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PROJECT ABSTRACT

MATISSE responds to the fourth bullet of the HORIZON-CL5-2021-D5-01-05 topic “expected
outcome”, delivering improved aircraft technologies in the area of multifunctional structures
capable of storing electrical energy for hybrid electric aircraft applications. This consists in
integrating Li-ion cells into aeronautical composite structures, sharing the load-bearing function
with the structure and achieving an aircraft structural element capable of functioning as a battery
module. MATISSE will:

e advance Li-ion battery cell technology, in a non-conventional formulation suitable for
bearing structural loads: NMC811 (cathode), Si/C (anode) and bicontinuous polymer-
ionic quasi-solid-state electrolyte (BCE), i.e. NMC811|BCE|Si/C, achieving 170-270
Wh/kg at cell level;

e enable the functional integration of Li-ion cells into solid laminate and sandwich composite
structures;

¢ make the structural battery smart, by equipping it with on-cell and in-structure sensors,
connected to a chip-based CMU (Cell Monitoring Unit) and PLC (Power Line
Communication).

MATISSE delivers a multifunctional structure demonstrator capable of power delivery, power
management and safety monitoring. This consists of a full-scale wing tip (1.42 m x 0.69 m) for
use in place of the current wingtip assembly installed on Pipistrel Velis Electro, embedding a
module of 40 battery cells at 72 VDC. This will undergo a comprehensive testing and
characterisation campaign, qualifying the technology at TRL 4 at the end of the project (2025).
MATISSE will also encompass aspects related to flight certification, life-cycle sustainability and
virtual scale-up, paving the way towards the application of structural batteries as an improved
performance key enabling technology for next generation commuter and regional hybrid electric
aircraft applications.

The strong and complementary consortium of 8 partners from 5 different European countries
and one associated partner country representing industrial companies, SMEs and RTOs is
coordinated by AIT Austrian Institute of Technology. MATISSE is scheduled to run from
September 15t 2022 to June 30" 2026, for a total duration of 46 months and has received funding
from the European Union’s Horizon Europe research and innovation programme under Grant
Agreement no. 101056674. A full list of partners and funding can be found at:
https://cordis.europa.eu/project/id/101056674.
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EXECUTIVE SUMMARY

As part of Beyond-State-of-the-Art activities in MATISSE project (WP4 T.4.4) a joint work by IAI
and ONERA has been carried out.

The task goals were defined in the answer to the call as follows: "exploration of innovative
materials and manufacturing processes".

In this framework IAI part was to:

e "Lead the task"

e "Explore highly thermally conductive and UV curable thermoset materials for smart SB
cell embedding "

¢ "Manage D4.3"

In addition to the original assignments, IAI explored adhesives for Kapton composite interfaces
and ways to improve their functionality.

ONERA part was to:

e "Explore low temperature thermoplastic materials for smart SB cell embedding"

WP 4 Task 4.4 Report Scheme
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The main achievements in this milestone of joint IAI/ONERA work were as follows:

A one-piece integrated model (prototype unit) of the Rohacell tile/composite 9396 epoxy-
impregnated glass fabric shell comprising an integral battery was successfully manufactured and
tested in IAI for mechanical parameters, as well as thermal conductivity, and its thermal
behavior under charge/discharge.

The unit model showcased qualitatively good structure integrity regarding shell-to-battery as
well as shell-to-TC core adhesion, with no de-lamination within the model article. The core
composite’s thermal conductivity (0.8 mm thick) reached a fair value of 8 W/m'K. In addition,
UV curable elastomers were successfully applied as charge-discharge expansion compensation
spacers.

The encapsulated battery exhibited good thermal distribution over time as measured on the
model surface under the equal electrical loading in the charge-and-discharge experiment.

MATISSE | D4.3 - Innovative materials exploration report (Public) 7
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Thermal conduction test examined the ability to transfer heat from a particular point across the
battery model unit. The results demonstrated well defined transfer of heat across the shell of
the encapsulating tile specifically facilitated above the shell surface area covering the thermal
core.

In the figure below: (a) the model unit, (b) charge-discharge test - bare vs encapsulated and
(c) heat transfer distribution test.

Additional work found, H70E epoxy adhesive and P-2754 polyimide precursor to be potentially
compatible and applicable for Kapton film-to-composite adhesion. The adhesion strength at the
interface was essentially further improved by preliminary roughening the Kapton and the
composite surfaces, and outstripped the tear resistance value of the corresponding pristine
composite coupon, see the lap shear summary table below:

Width/mm Overlap Maximum Stress at Specimen Label
Length/mm load Maximum
N (IGET:
KPa

1 25.4 25.4 2009.3 3114.5 Rough PI-2574

25.4 25.4 1713.8 2656.4 [T

25.4 25.4 1501.2 2326.8 H70E without
AP
25.4 25.4 874.5 1355.4 W

PI-2574 with
AP

3] 25.4 25.4 389.6 603.85

These assets can be promising applications in future aircraft structures, especially as part of
combined electrical and thermal management.

ONERA has successfully implemented the idea of one-step casting and fabricating thermoplastic
matrix (PETG)-based composites, thus exploring faster and more straightforward repair and
recycling solutions viable and perspective in 3D and in Additive Manufacturing realm, and
enabling the production of one-piece parts, also of complex shape. The carbon/PETG stacking
demonstrated good electrical insulation properties between the layers. Multi-layer carbon/PETG
plate with a [£459] strip orientation yielded sufficiently reduced number of voids and no dry
domains in the stacked plate. The quality of the plate and the stacking after introducing battery
cell (100 mm x 70 mm), as well as the quality of the material in the central part of the plate was
found to be good enough after curing and de-moulding.

After the introduction of a battery cell in the PETG-based composites, reduction of (a) -31% for
bending stiffness and (b) -45% for stress at failure was observed.

Summary of the residual mechanical properties due to the introduction of a battery cell is
depicted below (upper part: Carbon/thermoplastic composite with a battery cell, lower part:
quantitative estimation of residual mechanical properties reduction:

MATISSE | D4.3 - Innovative materials exploration report (Public) 8
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ABSTRACT

Here in, we report on recent joint work progress of Israel Aerospace Industries (IAI) and ONERA,
concerning future optional and beyond state-of-the-art activities which are part of MATISSE
project.

The ability to implement thermally conductive material in integral battery unit was
demonstrated.

The thermally conductive core composite, containing graphite, graphene, synthetic diamonds
and silver modified Chopped Glass Fibers (CGF) filling particles, was manufactured in IAI using
10T hot compression, resulting in strong yet thin TC composite coupon of ca. 0.8 mm thickness
with notably improved thermal conductivity of 8 W/m-K. Finally, the entire integral model unit
containing the Rohacell tile/9396-impregnated glass fabric composite-embedded integral battery
with adjacent TC core, charge-discharge expansion compensating UV curable spacer and a
coupled basic electric circuit was fabricated and electrically and thermally tested. The
encapsulated battery unit exhibited well defined thermal distribution over the unit surface
facilitating the heat removal throughout the embedded TC composite area.

H70E epoxy adhesive and P-2754 polyimide precursor adhesion capabilities were examined by
lap shear tests and found to be potentially compatible and applicable for Kapton film-to-
composite adhesion. The adhesion strength at the interface was essentially improved by
preliminary roughening the Kapton and the composite surfaces.

ONERA fabricated thermoplastic matrix (PETG)-based carbon fiber (£45°)-containing
composites, hence contributing to repair and recycling solutions, and enabling the production of
one-piece parts, also of complex shape. The carbon/PETG stacking demonstrated good electrical
insulation properties between the layers. The produced plates were inspected using C-Scan and
active infrared thermography and provided encouraging results, indicating that the battery cell
is relatively well integrated. Multilayer carbon/PETG plate with a [+£459] strip orientation yielded
sufficiently reduced number of voids and no dry domains in the stacked plate. The quality of the
plate and the stacking after incorporating battery cell (100 mm x 70 mm), as well as the quality
of the material in the central part of the plate well supported their potential application. The
residual mechanical performance of the corresponding specimens was successfully estimated by
3-point bending mechanical tests.

MATISSE | D4.3 - Innovative materials exploration report (Public) 10



1 INTRODUCTION

As part of MATISSE project, a section concerning future optional and beyond state-of-the-art
activities was carried out.

In this Task (T4.4) the aim is: "Exploration of innovative materials and manufacturing
processes".

This activity explored the feasibility of integrating a smart structural battery cell into innovative
composite materials and applying alternative manufacturing processes.
The work was done by IAI and ONERA with the following assignments:
o "IAI will lead the task, explore highly thermally conductive and UV curable thermoset
materials for smart
SB cell embedding and manage D4.3.
e "ONERA will explore low temperature thermoplastic materials for smart SB cell
embedding".

These activities included the tests of composite heat conductive materials that allow improved
thermal management of energy storage device by fabrication of thermally and UV curable
material thermoset resins and elastomers comprising woven fibres, TC fillers, thermoplastic
materials. The application of UV-curable resin envisages relatively cheap future fabrication
process for the corresponding integral structure due to its fast-curing time.

Part of these activities were implemented at IAI to form an integral battery complex structure
exhibiting noticeable heat removal ability.

This ability to transfer heat is largely attributed to heat conductive composite (based on IAI
patent [1]) manufactured after extensive work in order to improve its mechanical characteristics
by adding different fillers and by conflating carbon woven fibers.

The integrated system was tested under charge-discharge cycle experiments together with
calibrated Infra-Red (LWIR) imaging.

In addition, the unit was attached to a heat source in order to demonstrate its enhanced heat
conduction and its ability to streamline heat transport.

Moreover, after IAI-ONERA additional discussion, 3D printing in ONERA was also considered,
particularly, due to the relatively pliable and workable thermoplastic matrix, as it would facilitate
the manufacturing process.

In addition, H70E epoxy and P-2754 polyimide precursor adhesion capabilities were examined
for Kapton - composite interface adhesion due to adhesion requirements (between electric
sensors mounted on Kapton sheets and the composite structure), as required for other MATISSE
WPs.

MATISSE | D4.3 - Innovative materials exploration report (Public) 11
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As demand for more electrically equipped systems continue to arouse, various methods to
manage the side effect of heat emission are also on the rise. More computational power, energy
storage and numerous sensors and control boards do not leave any option, but to improve heat
transport devices/materials.

Most heat conductive devices are fabricated using metals, thereby providing good thermal
conductivity control [2], in most cases, by electron transport mechanisms.

In common devices one surface facet is attached to the heat source, while the other is designed
with augmented surface area that can thusly facilitate an efficient heat dissipation.

Some devices are made of metallic pipes, that are excellent heat exchangers but often are bulky
and relatively heavy structures.

For high thermal conductivity, porous graphite encapsulated by metallic layer can be used, taking
in account that for this TC device configuration in-plane heat conductivity is much higher than
the corresponding TC out-of-plane value [3].

In recent years an innovation group in Israel Aerospace Industries (IAI) progressed in developing
new composite, based on standard resin, containing thermally conductive fillers, that surpasses
common resin-resembling flexible blends with high thermal conductivity (and good workability).
This was attained by applying certain procedure including pressure application on the resin-
inclusions blend amid curing, allowing the elimination of internal voids [4].

In order to investigate the prospect of using heat conductive materials in MATISSE, we incepted
by fabricating bulk heat conductive composite based on IAI patent, where we reported on
successful obtaining of the thermal conductivity value of 25W/(m-K) for the compressed system
of epoxy polymer resin loaded with graphene nanoplatelets and graphite flakes, as base fillers.
Later on, Ag-coated CGFs and synthetic diamond particles (100 um diameter) were subsequently
introduced to the bulk in order to further enhance the TC and the integrity of the conductive
composite.

In some cases, metallic solid heat removal devices are not desirable as they lack properties that
can be critical, like elasticity or lightweight. In the case of elastic or ductile thermal conductivity
materials, thermal pads are used (mostly in electronics, where electrical components are
thermally attached to the device framework), allowing efficient thermal transport [5] [6]. These
pads are made of elastomers containing conductive inclusions and are deferring to composite TC
materials with relatively low shore (hardness) values.

In the case where lightweight property is essential, composite materials are of high importance,
since in most configurations these materials should, at least, abide their mechanical integrity
and, in some designs, serve as a part of another complex structure.

In MATISSE the integrated battery is monitored using different sensors, located on Kapton sheet.
Since Kapton adhesion to other materials is not ideal and delamination between Kapton and
composite is more than feasible, there is a need to improve adhesion as possible. An attempt to
scan potential materials and to qualitatively assess their adhesion was conducted in the frame
of this task as an additional assignment.

MATISSE | D4.3 - Innovative materials exploration report (Public) 12
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In this work package task, the idea was also to explore alternative composite solutions to
carbon/epoxy materials, especially composites with a thermoplastic matrix, in order to enable
recycling and facilitate interesting repair solutions. Furthermore, following discussions between
IAI and ONERA, 3D printing was considered an interesting option, particularly for such a
thermoplastic matrix, as it would speed up the manufacturing process and enable the production
of one-piece parts, even those with complex shapes.

In this report we will elaborate the work done to fulfil T.4.4 demands, that are: "Exploration of
innovative materials and manufacturing processes".

The 1%t part of the report is dedicated to:

e Elaboration of thermally conductive core improvements, aside with mechanical and
adhesion properties of the TC laminate core

e Fabrication of Integral battery unit with improved thermally conductive core through
using standard resins and fabrics as encapsulation materials, and fabrication of a battery-
coupled basic electrical circuit

e Encapsulated integral battery function monitoring and testing

The 2" part will deal with Kapton - composite adhesives.

The 3™ part will present the work concerning thermoplastic - composite structure.

WP 4 Task 4.4 Report Scheme
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Figure 1: Report guidlines.
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2 INTEGRAL BATTERY ENCAPSULATION WITH THERMALLY
CONDUCTIVE CORE

As previously mentioned IAI issued a patent concerning thermally conductive composite.

This composite can reach relatively high TC values and exhibits good structure integrity in its
bulk form.

In our work additional constraint emerged concerning the need to reduce the composite
thickness.

This reduction impaired also the mechanical performance of the conductive composite leading
to the need to improve mechanical values together with preserving TC values as high as possible.

Reducing the thickness of the composite material tile to ca. 0.8 mm (in order to align with
structural demand) limited significantly the ability to keep the thermally conductive composite
bulk enduring its mechanical integrity. In order to intensify these characteristics, we started by
applying low weight glass fabric (108) impregnated with UV curable resin that allowed us to
increase fabrication efficiency by reducing the curing (UV irradiation) time from several hours
(in standard epoxy resin) to about 5 minutes for irradiation (from each side of the composite
coupon surface).

UV curable materials are those that start their polymerization process being exposed to UV light.
In most cases the wavelengths utilized for efficient light cure are 365 nm and 395 nm.

In general, two paths of efficient polymer resin curing are accessible: thermal heating and light-
curable material polymerisation by photoinitiation. The latter utilises UV sensitive photo-initiator
molecules and divides into acrylic and epoxy (cationic) systems.

A major difference between epoxy and acrylate UV curable materials is that the development of
fully ultimate properties often takes longer for light-curable epoxies (due to moisture/humidity),
so heat is sometimes used to accelerate the curing process.

There is a broad variety of resin materials that can be cured by these mechanisms from crude
resins to high performance elastomers opening the way to reduce fabrication time and energy
manufacturing consumption in future processes.

The result of this experiment yielded a relatively high TC composite but still exhibited low
mechanical properties.

As a next step, IAI used basic and inclusions-varied thermally conductive composite materials
in order to fabricate different TC laminates that are expected to provide better mechanical
strength.

For fabricating such laminate, we used 9396 bi-component epoxy and glass fabrics or carbon
fabrics and cured them upon hot press compression or by Out-of-Autoclave procedure.

MATISSE | D4.3 - Innovative materials exploration report (Public) 14
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Initially three types of laminates were prepared, all three types - with a different sort of resin,
which differs from the one we initially used for the core structure. Into this resin different
weight ratios of the filler-to-resin relative content were introduced. The 15t laminate type
specimens were cured under press (30 T) at elevated temperature or through Out-of-
Autoclave process. The same procedure was applied for the second type where we have
reduced the filler content (in relation to the resin content) by a factor of two, Figure 2 (left and
center).

Different resin with the same Different resin with X2 fold Different resin with X4
filler content reduction in relative filler fold reduction in relative
content filler content
> \l » 4 v
Press (30T) Out-of-autoclave Press (30T) Out-of-autoclave Press (10T)
process process

Carbon Carbon

Glass

rCarbon
{

Figure 2: Scheme of the Fabricated Composite Types Containing Graphite and GnP Fi//ers.‘

Thermal conductivity obtained from the different resin with 4-fold reduction in resin-to-total-
fillers-content ratio composite cured in press by subjection to 10 T (applied compression), Figure
2 (right), was measured and found to be ~5.1 W/m'K at RT conditions. This result is higher than
recognized in literature for the corresponding weave (around 2-3 W/(mK) in fiber direction).

Although improvement in structure integrity was qualitatively observed, thermal conductivity
had reduced.

Due to the need to improve both mechanical and thermal properties we conducted additional set
of composite samples.

In order to increase both thermal conductivity and mechanical integrity we added silver coated
CGF together with graphite and graphene fillers. CGF's were coated by silver micron-range layer
using electroless Ag™ > Ag® reduction process. CGFs improve core integrity, intrinsic and
interlayer adhesion. Addition of silver coating is expected to improve CGF thermal conductivity
interface enabling improvement of the bulk laminate thermal conductivity.

In order to further enhance both properties of strength and isotropic TC, additional filler of 100
pm diameter synthetic diamond particles (The TC of synthetic diamond can reach up to 2400
W/m-K at RT, about one order of magnitude higher than that of copper or silver) was included
in the fillers blend formulation.

For resin we used 9396 bi-component epoxy to impregnate carbon fabrics (3 layups in stack of
3K woven carbon fiber plies).

MATISSE | D4.3 - Innovative materials exploration report (Public) 15



A ATICCE

v B

In these processes we used Out-of-Autoclave procedure, for 2 different amounts (%wt.) of silver
coated CGF introduced to the inclusions blend. The wet blend of inclusions/ 9396 epoxy was
homogenized using planetary centrifuge device and then spread on CF 3K fabrics. Increase in
silver-coated CGF inclusion content aroused the composite TC from 2.8 to 5.5 W/m.K, Figure 3.

2.8 W/mK

Out-of-Autoclave

Figure 3: Fabrication Scheme of the Out-of-Autoclave Carbon Fiber-based Composites Types Containing
Different Types of TC Fillers. Compressed Out-of-Autoclave Woven Based Heat Conductive Composite
using synthetic diamonds and silver coated CGFs.

2.1.4 Hot press woven based heat conductive composite using
synthetic diamonds and silver coated CGF

The encouraging result of using silver coated CGF brought us to an idea to enhance the TC and
the mechanical stiffness of the composite by applying compression upon heating during the
curing phase.

This change was expected to boost up thermal conductivity due to improved inclusions-interface
contact and to enhance sturdiness of the coupon by densification of inclusions and voids amount
reduction in the composite matrix.

The composite coupon was manufactured and subsequently cured using hot press compression
under 10 T at 100°C during 1.5 hours resulting in thickness of ca. 0.8 mm and a strong and stiff,
yet bendable, composite coupon that repeatably showcased a noticeably improved thermal
conductivity of 8 W/m-K. The main steps of the fabrication and HotDisk TC characterization of
the novel composite are summarized in Figure 4. The last step of compression at elevated
temperature is depicted in Figure 5.
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Figure 4: Scheme of High TC filler introduction, Under-compression Fabrication and TC measurement of
Carbon Fibre-based Composites Types.
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Figure 5: High TC filler containing Compression/Elevated Temperature-Fabricated Composite Coupons
Fabrication.

This procedure was selected to manage the fabrication of thermally conductive core laminate
tile, as part of the encapsulated integral battery unit.
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2.2.1 Integral battery unit components
Our integral battery consists of several components:

e Primary Laminate
e Kapton film insulator

e Foam
e Elastomer pad
e Battery

¢ Monitoring circuit
e Thermally conductive core
e (Closing laminate

Primary and closing laminates
These were composed of glass fabric (121) impregnated by 9396 bi-component epoxy resin.
Kapton insulator and foam

In our work we have used Rohacell foam cut to "n" shape in order to uphold the shape of the
battery and additional components (elastomer and monitoring circuit).

The foam tile was limited at its one end by Kapton film, in order to separate the battery from
the laminate and to prevent or lessen stress-strain phenomena at laminate battery interface.

Elastomer pad

in order to avoid battery pressure due to battery volumetric change originating from charge-
discharge processes, IAI fabricated elastomeric buffering pad. This rectangular spacer pad was
fabricated from bi-component UV-sensitive silicon adhesive, using exposure to UV irradiation at
395 nm. Curing (irradiation) process in this case lasted about 5 minutes. The fabrication steps
are depicted in Figure 6.

UV cure

Figure 6: Elastomer fabrication using UV cure silicon.

Battery

Conventional Li-ion cell with high silicon content. The battery capacity is 10Ah and its nominal
voltage is 3.8V.

Monitoring circuit

Further, we fabricated the basic electric circuit pattern that imitates future sensing system
adjacent to the integral battery. In this case we have used Kapton substrate film as it is used
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for flexible sensors and made a laser-notched mylar film (50 um) mechanical mask using IR
laser beam machine. The mask was then mounted above the Kapton substrate and introduced
into sputtering device, where it was coated through deposition of 50nm layer of chromium
followed by deposition of 200 nm of tungsten thereupon. The step of mechanical mask fabrication
and the following sputtering deposition was re-done for the circuit leads - 4-point system (we
repeated this sputtering process for producing electrical wires obtained through Cr (50nm) and,
subsequently, gold (400nm) layers deposition), the pattern was baked at 100°C during 15 min
after each deposition step, and noticeable DC current conductivity value between the engraved
deposited-metals-wires (the leads) of the obtained circuit was verified thereafter. The above-
mentioned steps are illustrated in Figure 7.
Simple mechanical mask Cr (50nm) and Tungsten We repeated this process for

Kapton substrate fabrication (laser cutter) (200nm) deposition by electrical wires Cr (50nm) and
made of 50 micron mylar sputtering gold (400nm) layer deposition

—

Figure 7: Mechanical mask and basic electrical circuit preparation steps on PET (mylar) and Kapton films,
respectively.

The battery encapsulation steps started by cutting 3 equal square-shape patches of glass fabric
(121).

The woven glass fibre plies were impregnated with standard bi-component epoxy 9396 resin and
laid one on top of the other by wet layup technique. On top of this stack a 10 mm thick Rohacell
n-shape foam tile with centralized rectangular cut fitting the battery contours, was tightly
mounted (Figure 8, upper part). On one side Kapton film was lidding the foam tile cut ("the
window"). The foam tile was then placed on the wet layup of the glass fabrics stack.

In the next step we fitted the UV cured silicone elastomer pad into the "window", and then the
battery was installed upon the pad.

On top of the battery, we then placed the Kapton film with the patterned electrical circuit, and
on top of it - the thermally conductive fabric-fillers TC laminate composite tile, tightly fitted,
thusly closing the structure from above. We proceeded further closure of the composite
impregnated fabric layup's structure, laying up the 9396-impregnated laminate plies till the
impregnated glass fabrics completely filled the space between the 3 first impregnated glass
fabric plies, by 11 layup patches of the 9396-impregnated glass fabric upon the above-mentioned
"window". These layers filled the gap until both, thermally conductive composite and the wet-
layup stack of glass fabric plies, were equalized in thickness.

The resulting structure was then cured in the Out-of-Autoclave processing using vacuum (-1
Atm) bag at 100°C for 2 hours. The steps are illustrated in Figure 8. As can be seen from Figure
8 right, the fabricated structure with the embedded battery cell allows easy access both to the
electric contacts of the battery (from the open "window" side) and of the engraved circuit (from
the crossbar side).
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Figure 8: Steps of encapsulated battery structure fabrication.

After curing, the resulting article exhibited a strong and sturdy structure of tile-like square 1 cm-
thick form encapsulating in itself integral battery with the adjacent electric circuit engraved upon
Kapton film, volume-change recouping elastomer spacer and heat conductive composite
interlayer for thermal management, Figure 9.

Figure 9: Encapsulating structure comprising integral battery unit .
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Following integral battery encapsulation, we conducted two sets of tests:

e Charge-discharge test
e Heat transfer test

The objective of both tests was to demonstrate the effect of thermally conductive embedded
laminate composite on thermal distribution and heat dissipation. In the 1t test the battery
itself served as the heat source, while in the 2" test an external controlled heater was the
heat production source.

2.3.1 Charge-discharge testing of encapsulated vs bare integral
batteries

In this experiment, performed at IAI, both bare and encapsulated batteries were connected to
charge-discharge cycling machine and monitored using LWIR imaging.

The results, Figure 10, show that the thermal distribution values observed along the surface,
covering the thermal conductive core - at the end of discharge (about 62 min duration) - were
similar in temperature. These values change was found to be about 1.5 °C. The maximum
temperature found at the vicinity of the thermally conductive core was about ca. 7° C lower
than the maximum surface temperature of the bare battery cell. This result indicates its good
heat conduction, which can help in future work to assist in heat management.
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Figure 10: Battery discharge voltage and current (left column) and LWIR images (right column) at the
maximal temperature difference upon: the bare battery (left) and the encapsulated battery (right) before
(upper image) and at the end of discharging experiment (lower image).
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The use of thermal core can serve two major functions:

¢ Heat removal from the battery to the surroundings
e Heat transfer to the battery

The first deals with situations where there are a risk of overheating and the second serves in
situations where higher temperature is needed to improve battery efficiency.

In order to demonstrate the core ability to transfer heat, we tightly attached heater (cylindrical
shape with 9.5 mm diameter and 52.9 mm length) to a particular area upon the encapsulated
tile, which is overlapped both with the area above the TC core, and with the area on top of the
unit laminate-foam external frame. See Figure 11 (a). The heater was attached using aluminium
foil (48.5 mm X 50.8 mm) with high emissivity coating (in order to improve measurement
accuracy).

The heater was then operated gradually and viewed using LWIR imaging until reaching a steady
state temperature value (after calibration) of 40.07° C.

The results show well define transfer of heat across the surface of the tile above areas covered
by the thermal core.

The change in thermal distribution can be even more emphasized as we observe the longitudinal
thermal profiles exhibiting almost step-like behaviour, see Figure 11 (b), lower part.

Figure 11: Thermal transfer test: (a) setup with integral battery tile (left) and temperture calibration set
(using black body platform), (b) LWIR images (upper part) and the heat distribution curves (below), in
steady state, upon the encapsulated battery unit (left). The heat distribution represents the values along
the thermal profiles marked as white solid lines on the integral battery tile.
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3 KAPTON - COMPOSITE ADHESIVES

In some cases, flexible board electric circuits comprise Kapton as their flexible substrate.

The use of high-performance Kapton (polyimide) film is almost an ultimate option due to its
smooth and inert surface, lightweight and durability, its ability to withstand wide temperature
range, resist chemicals, block heat expansion and UV irradiation. It showcases stability at low
and relatively high temperatures, and fantastic compatibility to wide range of solvents and
environmental conditions, allowing good stability and balance of physical, chemical and electrical
properties.

Unfortunately, one can tackle difficulties attempting to adhere Kapton film to various substrates
due to its poor affinity to many other materials.

In our case, in the MATISSE project, the application of Kapton for battery sensors is of great
importance, albeit the adhesion of these circuits to the composite (resin-fabric system) needs
improvement.

In order to improve the adhesion, we initially tested, at least in qualitative experiments, different
candidate materials.

In our work we tested:

e HD MicroSystems PI2574 - polyimide precursor

e 3M™ Scotch-Weld™ DP100 - 2-component, room temperature curing epoxy adhesive
e Loctite® 9396 - 2-component, room temperature curing epoxy adhesive

e EPO-TEK H70E - 2-component thermally conductive, electrically insulating epoxy

The mechanical (Lap Shear) tests of: PI2574, DP100 and 9396 were conducted in IAI on
INSTRON testing device according to ASTM D1002 - Strength Properties of Adhesives in Shear
by Tension Loading. All failing loads were expressed in kilograms per cm? (or Ibs per inch?) of
shear area (1 inch?) and calculated to the nearest 0.06 cm? (0.01" 2).

We tested these adhesives on two kinds of substrates:

e Epoxy sealed Rohacell - Kapton
e Glass laminate - Kapton

Rohacell - Kapton substrate
For these substrates preliminary treatment was required. The treatment included:

(a) Sealing Rohacell plank porous surface with bicomponent EPON-828/T-403 (amine
crosslinker) epoxy adhesive (10:4), followed by curing at 100°C for 1 hour, cooling down
to RT and subsequently treating with AP (wiping the surface with the 1200-0S adhesion
promoter-soaked cloth), then leaving the surface to dry up during 1 hour.

(b) Treating the clean Kapton (PI) film (50 um thick) patch with the adhesion promoter 1200
OS, drying it up at RT for 1 hour.

(c) Applying the polyimide precursor (PI-2574)/epoxies to the epoxy-sealed Rohacell
surface, followed by overlaying the adhesion promoter activated Kapton film patch, see
Figure 12.

(d) Overlaying another epoxy-sealed and AP-activated Rohacell plank thereupon.

(e) Heating in oven (at 120°C) the obtained overlapped coupon structure for 1 hour.
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Figure 12: Kapton film-on-Rohacell sandwich fabrication for qualitative adhesion strength estimation (by
peeling).

The first lap shear experiments were carried out on Rohacell coupons, using the 3 types of
adhesives (9396 epoxy, DP100 epoxy and PI-2574). All the coupons were with 1/3 inch? overlap
adhesion area, after treating with 0.3 gr of corresponding adhesive, then the coupons were cured
at 1200°C for 2 hours.

The corresponding adhesion configuration of such Kapton film sandwiched between two 1/3 inch?
overlapped EPON 828-sealed Rohacell planks (Figure 13) showcased notably higher adhesion
strength (tear resistance) during the lap shear experiment than the corresponding EPON 828/T-
403-reinforced Rohacell planks themselves (all - were broken crosswise during the lap shear
experiment outside the overlap area).

Specimen 1104

Figure 13: Lap shear tests for three types of adhesive materials (9396, DP100 and PI-2574) on Kapton
film.

3.2 LEADING MATERIALS TESTING

After obtaining the novel adhesive bicomponent epoxy compound H70E a prompt preliminary
qualitative check of its adhesion strength and integrity on Kapton film, with and without AP
treatment, was run. The stretching and the bending tear resistances of the 1x1 inch? overlapped
Kapton films (50 um thick, Figure 14), qualitatively tested, indicated a clearly better
performances (higher tear resistances) than the corresponding resistances of the pristine Kapton
film itself (tearing apart across the plane of the Kapton film itself, respectively).
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Figure 14: Coupons Fabrication for Preliminary Check of H70E Adhesive through Kapton Films
Overlapping.

As a next step, three coupons for lap shear testing comprising PI-2574 polyimide precursor (as
adhesive) and the bicomponent H70E epoxy adhesive were fabricated.

We selected PI2574 for comparison due to its potential natural compatibility to polyimide-based
materials.

Samples were prepared as follows:

(@) Treatment of the pre-cleaned Kapton (PI) film (50 pym thick) 1''x 1" patch and the 9396
impregnated 121x4 fibre glass patches (cured) with the adhesion promoter (AP) Dowsil
1200 OS, then drying the patches up in atmosphere at RT during 1 hour.

(b) Applying the polyimide precursor (PI-2574)/H70E onthe fibre glass composite patch
surface, followed by overlaying the adhesion promoter activated Kapton film patch.

(c) Overlaying another adhesion promoter-treated glass fibre patch thereupon, by 1'"x 1"
overlap area.

(d) Curing at 130°C during 2 hours in oven.

The fabrication steps are depicted in Figure 15:

Figure 15: GF/Kapton/GF Coupons Fabrication: Kapton film (50 um thick) 1''x 1" patch and the 9396
impregnated 121x4 plies cured Fibre glass planks with/without the adhesion promoter Dowsil 1200 OS for
two types of adhesives: PI-2574 and H70E.

We performed "semi-quantitative" tear resistance testing of the laminate coupons depicted in
Figure 15 as follows: we took a portable steelyard attached to a hook, tethered it from one side
to a clamp and anchored from another, inserted the coupon between two stiff 4 mm thick wooden
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spacers (slats) from each side, to ensure that the lap sheared coupon doesn't slip out, then we
stretched the coupon, following the scale on the steelyard, the breaking force reached the
maximum possible tensile force forthe steelyard, yet none of the three coupons failed. The
tensile strength of the adhesion in all the tested cases wasthusly estimated to be higher than
25 Ibs/inch?.

In order to further increase the potential adhesion, we introduced surface roughening procedure.

The surface roughening was carried out as follows: after fabrication of the two coupons depicted
in Figure 16, we pre-treated the surface of both the GF coupon and the Kapton film patch using
polishing paper (P240-grained PS11A). This technique appeared to significantly enhance the final
bonding of the GF composite to Kapton film. We manually applied 25-30 scratches lengthwise
and crosswise, respectively, with a constant force of ca. 5 Ibs, then washed the roughened
surfaces with IPA, dried in air and applied a thin layer of H70E or PI-2574 thereupon. The
coupons were then subjected to Out-of-Autoclave process (- 1 Atm. vacuum) upon curing at
1300°C during 2 hours in oven (Figure 16).

Figure 16: GF/Kapton/GF Coupons Out-of-Autoclave Fabrication: Kapton film (50 um thick) 1"x 1" patch
and the 9396 impregnated 121x4 plies cured and pre-treated by roughening films and fiberglass planks
for two types of adhesives: PI-2574 and H70E.

We subsequently performed quantitative lap shear tests for the roughened and non-roughened
coupons.

The lap shear graphic and numeric results of the obtained GF/Kapton/GF coupons with two types
of adhesives: PI-2574 and H70E, with (1,2) and without (3-5) roughening, are summarized in
Figure 17.
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Figure 17: GF/Kapton/GF Coupons lap shear test results. (*): the specimen (2) failed (torn) not in the
overlap area, but ca. 1 cm above the upper overlap boundary, across the clean GF coupon.

Applying the H70E (1:1) bicomponent epoxy adhesive on pre-treated by roughening GF
(4x121/9396) coupon/Kapton film in GF/Kapton/GF overlap configuration (n.2 in the Table,
Figure 17) vyielded the optimal results that demonstrated a dramatically improved tear
resistance, performing even better than the corresponding tear resistance of the clean GF
composite coupon (4x121/ 9396-impregnated) - almost 400 Ibf (n.2 vs n.3/n.4). Pre-treatment
with the AP on the roughened GF coupon surface did not seem to contribute to tear resistance.
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4 INTEGRATION OF BATTERY CELLS INTO ALTERNATIVE
COMPOSITES

In this task, the idea is to explore alternative composite solutions to carbon/epoxy materials,
especially composites with a thermoplastic matrix, in order to enable recycling and facilitate
interesting repair solutions. Furthermore, following discussions between IAI and ONERA, 3D
printing was considered an interesting option, particularly for such a thermoplastic matrix, as it
would speed up the manufacturing process and enable the production of one-piece parts, even
those with complex shapes.

To demonstrate the feasibility of integrating battery cells into a carbon/thermoplastic composite
material produced by 3D printing, two plates were manufactured at ONERA. Section 4.2
describes the production and control of the first plate with a [£45]s lay-up and no battery cell,
which is considered as a reference. Then, in Section 4.3, a second plate with the same stacking
sequence but incorporating a battery cell (produced in the SOLIFLY project) was produced and
inspected. Finally, section 4.4 presents the results of the three-point bending tests performed
on the specimens produced to evaluate their residual mechanical performance following the
introduction of the battery cell.

Firstly, consideration was given to the choice of composite material around the battery cell. The
matrix studied is one of those available at ONERA and consistent with the Anisoprint 3D printing
process [6]. PETG filaments with a glass transition temperature (Tq) of 90°C [7], consistent with
the constraints associated with the battery cells, thereby preserving their electrical properties.
Figure 18a shows the Anisoprint® machine, while Figure 18b shows the PETG band layers with a
45° strip orientation.

Figure 18: a) Anisoprint 3D printing machine, b) PETG layer.

Figure 19 shows the chosen composite material architecture. Biaxial Saertex® X-C-304 carbon
fabric (£45°, 12k, 304 g/m2) from Gazechim [8] has been selected. The width of the dry woven
architecture is 1400 mm. The theoretical thickness of the woven ply is 0.296 mm. White yarns
have only been introduced to bind the 45° layer to the -45° layer during the lay-up process, and
they do not play a mechanical role. They have been introduced to ease the manufacturing
process.
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Figure 19: Biaxial Saertex® X-C-304 carbon fabric (+45°).

Then, the first [£45] laminate was manufactured. The different layers are presented in Figure
20Note that layers of PETG that have been previously printed have been introduced between
each of the dry [£45] woven ply. During the curing phase, under additional pressure, the PETG
layers will flow into the dry woven layers to form a fully consolidated plate.

Figure 20: Stacking sequence of the [£45]s laminate containing intermediate PTEG layers between dry
woven plies.

Figure 21 shows the heated press available at ONERA. The curing cycle imposed was 45 minutes
at 240 °C , with a heating ramp of 5 °C/min and natural cooling of around 2 °C/min. It should
be noted that the curing temperature could be decreased below 130°C to preserve the electrical
performance of the battery cell, while increasing the duration of the curing cycle. For this initial
manufacturing trial, a temperature of 240°C has been chosen because this is the temperature
at the end of the 3D printer’s extruder, ensuring good mixing of the matrix and fibers. Decreasing
the curing temperature will be addressed in the near future. The pressure applied during the
curing process was 7 bar. Figure 22 also shows the composite plate prior to demolding, which
has a fine external shape and is well consolidated with no apparent porosity.
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Figure 21: Presentation of the heating press, the associated moulds and the plate before demoulding.

Figure 22 shows the cured plate after demoulding, before the external borders are removed. The
size of the composite plate produced is 230 mm x 120 mm x 2.45 mm. The 45° orientation of
the external fibre yarns is consistent with our expectations, although some in-plane waviness is
observed close to the lower right corner. The quality of the composite plate is good, with no
apparent dry zone. The matrix has been well impregnated into the dry woven layer.

Figure 22: Presentation of the first produced carbon/thermoplastic plate.

Finally, active infrared thermography (using a flash lamp) and C-scan with a 5 MHz multi-probe
were used to control the manufactured composite plate, as shown in Figure 23. Figure 23a shows
that the normalised C-scan reveals the presence of voids (or dry zones) in a small area on the
upper part of the plate (dark blue area). Figure 23b shows the infrared thermal frame taken
0.25 seconds after the flash, confirming the presence of localised voids in a limited area of the
plate.
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Figure 23: a) Active infrared thermography and b) Normalised C-scan on the plate without battery.

In conclusion, the quality of the first plate is quite satisfactory despite the presence of some
local voids. This plate can undergo mechanical testing and will be used as a reference.

4.3 MANUFACTURING OF THE PLATE WITH BATTERY CELL

Secondly, the idea was to manufacture the same plate, but with a structural battery cell inside.
The structural battery cell in question was produced in the SOLIFLY project [10], but is no longer
electrically effective. Figure 24a shows the battery cell produced in the SOLIFLY project, which
measures 100 mm x 70 mm x 0.3 mm. Figure 24b also shows the integration strategy of the
battery cells, which are introduced in the two-central dry £45° plies.

~

Battery cell

Figure 24: a) Presentation of the available battery cell and b) integration scheme of a battery cell in a
carbon/thermoplastic plate.

Figure 25 shows the manufacturing process for integrating the battery cell into the composite
plate. In the lay-up process, the PETG layer is first integrated in the mould. Then, the three
+£45° plies are integrated with a PETG layer in between.
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Figure 25: Lay-up process of composite plate with a battery cell.

Then, the two central £45° plies were machined to the size of the battery cell (100 mm x 70 mm)
and integrated into the mould with a PETG layer in between, which provides isolation between
the anode and cathode foils. To represent the final application, wires were bonded to the battery
cell (despite the cell is not effective) with a silver paste. The remaining three 45 plies were
then integrated with PETG layers in between. Finally, the last PETG layer is integrated. The curing
cycle imposed is the same as that used for the first plate without battery cell.

Figure 26 shows the cured plate after demoulding, before the external borders are removed. The
dimensions of the composite plate produced are 230 mm x 120 mm x 2.45 mm. The quality of
the plate is good once again. The quality of the material in the central part of the plate is
excellent. The edges of the battery cell integrated in the composite plate are barely visible. Close
to the corners, waviness of the woven ply is observed in a very limited area [11]. Based on this
optical analysis, the produced composite plate is acceptable.

Figure 26: Presentation of the carbon/thermoplastic composite with a battery cell.

To proceed with the analysis, a C-scan was performed to assess the quality of the specimen.
Figure 27 shows the results of the C-scan (attenuation of the signal) and the D-scan (position of
reflected objects through the thickness of the composite plate).
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Figure 27: Analysis of the C-Scan and D-Scan performed on the composite plate with a battery cell.

Analysis of these two images shows that the battery cell is relatively well integrated. However,
the area around the battery exhibits a reduction in background echo amplitude, potentially
indicating the presence of voids.

We have therefore produced two carbon/thermoplastic composite plates: one without integrated
battery cells (the reference plate) and one with an integrated battery cell. The two plates have
a similar geometry and total thickness.

Three-point bending tests have been performed to evaluate the effect of integrating a battery
cell into a composite coupon on its mechanical properties, as shown in Figure 28. The upper
span has a diameter of 60 mm, while the two lower spans have a diameter of 25 mm. To avoid
high out-of-plane shear stress in the area of interest, the distance between the two lower spans
should be greater than five times the thickness of the plate [12]. The distance between the two
support spans has been fixed at 91 mm. A LVDT sensor will be used to measure the plate's
curvature. The global stiffness and failure load of the two composite plates, one with and one
without a battery, will be monitored to investigate their residual mechanical properties.
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Figure 28: Presentation of the three-point bending test available at ONERA.

Firstly, the reference case without a battery cell was tested. The load/displacement measured
by the test machine and the LVDT sensor are shown in Figure 29a. The deformed shape is
important prior to final failure (the curvature has been measured at 16mm prior failure). The

maximum load recorded was 2 156 N, and a significant decrease in rigidity was observed after
the initial load peak, indicating brittle rupture.

Considering Eq. 1, it is possible to estimate the stress in the longitudinal direction of the sample.

_ 3 Fmax L?
Omax = Zyne Fa

with F,,, the maximal failure load (F,,,=2156 N), L the distance between the two lower spans
(L=90 mm), b the width of the specimen (b=108 mm), and h the thickness of plate (h=2.53
mm). The maximum failure stress is estimated at 0,4, = 423 MPa.
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Figure 29: a) load / displacement curves, b) deformed shape of the reference case.
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The bending stiffness D11 can also be estimated using Eq. 2.

FL3
Dy =——
48b A

Eq 2.

with F the applied load, L the distance between the two lower spans, b the width of the
specimen, and A the curvature of the plate measured with the LVDT sensor. Figure 30 shows
the evolution of bending stiffness D. A lot of noise is observed at low stress levels. At a load level
of 70 N (o = 14 MPa), a small load plateau is observed, which is associated with some slacks in
the experimental device. This discontinuity in the load/displacement was also observed in the
specimen with the battery cell and in an additional test on an aluminium plate, to confirm that
it is due to the experimental device and not associated with damage. Then, for loads higher than
20% of the failure load, the bending rigidity remains constant until final failure, which occurs at
424 MPa. Therefore, the bending stiffness was computed between 20% and 70% of the failure

load. The bending rigidity was estimated at D;; = 18.8 N.m.
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Figure 30: Evolution of the stress and the bending stiffness D11 as a function of time for the reference
case.

The observed failure pattern, as shown in Figure 31, is related to the compression failure of the
upper £45° woven ply under the loading span. As shown in Figure 31a, the observed crack has
propagated through the entire width of the specimen. This failure pattern was also observed
using an optical microscopy (see Figure 31), revealing the fibre kinking in the upper ply,
associated with limited local delamination cracks.
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Figure 31: Failure pattern observed at different scales for the reference case.

The same test was then performed on the sample containing one battery cell. Figure 32 shows
the load displacement curves measured with the test machine for the two samples. A small load
plateau was observed at 70N for both specimens (and for an additional aluminium plate) which
is due to some initial slack in the test device. The behaviour is then linear up to the first failure
in the sample, which is recorded at 1123 N. Contrary to the reference case, where the failure
was brittle, a large load plateau is then observed, during which many acoustic events are
recorded by the operators. Indeed, each load peak is associated with a significant acoustic event.
Finally, the load decreases notably after reaching a maximum value of 1241 N. It represents
a -42% decrease in failure load. Using Eq 1., the first damage stress was recorded at 0,4 =

250 MPa, and the maximum failure stress at 0,4, = 276 MPa.
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Figure 32: Load displacement curves for the samples with and without battery cell.

Then, the bending stiffness was estimated using the same strategy as for the reference case.
The stiffness was computed using Eq 2., and only the values between 20% and 70% of the
failure load were considered when estimating the elastic bending stiffness of the plate, as shown
in Figure 33. The bending rigidity was estimated at D;; = 13.0 N.m, representing a -31%
decrease compared to the reference case.
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Figure 33: Evolution of the stress and the bending stiffness D11 for the plate with battery cell.

The failure pattern observed, as shown in Figure 34, is also associated with the compression
failure of the upper £45° woven ply under the loading span. Unlike the reference case, two
cracks originating from the free edges are visible. These cracks appear to stop at the edges of
the battery cell introduced into the sample. This failure pattern was also observed using an
optical microscopy (see Figure 34), revealing fibre kinking is observed on the upper ply,
associated with delamination cracks, and out-of-plane shear cracks in the different plies of the
upper part. Furthermore, a delamination crack is observed at the interface where the battery
cell has been introduced. Progressive crack progression through the width and the thickness
could explain the stress plateau observed experimentally.

Figure 34: Failure pattern observed at different scales for the plate with battery cell.

Figure 35 summarizes the analysis of the residual mechanical properties following the
introduction of a battery cell. Decreases of (a) -31% for bending stiffness and (b) -45% for
stress at failure were observed. The failure scenario changes from brittle failure to a more
progressive failure mode, localised around the battery cell. For the specimen with a central
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battery cell, the cracks remained close to the free edges, while, for the reference case, the crack
propagated through the entire width.
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Figure 35: Summarize of the residual mechanical properties due to the introduction of a battery cell.
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5 CONCLUSIONS

IAI

We have improved the woven carbon fibers based (3 K) thermally conductive composite core
(from 5.1 to 8 W/mK) through 10T compression upon exposure of the composite to elevated
temperature (100°C).

The obtained thin (0.8 mm) core showcased noticeable intrinsic integrity strength and strong
external (core-encapsulating laminate) adhesion (qualitatively indicated).

No de-lamination signs were indicated in the core.

We suggest using UV curable elastomers (pads) for battery charge-discharge expansion
compensation.

Putting all the above-mentioned components together, we have successfully fabricated basic
integral battery encapsulating integral battery unit.

The encapsulated battery exhibited efficient thermal distribution over time on the model surface
under the equal (to bare battery cell) electrical loading in the charge-and-discharge experiment.

The model unit exhibited well-defined effectual heat transfer above the encapsulating composite
laminate surface impressively facilitated on top of the shell surface area covering the thermal
core.

H70E Epoxy and PI-2574 precursor were found to be potentially applicable adhesives for Kapton
film-to-composite interface

Adhesion of Kapton film to the glass fiber composite was improved both for H70E and PI-2574
precursor, by controlled roughening of the glass fiber coupon and the Kapton film surfaces

Applying the H70E on roughened glass fiber (4x121/9396) coupon/roughened Kapton film in
glass fiber/Kapton/glass fiber overlap configuration yielded the best results that demonstrated
a dramatically improved tear resistance and tensile strength, (seems to be performing even
better than the corresponding resistance of the clean glass fiber composite coupon itself
(4x121/9396) - 400 Ibf/inch?)

Pre-treatment by the Dowsil 1200 OS Adhesion Promoter - needs to be verified in experiments
(by PIPISTREL/ONERA)

Brittleness/flexibility should also be further tested (by PIPISTREL/ONERA)

ONERA

The aim of this work package was to explore alternative composite solutions to carbon/epoxy
materials, particularly considering thermoplastic matrices for recyclability and interesting repair
solutions. Furthermore, following discussions between IAI and ONERA, the potential of 3D
printing to accelerate the manufacturing process and produce complex shapes in one piece was
recognised.

To demonstrate the feasibility of integrating battery cells into a carbon/thermoplastic composite
material produced using 3D printing, two [£45°] plates have been manufactured at ONERA, one
with and one without a battery cell produced in the SOLIFLY project. The produced plates were
inspected using C-Scan and active infrared thermography, and the produced parts are quite
good. The residual mechanical properties after the integration of the battery cell were evaluated
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experimentally, through three-point bending tests, revealing a decrease in bending stiffness of
-31% and in strength of -45%, which is quite consistent with the results obtained in the literature
on carbon/epoxy [13].
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