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Abstract

The limits of processability of solid-state thin film lithium-ion batteries embedded into composite laminates are identified
through testing under pressure, temperature and a liquid resin environment representative of composite processing
cycles. Battery failures are characterized based on optical microscopy and capacity retention, and three distinct types of
failures are recognized and analyzed. Failures are associated either with the battery polymeric sealant failure or with the
physiochemical degradation of the electrolyte or the anode. Results give evidence that the cure temperature is the most
influential parameter for battery survivability. Based on these experimental results, the optimum curing cycle is identified
and embedding tests that retain full battery capacity are successfully performed. The minimal three-layer battery

packaging proves to be an efficient air and moisture barrier within the above conditions.
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Introduction

The flight endurance of an electric propeller-driven
unmanned aerial vehicle (UAV) is significantly
improved by reducing the weight more so than increas-
ing the battery capacity.! Moreover, the structure and
the battery each typically contribute 20-40% to the
total UAV mass."> The consolidation of battery and
structure can theoretically reduce the total weight by
exploiting the battery components as load-bearing
elements and by eliminating battery fittings or sup-
ports. In addition, rather than bulky, centralized bat-
teries, the integration of multiple lightweight batteries
into the structure enables distributed power supply and
storage, potentially reducing the amount of wiring.
However, to date, system performance improve-
ments achieved with such integration have been docu-
mented only for applications demanding low
mechanical stress.® Furthermore, the current battery
technology, based on microstructured lithium (Li)
intercalation compounds, is such that high specific
energy and specific power, as well as good mechanical
properties cannot be achieved.> ® In order to meet the
requirements for the next generation of airborne, load-
bearing batteries, solid-state thin film Li-ion batteries
(TFBs) have been recently proposed.” ! The thin film
structure maximizes the specific contact surface

between electrodes and electrolyte, thereby increasing
the electric stored energy and power per unit mass by
increasing the fraction of reactants and the rate of the
electrochemical reaction, respectively. Downsizing the
electrodes and electrolyte to a thin film dramatically
reduces the path length for ionic and electronic trans-
port, allowing to achieve the desired conductivity with-
out utilizing conventional porous compounds
comprising electrically conductive lattices and binders,
leading to higher energy and power density. Moreover,
scalable manufacturing processes for nanostructured
materials, such as electrospinning, chemical vapor
deposition (CVD) and atomic layer deposition
(ALD), are suitable for TFB manufacturing. The
future application of nano-scale technology to the bat-
tery active components can potentially lead to several
advantages. First, it allows further increase of TFB cap-
acity and power by decreasing the path length of Li-ion
and electronic transportation.'* '® It can also enable
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the simultaneous implementation of electric energy
storage and load-bearing capabilities through engin-
eered composite electrodes comprising electrochem-
ically active particles or fibers bound by a structural
matrix with electrically conductive filler. Last, nano-
scale technology allows better accommodation of the
cycling strain induced by Li-ion insertion and removal.
Currently, this cyclic strain causes low durability and
capacity fading during operation of conventional bulk
material electrodes, in particular when silicon is used as
anode material for high specific capacity.'” '

The low TFB thickness, typically less than 300 pm,
facilitates integration within thin sections, but it implies
that a significant weight fraction is constituted by the
packaging layers. In the proposed configuration, the
battery packaging consists of a substrate, which pro-
vides mechanical support to the battery manufacturing
process, and a sealant, which ensures electrical insula-
tion and sealing of the highly reactive cell components
(Figures 1 and 2). The high weight fraction of passive
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Figure 1. Perspective photo of all-solid-state thin film Li-ion

battery with dimensions. Manufactured by Front Edge
Technology Inc.

Exposed
electrodes

Muscovite substrate (50 pum)

Surlyn sealant (50 pm)

components, such as the packaging, is a deterrent for
most large-scale applications of TFBs, which are
instead typically employed as micro power sources for
memory  chips, microelectromechanical  systems
(MEMSs) and medical implantable devices. However,
if the packaging is by design of an active load-bearing
element instead of passive battery mass, this technology
becomes an appealing multifunctional system for elec-
tric propelled air vehicles. Low-power airborne appli-
cations, such as localized power sources for structural
health monitoring systems or for fly-by-feel distributed
sensing materials, would also benefit from TFBs inte-
grated in the airframe, without requiring a load-bearing
battery design.

The manufacturability and functionality of TFBs
integrated within structural composite laminates have
to be proven in terms of physiochemical compatibility
of TFB materials with the composite curing environ-
ment, durability of the electrodes, laminate structural
integrity and TFB packaging integrity under applied
loads. Mechanical tests conducted on a commercially
available TFB by Pereira et al."' show that the battery
is capable of withstanding uniaxial transverse
(out-of-plane) pressure up to 830 kPa without any det-
rimental effects on the electric functionality, thereby
indicating that the TFB is compatible with the auto-
clave curing pressure of epoxy-based composite mater-
ials. The same TFB type has been successfully
embedded in a carbon/epoxy composite laminate
cured at 121°C. TFB failure has been documented for
a 177°C cure,'? giving evidence that the processing tem-
perature is an influential parameter for battery surviv-
ability. The ability to tolerate exposure to curing
temperatures, which range from 121°C to 177°C, in a
quiescent status (e.g. with no electric current flow) is
fully covered neither by scientific literature nor by com-
mercial electronics standards. On the other hand, the

Muscovite substrate (50 pum)

Legend:

Figure 2. Thin film Li-ion battery cross-sectional schematic.

packaging layers (passive components)

Anode - Li-metal (2 pm)

Electrolyte - Lithium phosphorus oxynitride (LIPON)
Li; sPO3 3Ng4s (2 um) developed by ORNL

Cathode - Lithium cobalt oxide LiCoO,(6 pm)
Current collector - Platinum (0.1 pm)

= battery layers (active components)
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ability to operate from —55°C to 100°C has been exten-
sively investigated because of the relevant commercial
applications. High-temperature characterization of
TFB with the same chemistry of the batteries tested in
the present study has been performed under charge/dis-
charge cycling (e.g. not in a quiescent status) and per-
manent capacity reduction has been detected at 80°C.%°
In the study by Van Sluytman et al.,”' cycling at 100°C
and 150°C causes permanent capacity reduction asso-
ciated with a decrease in the grain dimension of the
lithium cobalt oxide (LiCoO») cathode, whereas the
processing in a quiescent status does not lead to battery
capacity loss. The effect of the state of charge, however,
has not been investigated. The increasing detrimental
effect of temperature exposure at an increasing state of
charge® up to thermal runaway>* has been studied only
for conventional 18650 Li-ion cells, not for TFBs.

The objective of this study is to experimentally assess
the limits of processability and identify the failure types
of the current solid-state thin film battery materials
within composite curing temperatures and pressures
and a liquid resin environment, in order to enable the
manufacturing of composite laminates with embedded
or externally bonded TFBs. The research covers the
121°C to 199°C processing temperature range of bat-
teries in a quiescent status at two states of charge, cor-
responding to the higher and lower limit of the
operating charge level.

Methodology
Solid-state thin film Li-ion battery

The TFBs utilized in this research are manufactured
by Front Edge Technology under license from the
Oak Ridge National Laboratory (ORNL) (Figure 1).
The same batteries have been utilized by Pereira
et al.'®'® The cathode material is LiCoO,, the
anode is Li metal and the solid-state ceramic electro-
lyte is lithium phosphorus oxynitride (Li, gPO3 3N 46),
also known as LiPON.** This battery chemistry has
been electrically characterized in the study by Bates
et al.>> This electrochemical cell generates an electric
current outside the cell and a Li-ion flow inside the
cell through the simultaneous oxidation reaction of
the Li metal contained in the anode and the reduction
reaction of the Li ions that occurs at the cathode. This
process is called battery discharge. The chemical reac-
tions and corresponding electronic and ionic flow are
reversed if an opposed external electric potential is
applied to the cell. This process is called battery
charge. During discharging, Li ions are extracted by
the anode and intercalated at the cathode. Upon char-
ging, Li ions are released by the cathode and plated at
the anode.

Unlike conventional batteries, which require a Li
intercalation compound as anode material to achieve
the required electronic and ionic conductivity, the
improved electrochemical kinetics of the thin film struc-
ture allows to utilize a metallic Li anode, resulting in
higher specific capacity and lower redox potential.
These characteristics allow to minimize the anode
thickness and to maximize the cell voltage, respectively.
LiCoO; has the highest electronic conductivity and one
of the highest specific capacities among the cathode
materials that are technology ready. For these reasons
it is one of the most popular cathode materials for con-
ventional batteries and the most popular cathode
material among commercially available TFBs. LiPON
is currently the solid-state electrolyte with the highest
ionic conductivity that can be manufactured into thin
films. The chemistry of this cell is representative of the
commercial state-of-the-art of TFBs, and the electro-
chemical characterization reported hereinafter enables
its use in multifunctional composite structures and can
be regarded as a baseline performance for the next gen-
eration of nanostructured TFB materials that are not
technology ready yet.

The active components are encased by two musco-
vite substrates bound by a thermoplastic layer of Surlyn
sealant, leading to a total thickness of 150um
(Figure 2). Critical temperature thresholds for the
TFB materials are summarized in Table 1.

The electrochemically active components of the bat-
tery are grown by physical vapor deposition (PVD) per-
formed in situ on the muscovite substrate. The cathode
is fabricated through radio frequency (RF) magnetron
sputtering and annealing at a high temperature (typic-
ally 700°C) to obtain a crystalline microstructure with
large grains and uniform preferred crystalline orienta-
tion to maximize ionic conductivity.?® The muscovite

Table I. Relevant temperature thresholds for TFB
components.

Component  Material Temperature  Property
Sealant Surlyn 98°C Melting point
Anode Lithium 181°C Melting point
Electrolyte Li, gPO33Np 46 300°C Maximum
(LiPON) operating

temperature®
Cathode LiCO, 700°C Annealing

temperature®
Substrate Muscovite 700°C Calcination

temperature
Current Platinum 1768°C Melting point

collector

*Yu X., et al. | Electrochem Soc 2000; 147(2): 517.
PBates B, et al. | Electrochem Soc 2000; 147: 59.
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Figure 3. Schematic of the circuit used to test the battery’s survivability by monitoring charge and discharge performance before and

after thermal processing.

substrate ensures dimensional stability during the
annealing process, preventing cathode cracking or dis-
bonding due to thermal stresses. The patented process
is described in the study by Krasnov et al.?’ The elec-
trolyte is deposited by RF magnetron sputtering in N,
atmosphere®® according to the ORNL process.>* The Li
anode is deposited by thermal evaporation.”> These
materials are highly reactive. Li metal reacts with N%“
and O2°, while all of the three active component mater-
jals react with H,O.? Therefore, the TFB has to be
hermetically sealed. A permanent failure of the sealant
during manufacturing or operation leads to the failure
of the battery by compromising the ability of the elec-
trochemical cell to store energy. The electrical capacity
loss that occurs after the failure of the sealant can be
almost instantaneous or the capacity can fade progres-
sively, depending on the flow rate of contaminants
entering the battery.

The battery is a 25.4 mm? with a nominal voltage of
4.2 V, and a nominal capacity of 1 mAh. In order to
calculate the actual energy density, the energy delivered
by one battery during a full discharge has been measured
according to the method described in the next section.
The active components of the battery have been sepa-
rated from the substrate and sealant, and weighed with a
Mettler Toledo XS64 analytical balance. The active
mass, given by the sum of cathode, electrolyte, anode
and current collectors, is 0.0113 g, which leads to an
energy density of 353 Wh/kg. The energy density calcu-
lated with respect to the total TFB mass is 22 Wh/kg.

Experimental approach

Battery survivability is monitored through discharge
and charge cycling prior to and following a thermal
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Figure 4. Description of the four discharge and charge cycles
for the survivability test.

processing test. The same survivability check is
repeated 2 months following the treatment to assess
the survivability after aging. An automated circuit
board featuring a charge—discharge electronic circuit
(Figure 3) is connected to a National Instruments
BNC-2120 connector and controlled via a LabView
program. Current and voltage readings are collected
every 3s. The discharging occurs under a constant
3.8-k2 resistive load, which leads to an average dis-
charge current of approximately 1 mA (Figure 4), cor-
responding to a discharge rate of 1 C. The TFB is
considered fully discharged when the voltage reaches
3 V. Immediately following a discharge, charging is per-
formed at a constant voltage of 4.2V, applied by a
Hewlett-Packard 6632A System DC Power Supply.
A shunt resistance of 10 is utilized to measure
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Figure 5. Simultaneous thermal treatment of batteries under ambient pressure, in a vacuum bag and embedded in a neat resin pool.

(a) Location of batteries before addition of (b) the vacuum bag.

the current. The battery is considered fully charged
when the current drops below 50 pA. For each battery,
five charge—discharge cycles are performed; the first is
used to condition the battery and the following four
provide the average discharge capacity (Figure 4).
The capacity is obtained by numerical integration of
the discharge current, as a function of time, over a dis-
charge cycle.

In order to assess the limits of processability, the
TFBs are subjected to pressure, temperature and a
liquid resin environment that is representative of com-
posite curing cycles. The batteries are exposed to a
1-hour isothermal hold at a given temperature, 121°C,
149°C, 177°C or 199°C. For each temperature, one bat-
tery is tested at ambient pressure, a second is placed
under a 28-mm Hg vacuum and a third is embedded
in a 50.8 x 50.8 x 3.8 mm® pool of Fiberlay Pro Glas
1300 series neat epoxy resin under a 28-mm Hg
vacuum. The vacuum is created within a flexible
nylon bag in order to apply a hydrostatic pressure to
the resin (Figure 5).

A sample of batteries is thermally processed at
121°C in a fully charged state and in a partially charged
state to determine if the state of charge affects battery
survivability. In order to avoid over-discharging of the
batteries, as recommended by Front Edge, the partial
state of charge is achieved by discharging to 3.9 Vgc
(open circuit voltage) prior to thermal processing.
Based on these preliminary results, which give evidence
of the detrimental effect of the full-charge status on the
TFB capacity retention, only partially charged TFBs
are tested at higher temperatures.

Temperatures are recorded by a LabView program,
which monitors the oven temperature and the resin

temperature from two independent thermocouples via
a National Instrument USB-6210 multifunctional data
acquisition (DAQ) module. A Despatch LAC bench-
top ventilation oven heats the specimens at a rate of
5°C/min from room temperature to the test tempera-
ture. The test is conducted under an electrical load of
108 k2 (R3) to facilitate battery failure detection. The
current drained from the batteries is small enough to
consider the state of charge constant throughout the
test. Voltages and currents are recorded by the DAQ
and LabView program with a frequency of one meas-
urement every 3s (Figure 6).

A total of 18 batteries have been subjected to the
thermal processing test. Based on the results, a cure
cycle has been designed and validated through embed-
ding tests in glass fiber/epoxy (GFRP) and carbon fiber/
epoxy (CFRP) composite laminates. The TFB is
embedded at the midplane of the laminate (Figure 7).
Two slits in the top layers of the laminates allow for the
flat flexible cables (FFCs), Nicomatic 254PWO01E6095
polyester-coated single copper conductor, to exit the
laminate. FCCs are 0.25mm thick and 5.12mm wide,
and they are rated for operation up to 150°C for short
durations and to 100°C for continuous use. They are
connected to the TFB electrodes using MG Chemicals
silver conductive epoxy 8331-14G. The glass/epoxy
composite material utilized is Toray AGATE prepreg
glass fiber FGF7781/2510, 8 harness satin weave
fabric. The 4-ply laminate is cured at 132°C and
520kPa for 2h through heated press molding. The
laminate stacking sequence is [0,90]4,. The battery is
located at the panel mid-span (Figure 8). A second
embedding test is performed using Toray AGATE
prepreg carbon fiber tape T700/2510 with stacking
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(a) Photo of thermal processing set-up (b) Circuitischematic
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Figure 6. Battery and thermocouple voltages are recorded by a LabView program via the DAQ board during thermal testing under
electrical load. (a) Set-up before the specimen tray is placed in the oven. (b) Circuit schematic including thin film Li-ion battery inside
the oven and resistive load (R3) outside the oven.

DAQ: data acquisition.

Slitin Thin-film Flat-flexible
GFRP battery cable (FFC)

\ 0.037"

(0.95 mm)
4 plies [
of GFRP
pre-preg

0.031"
(0.8 mm)

1”
(25.4 mm)
2"(50.8 mm)
. 4"(101.6 mm) |

Figure 7. Cross-sectional schematic of a thin film battery embedded at the mid-plane of a four-ply glass fiber reinforced polymer
laminate. Two slits in the top two layers allow for the flat flexible cable to exit the panel.

Flat flexible
cable (FFC)

Figure 8. Photos of a battery (a) before and (b) after embedding within a glass fiber reinforced polymer laminate; (c) panel with the
embedded battery.
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Figure 9. Photos of a carbon fiber reinforced polymer panel
with embedded thin film Li-ion battery showing (a) a close-up of
the panel at battery location and (b) the whole panel.

sequence [0/90]»s (Figure 9). The same fabrication pro-
cess is adopted with the addition of a localized applica-
tion of silicone conformal coating MG Chemicals
422-55 on the exposed battery leads to insulate the con-
nections. Attempts of embedding the TFB without insu-
lated connections have failed due to electrical shorts
caused by the CFRP.

Results

Typical temperature and voltage profiles for the ther-
mal processing test are shown in Figure 10. The battery
voltage, regardless of the processing environment,
decreases with increasing ambient temperature and
recovers its initial value when the battery is brought
back to room temperature at the end of the 1-hour-long
isothermal phase. During temperature ramp-up, the
resin temperature shows a spike due to the exothermic
reaction associated with the resin cross-linking. The
maximum difference between resin and oven tempera-
ture during cross-linking never exceeds 15°C, and the
peak temperature never exceeds the isothermal hold
temperature. The voltage of the battery embedded in
neat resin shows a negative spike, which corresponds to
the beginning of the exothermic event. This voltage
drop, which lasts 3-9s, has been observed for all of
the TFBs processed in the neat resin without having
any detrimental effect on the survivability of the bat-
tery. While the reason for the voltage drop is unknown,
the fact that it has occurred during embedment within
Fiberlay Pro Glas 1300 neat epoxy resin, but it has not
occurred during the embedment in the Toray 2510 and
Cytec 977-3 prepreg resin systems, suggests that pos-
sible causes should be dependent on the resin chemical
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Figure 10. (a) Typical temperature cycle for thin film Li-ion
battery thermal processing test. The temperature profile for the
oven and neat resin is shown for a |-hour isotherm at 121°C.
(b) Voltages of the three batteries shown in Figure 5 undertaking
the thermal treatment. A voltage drop of the battery embedded
within the resin coincides with heat generation by the resin due
to exothermal cross-linking reaction.

composition or on the amount of resin undertaking
exothermic reaction.

Thermal testing at 121°C of fully charged batteries
leads to an average capacity reduction of 9%, as sum-
marized in Table 2. The capacity reduction is propor-
tional to a reduction in discharge time, whereas the cell
voltage and power are unchanged (Figure 11). On the
other hand, if the TFBs are partially discharged to 3.9
V before being tested, they withstand thermal process-
ing up to 149°C without any detrimental effects on their
electric performance. The detailed summary of the
results (Tables 3 and 4) shows that the short-term and
long-term capacities after thermal processing remain
within +3% of the baseline capacity measured before
the test. The capacity variation is associated with a
slight offset of the discharge current and voltage pro-
files (Figure 12). Neither the liquid resin nor the



906

Journal of Composite Materials 48(8)

Table 2. Capacity retention of batteries undergoing a |-hour
isothermal hold at 121°C in either a fully charged state or par-
tially charged to 3.9 Voc (open circuit voltage).

Fully charged Partially charged

Capacity Survival  Capacity Survival

retention (%) rate retention (%) rate
Ambient 94 I/1 102 I/1
Vacuum bag 95 171 102 171
Neat resin 84 171 102 171

——Pre-test | 14
4.0 --=-- Post-test
4 1.2
35 =
2 E
® =
& £
§ 30 1.0 g
Current 3
2.5 1 0.8
2‘0 i i L Il i L J 0-6
0 10 20 30 40 50 60
Time (min)

Figure I1. A discharge profile from the survivability test for a
fully charged battery subjected to a |-hour isotherm at 121°C
under ambient pressure. The decrease in the discharging time is
proportional to the 6% decrease in capacity retention after
processing (see Table 2).

Table 3. Survival rate of partially charged batteries subjected to
temperatures, pressures and liquid resin environment typical of
composite manufacturing.

Isothermal temperature

121°C 149°C 177°C 199°C
Ambient 1/1 171 112 0/1
Vacuum bag 1/1 1/1 2)2 0/1
Neat resin /1 /1 0/2 0/1

Parentheses indicate failure after 2 months of aging.

vacuum bag environment seems to have an effect at this
processing temperature. All the batteries tested at
177°C, either at ambient pressure or in the vacuum
bag, are affected by partial or total capacity loss
(Tables 3 and 4) associated with a decreased discharge
time and a negative translation of the current and

Table 4. Average discharge capacity retention of survived bat-
teries from Table 3.

Isothermal temperature

121°C 149°C 177°C 199°C
Ambient  102% (100%) 100% (100%) 76% (70%) 0%
Vacuum bag  102% (100%) 103% (100%) 87% (0%) 0%
Neat resin  102% (100%) 98% (98%) 0% 0%

Values in parenthesis are measured 2 months after test.

Table 5. Survival of partially discharged batteries embedded in
either a GFRP or a CFRP laminate cured at 132°C and 520 kPa.

Capacity retention (%) Survival rate

CFRP 103 1/1
GFRP 102 171

CFRP: carbon fiber reinforced polymer; GFRP: glass fiber reinforced
polymer.
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Figure 12. A discharge profile from the survivability test for a
partially charged battery subjected to a |-hour isotherm at
121°C under ambient pressure. The battery had 102% capacity
retention after processing (see Table 2).

voltage discharge profile (Figures 13 and 14). The bat-
teries embedded in neat resin at 177°C, as well as all the
ones processed at 199°C, failed during testing.

Three distinct types of failures have been recognized
and characterized based on optical microscopy at the
anode side and capacity retention (Figure 15(a) to (d)).
Type 1 failure (Figure 15(b,bb)) is observed as a loca-
lized gray spot on the Li anode with a complete loss of
grain boundaries. Front Edge Technology attributes
these observations to electronic failures consisting of
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Figure 13. A discharge profile for a partially charged battery
subjected to a |-hour isotherm at 177°C under vacuum. The
battery had 91% capacity retention after processing, ultimately
failing with aging (see Table 3).
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Figure 14. A discharge profile from the survivability test for a
partially charged battery subjected to a |-hour isotherm at |77°C
under ambient pressure. The battery had 76% capacity retention
after processing, reducing to 70% with 2 months of aging.

a local breakdown of the electrolyte. The gray spot is
always associated with bubbling of the overlaying
Surlyn sealant layer at the failure location. This failure
occurs in batteries processed at ambient pressure or
within the vacuum bag. The affected batteries are oper-
ational, but with reduced capacity. Type II failure pro-
duces a neutral gray discoloration, which extends from
the edges of the active components (Figure 15(c,cc)).
The micrographs reveal dark patches scattered across
the anode. It is believed that this failure is caused by the
reaction of the Li anode with contaminants diffusing
through the Surlyn sealant and entering into the battery.

The appearance of Type II failure always leads to total
capacity loss. This failure is observed after thermal pro-
cessing of batteries embedded in neat resin, or in aged
batteries previously processed at 177°C. The Type III
failure shown in Figure 15(d,dd) has occurred for all of
the batteries tested at 199°C. The failure occurs above
177°C during the temperature ramp-up, leading to a
sudden loss of voltage and battery failure. This failure
is due to Li melting (MP 181°C) and the TFB becomes
black at the anode side, occasionally showing gray
spots that are probably Type I failures formed prior
to the melting of the anode.

The battery shown in Figure 16 is affected by Type I
failure and the associated capacity reduction caused by
processing at 177°C in the vacuum bag. With aging,
however, this battery completely fails by Type II
failure. This indicates that the Type II failure is time-
dependent. A similar result is observed when the
battery seal is artificially compromised under ambient
conditions. Hence, the low-temperature thermoplastic
sealant (MP 98°C) seems to be the limiting factor for
survivability from a manufacturing standpoint.

Further examination of treated batteries reveals that
sealant bubbling and flowing affects TFBs tested at
temperatures as low as 121°C. This leads to the forma-
tion of a disbonded front along the edges of the active
components (Figure 17(b)) and over the leads
(Figure 17(c)). For the TFBs processed under vacuum
bag, the sealant is squeezed out of the battery edges
(Figure 17(d)). However, the functionality of these bat-
teries, as tested for short- and long-term survivability,
is not affected. Further screening conducted on
as-received batteries revealed that some have long
strands of bubbles along the edges of the active com-
ponents. The bubbles are suspected of diffusing within
the sealant layer when the processing temperature leads
to melting of the Surlyn. Depending on the concentra-
tion of bubbles and the viscosity of the sealant, access
paths to the active components could propagate
through the sealant itself.

Based on these findings, successful embedding tests
with full capacity retention (Table 5) are performed
by co-bonding the TFB within a composite laminate
through press molding of prepreg materials at 132°C
and 517 kPa, with a cure time of 2h (Figures 7 to 9).

Conclusions

This study identified the limits of processability of solid-
state thin film Li batteries embedded into composite
laminates. Cure temperature is the most influential
parameter for battery survivability during composite
manufacturing. Successful embedding tests with full-
capacity retention have been performed with glass
fiber/epoxy and carbon fiber/epoxy cured at 132°C
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Pristine anode
As-received, 121°C, 149°C

Type | failure

177°C (at ambient &
in the vacuum bag)

Type ll failure
177°C (in neatresin)

Type lll failure
199°C

(c)

Figure 15. Anode side photos of the three observed types of failures ((b), (c) and (d)) compared to an as-received battery (a).
Corresponding dark-field optical micrographs are shown in (aa) through (dd). Type | failure is associated with a local breakdown of the
electrolyte and bubbling of the sealant (Surlyn MP of 98°C). Reaction of the anode with contaminants results in a Type Il failure.
Type lll failure occurs above the Li melting temperature (181°C). Type | leads to partial capacity loss; Type |l and Type Il lead to total

capacity loss.

(a) As-received

(b) After testing

(c) Aged after testing

Figure 16. A battery thermally tested at 177°C in the vacuum bag for an hour showing (b) the formation of Type | failures
immediately after testing, followed by (c) Type Il formations with 2 months of aging. Inmediately after testing, the cell exhibited 87%

capacity retention; however, it completely failed with aging.

and 517 kPa. With the proper procedure, it is possible to
successfully cure the battery inside the laminate up
to 149°C. If higher processing temperatures are reached,
either locally due to resin exothermic reaction or by
design, the battery’s electrical performance deteriorates.
Battery failures are caused either by the TFB polymeric

sealant failure or by the physicochemical degradation of
the electrolyte or the Li anode. Ongoing research is
focused on the mechanical and electrical characteriza-
tion of laminates with embedded batteries under applied
strain and curvature. The integration of all-solid-state
thin film batteries within composite laminates can find
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| T S I |

500 um

I |
1 mm

Figure 17. The appearance of bubbles and a disbonded front (b) along the edge of the active components and (c) over the leads after
121°C processing. In some as-received batteries, bubbles are apparent along the edge of the active components. (d) shows the Surlyn
that has been squeezed out of between the muscovite layers (exhibiting a slight offset); this is typical of the specimens tested under

vacuum bag.

Figure 18. Working prototype of energy self-sufficient carbon
fiber reinforced polymer stiffened panel with integrated thin film
Li-ion batteries and flexible solar array.

application in commercial and military lightweight
multifunctional structures (Figure 18).
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