Discussion
3.1 Material development

The experiments and results regarding coating ieffcy and coating thickness are
summarized in Table 2. For the evaluation of thigmer coating, optical microscopy proved
to be a useful tool. The colourful appearance effiblymer in the optical microscope (see
Figure 3) facilitated the evaluation of the coatmegarding the uniformity of its distribution

on the fibre surface.
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Experimental details Results
== Exp. [MMA] Potential Comments 1'\23%835'8% trfi:gl?r;[lensgs* Ml(crrnoasr(i:(())py
g2 EPL  0.75M -1.5V static 0.6% 15nm 1
S 2| ep2 1.5M -1.5V static 0.65% 17nm 1
Ol Ep3  50M 15V static 0.8% 20nm 2
EP4 10.0 M -15V static 0.2% 5nm 1
Current Mass loss  Coatin Microsco
Exp.  IMMAL gopgity  COmMmeNts 450 350°C hickness* (mark) i
£ |ECL1 50M -02 mA/cf static 1% 25nm 1
S |EC1.2 50M -04mAlch  static 1.3% 33nm 2
g EC1 4 50M -0.8 mA/cf static 2.5% 65nm 2
S | EC1.5 50M -1.2 mA/cfn static 3.7% 96nm 3
® |EC1.6 50M -2.4mAlch static 3.2% 83nm 3
S| EC2 70M -1.2mAlch’ static 3.1% 80nm 2
EC3 100M -0.8 mA/cA static 0.5% 13nm 1
EC4 50M  -1.2mAlcth  dynamic 1.7% 43nm 3

Table 2. Experimental details and results for electroc@péirperiments.

*As calculated from the mass loss measured by TGA
** The potential limit of the potentiostat used ftre application of current was reached. The ctrvess
therefore reduced automatically to a value corredpy to maximum possible potential.

As seen from experiments EP1 — EP4 (Table 2), maptete coverage of carbon fibres with
the polymer coating could be obtained for electhpperization at constant potential (see
Figure 3, left image). Increasing the monomer cotregion did not improve the coating
efficiency significantly.

image: typical optical microscope image of carbon fibcestinuously coated with PMMA (EC4)ower
image: typical SEM image of coated carbon fibres (hel@1E5).

Unfortunately, no simulation tools are availabledentify the required polymer coverage of
carbon fibres for efficient adhesion to the matkawever, in order to achieve a high effect
of stiffness-reduction, complete coverage of thrbaa fibres was aimed in the present work.

Comparing experiments EP and EC presented in Tabtas seen that the coating efficiency
can be increased by using controlled current eleotiting (as compared to controlled
potential electrocoating). It has been explaineavalihat higher current density may be able
to accelerate the reaction. This technique hasgorée be successful and a perfect coating of
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single carbon fibres with about 80 to 100 nm thedsrcan be obtained even if the coating
process is performed on a carbon fibre bundle gdQ®fibres.

It is seen from the TGA and microscopy results @mnésd in Table 2 that the coating
efficiency increases with increasing current dgnsiji to -1.2 mA/crhand cannot be further
improved if the current density is increased abitnevalue.

Monomer concentrations above 5 M have been foun@dolt in less efficient coating. This
finding is assigned to a higher electrical resistanf the electrolyte for such cases, which
limits the current density achievable in the syst@ims is because the potentiostat used for
the application of current had a limited potentatput, which means that the limit for the
potential was reached already for moderate curdemisities in such system. Hence, the
current was automatically reduced by the devicealaes where the corresponding potential
does not exceed the maximum output.

Hence, the most promising experiment was EC1_5 &kperiment was therefore performed
in a continuous way, thus pulling the fibres througe electrocoating system at a speed of 3
mm/s. As seen from Figure 3 (right image), sucheexpent (EC4) resulted in a bundle of
carbon fibres where every fibre was completely cedewith a PMMA layer. SEM
measurements revealed a continuous coating of wcafltwes with a cauliflower-like
appearance (see Figure 3 — lower image). This waen is in concordance with coating
morphologies observed in literature for electrongpat constant potential [8].

3.3 Validation
3.3.1. Modelling of the stiffness reduction andidation by DMTA

The CCA-model has been used to calculate the degsittuence of coating thickness on the
stiffness change of UD composites with increasetperature. Predictions were based on the
assumed properties of carbon fibre, see Table &, saftening behaviour of LY556 and
PMMA, see Figure 4 (left). Results are shown inurég4 (right) for the transverse modulus
assuming a fibre volume fraction of 60% for the aated fibre composite and 45% for the
coated fibre composite. Due to the different fibomtent the results are compared in terms of
normalized modulus.

Property Carbon fibre PMMA coatinc LY556 matri
E; (GPa 23¢ 2.6 3.2
E; (GPa) 23 2.9 3.2
Gy, (GPa) 20 1.0 1.2
Vi2 0.2 0.4 0.34
Vog 0.2 0.4 0.3

Table 3. Fibre and matrix properties (at RT) in the micraimanical study.

It is clear from these results that the appareasgltransition temperature gfTof the
composite can be decreased efficiently by a therntoplastic interphase and that this
influence of the interphase obviously depends thickness. It is, however, also noticed that
even a very thin thermoplastic film of 50 nm allogignificant reduction of the I These
results are promising with regard to the rathem ttoatings that have been obtained from our
electrocoating experiments, as described above.
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Figure 4. Left image: Measured storage modulus for neat epoxy LY556 asdraed curve for PMMA,
recreated from [9]Right image: Normalized transverse storage modulus for coated@ted fibre composite
and predictions using the CCA-model.

The experimental results obtained from DMTA aresprged as unbroken curves in Figure 4
(grey: uncoated fibres, black: fibres exhibiting3anm thermoplastic film). It can be seen that
experimental results are in reasonable agreemetit the micromechanical predictions.
Furthermore, it is obvious from these results th@ apparent g could be reduced
successfully by introducing a thermoplastic intergd

3.3.2. Testing with applied current

In Figure 5 the displacement measured at diffefemiperatures during 3-point-bending tests
with applied current is presented for a compogteforced with coated fibres and a reference
material reinforced with uncoated fibres. It is mws that the thermoplastic coating has a
significant effect on the displacement that is obsé at elevated temperatures. The
corresponding reduction in bending stiffness wdsutated to be 71% for the composite
reinforced with coated fibres and 33% for the refiee sample respectively.

Hence, it was proven that stiffness-reduction othswcomposite can be achieved by
application of current through the composite.
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g ===Reference sample with uncoated fibres
&
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3
g
S 0.4 1
Z
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Figure 5. Typical results obtained for the displacementiation to the temperature from 3-point bendirgiste
with applied current.

4. Conclusions

Optimization of the electrocoating process focuead(i) avoiding the highly carcinogenic
Acrylamide, (ii) investigations on electrocoating @nstant potential (alternatively lower
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current densities), which would provide increaseshtol over the system and (iii)
optimization of the process considering indusirgblementation.

Investigations on performing electrocoating at tant potential (in contrast to constant
current electrocoating as performed by Bismarck laadyroup [4,6]) in order to increase the
control over the process were of limited succebg. doating efficiency was found to increase
slightly with increasing monomer concentration o M), but coverage of the entire fibre
surface could not be achieved.

By using electropolymerization at constant curréotyever, successful coating with PMMA
could be achieved and implemented in a continucusess. The process is scalable for
industrial implementation. The coating efficiencgutd be optimized with the support of
material simulation and the required current dgrsiuld be reduced by 50% (1.2 mAfcas
compared to 2.4 mA/ctas used by Tridech [4]) without reducing coatirfficiency. The
process thus provides increased control and rexjl@ss energy compared to previously
reported electrocoating processes at ambient gondlif4,6].

A composite material reinforced with the thus aebgcoated carbon fibres was obtained by
filament winding and infusion with epoxy. The rdasuy material could be shown to reduce its
stiffness at elevated temperatures and upon apiplicaf current.
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