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A B S T R A C T

Structural battery composites require a structural electrolyte to work. The structural battery electrolyte has a 
bicontinuous microstructure which enables its dual roles: mechanical load transfer and ion transport between the 
electrodes. These structural electrolytes are difficult to characterise mechanically via bulk tests. For this reason, 
no extensive characterisation of the mechanical properties of the structural battery electrolyte has been per-
formed to date. In this study, we highlight the many challenges of these types of tests, including the complexity of 
sample manufacturing, preparation and testing. We further demonstrate a method to prepare test samples and to 
perform mechanical tests on the structural battery electrolyte. The executed test campaign provides measures of 
Young’s modulus (approximately 412 MPa) and Poisson’s ratio (0.34), as well as tensile (4.85 MPa) and 
compressive strength (32.66 MPa) and strain to failure (2.49 % and 28.11 % in tension and compression, 
respectively). In addition, cure shrinkage is investigated and found insignificant. These results are crucial for the 
further development of structural battery composites as they allow for accurate prediction of their internal stress 
states.

1. Introduction

Multifunctional materials will play a key role in future energy stor-
age. One such multifunctional material is the structural battery com-
posite (SBC), which acts as a composite structural material that 
simultaneously stores electric energy as a lithium-ion battery [1–4]. The 
application of structural battery technology is particularly promising 
within the transport industry. Utilisation of SBCs in load-bearing 
structures, such as vehicle body panels, and aircraft interiors can lead 
to substantial mass savings across transport modes. This will enhance 
fuel efficiency, consequently lowering emissions.

As conventional composite laminates, the SBC consists of a stack of 
plies to form a laminate. The two outermost plies are the two electrodes: 
the positive electrode is made of carbon fibres coated with lithium iron 
phosphate (LiFePO4 or LFP) [5–7] and the negative electrode consists of 
neat carbon fibre [8–13]. The LFP particles act as the electrochemically 
active material in the positive electrode (like in conventional 
lithium-ion batteries) while the carbon fibres act as reinforcement and 

current collector in the positive electrode. In the negative electrode, the 
carbon fibres act as active material, similarly to graphite in conventional 
lithium-ion batteries, as well as reinforcement and current collector. The 
two electrodes are separated by a thin electrically insulating, ionically 
conductive, material. The laminated structure is impregnated with a 
structural battery electrolyte (SBE). The SBE provides load transfer be-
tween constituents and enables lithium-ion migration between the 
electrodes. Thus, an SBE with high combined ionic conductivity and 
mechanical properties is desired.

The first attempts in SBC electrolytes considered homogeneous 
liquid electrolyte systems [14]. Very high ionic conductivity was ob-
tained but no mechanical load transfer was achieved. In order to achieve 
mechanical performance with maintained ionic conductivity, gel poly-
mer electrolyte (GPE) and solid polymer electrolyte (SPE) homogenous 
soft materials were investigated [15]. However, in general, highly ionic 
conductive GPEs demonstrated low mechanical properties, while when 
improved mechanical performances were measured as in SPEs, the ionic 
conductivity was low [16–20]. To overcome the limitations of 
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homogeneous materials in multifunctional applications, heterogeneous 
electrolyte systems were studied. In these systems, two or more mate-
rials are combined to create two or more bicontinuous phases. In this 
way, a liquid electrolyte (with high ionic conductivity) can be contained 
within a solid glassy polymer (with high elastic modulus) leading to a 
much-improved multifunctional performance [21–23]. By this approach 
commercial liquid electrolytes or ionic liquids can be used together with 
epoxy or vinyl ester polymers to realise a highly ionic conductive stiff 
SBE [24–27]. The basis for the currently used heterogeneous SBEs was 
proposed by Ihrner et al. [28] They mixed an organic electrolyte with 
dissolved lithium salts and a methacrylate-based monomer to synthesise 
an SBE via a polymerisation-induced phase separation (PIPS) reaction 
initiated by UV irradiation. With this approach highly multifunctional 
SBEs were obtained. The use of UV-induced polymerisation, however, 
poses manufacturing issues in SBCs due to the non-transparent nature of 
the materials used in the various constituents. For this reason, thermal 
curing is a more suitable method for the SBE manufacturing process. 
Schneider et al. evaluated thermal curing for the same SBE used by 
Ihrner and assessed the effect of the curing temperature on the curing 
performance, morphology, ionic conductivity and mechanical perfor-
mance [29]. Higher curing temperatures were linked to higher conver-
sion rates and shorter curing times. Similar morphologies were obtained 
for all the curing temperatures. No significant effect of the curing tem-
perature was identified on the ionic conductivity and the mechanical 
behaviour.

To achieve a better understanding of the SBE Cattaruzza et al. [30] 
investigated porosity and the liquid electrolyte uptake in the glassy 
polymeric phase and measured the ionic conductivity of various liquid 
electrolyte to monomer mixture ratios. The ionic conductivity of the SBE 
was 2.9⋅10− 4 S cm− 1, which is merely 10 % of that of the liquid elec-
trolyte (a 1 M solution of lithium bis(trifluoromethanesulfonyl)imide 
(LiTFSI) salt, in an organic solvent mixture, ethylene carbonate and 
propolene carbonate (EC:PC)). The most promising SBE composition 
identified was further studied by Duan et al. who made a 3D recon-
struction of the SBE [31]. They generated a series of 2D images via 
scanning electron microscopy (SEM) following ion milling of 20 nm 
thick layers of material. These images were then utilised to build a 3D 
model which was used to determine the tortuosity, average pore size, 
and to estimate the elastic modulus and the ionic conductivity using 
finite element analysis.

Knowledge about the structure of the SBE and its electro-chemo- 
mechanical properties is needed to model the SBE and its behaviour in 
SBCs. This is particularly evident considering the extensive volume 
changes that occur in the carbon fibres and the LFP particles during 
electrochemical cycling. Changes in carbon fibre volume and mechani-
cal properties with state-of-lithiation and the consequence of these 
changes on the negative structural electrode have been investigated in 
detail [32–34]. Larsson et al. analysed the internal stress distribution in 
the SBE from a 6.6 % radial expansion of the carbon fibres for a repre-
sentative volume element of the negative electrode, showing high 
stresses in the SBE constrained between carbon fibres [35]. This dem-
onstrates the importance of reliable mechanical data for the composite 
material constituents for accurate stress predictions. To date, the me-
chanical properties of the SBE have only been measured using dynamic 
mechanical analysis (DMA). With DMA, only the storage modulus E′ and 
loss modulus E″ can be measured. Thus, both the Young’s modulus and 
Poisson’s ratio for the SBE remain to be measured. Furthermore, there is 
a general lack of data describing the behaviour of the SBE material under 
compression load. Such data are needed for reliable computational 
analysis of the SBCs. Finally, cure shrinkage of the matrix material will 
affect the internal stress distribution. However, to the authors’ knowl-
edge, no attempt to measure the cure shrinkage during the PIPS reaction 
of the SBE has yet been made.

In the current study, we fill these gaps by performing a thorough 
mechanical characterisation of a state-of-the-art SBE. In addition, the 
cure shrinkage resulting from the PIPS reaction is assessed. The 

composition of the SBE closely resembles that of previous works by 
Cattaruzza et al. [30], Larsson et al. [34], and Asp et al. [35], employing 
identical monomer, solvent, and solid-to-liquid weight ratio in the SBE.

2. Materials and methods

2.1. Materials

The liquid electrolyte was made from a solution of lithium bis(oxa-
late)borate (LiBOB) and lithium tri(fluoro)methanesulfonate (LiTFS) 
(with 0.4 M and 0.6 M concentrations respectively) dissolved in a 
mixture of ethylene carbonate (EC) and propylene carbonate (PC) with a 
1:1 weight ratio. The monomer consisted of bisphenol-A ethoxylate 
dimethacrylate (BPAMA) (Mn: 540 g mol− 1) mixed with the thermal 
initiator 2,2′-azobis(2-methylpropionitrile) (AIBN). A 1 % weight rela-
tive to the monomer of the thermal initiator was used. EC, PC, the two 
lithium salts (LiBOB and LiTFS), the monomer (BPAMA), and the ther-
mal initiator (AIBN) were purchased from Sigma-Aldrich. The SBE was 
synthesized from a solution consisting of a 50:50 weight ratio of liquid 
electrolyte and monomer. All the materials were stored inside a glove-
box to ensure no moisture and oxygen exposure. All the materials were 
used as received.

For the tensile test sample preparation, glass sheets and a multi-layer 
PET/Al/PE film acting as a pouch bag were used. For the compression 
test sample preparation, 5 mL polypropylene (PP) syringes with 10 mm 
diameter purchased from Fisher Scientific were used. For the shrinkage 
test, borosilicate glass tubes with a 4 mm diameter were used. An ad-
hesive rubber was also used to seal the syringes and the borosilicate glass 
tube.

2.2. Methods

2.2.1. Sample manufacturing
The bulk properties of SBE have previously not been characterised 

due to the challenges of the manufacturing process. In particular, the 
polymerisation of BPAMA is terminated by the presence of oxygen. For 
this reason, the first steps of the sample preparation were conducted 
inside of a glovebox under a dry argon atmosphere (less than 1 ppm of 
H2O and O2). The lithium salts (LiBOB and LiTFS) were added to the EC: 
PC solvent mixture. An equal mass of monomer BPAMA was then added 
to the solution. Furthermore, thermal initiator AIBN was added. All the 
species were mixed using a vortex mixer until a homogeneous solution 
was obtained. To avoid entrapped gas in the mixture the container was 
then left without the lid for 30 minutes.

To manufacture the tensile test samples the obtained mixture was 
poured inside 10 × 13 cm custom-built glass moulds until the desired 
thickness of 3 mm was reached. The moulds were then sealed inside a 
pouch bag to prevent any contact with ambient atmosphere before and 
during cure. To manufacture the compression test samples, the mixture 
was drawn with syringes until an approximate 2:1 ratio of length to 
diameter of the mixture inside the syringe was reached. Approximately 
10 mm of free space was left between the tip of the syringe and the 
mixture to allow any gas developed during the curing process to escape 
the SBE. The tip of the syringes was sealed using an adhesive rubber. 
This was done to ensure that the solution was not exposed to oxygen or 
moisture that could affect the curing process. The mixture content levels 
in the syringe were marked to allow evaluation of cure shrinkage.

The prepared and sealed tensile and compression samples were cured 
in an oven outside the glovebox at 90 ◦C for 1 hour. Images from the 
various steps of the manufacturing are presented in Fig. S1.

Post cure the obtained SBE slabs were extracted from the moulds and 
machined with a waterjet cutter into the final dog-bone shape of the 
tensile test specimens. The SBE cylinders obtained in the syringes were 
extracted and the ends were machined using a waterjet cutter, resulting 
in compression test specimens with flat and parallel ends. Images of 
finished tensile and compression test specimens are presented in Fig. 1a 
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and b. The detailed dimensions of the samples are provided in Fig. 1c 
and d. Even though a significant part of the material consists of liquid 
electrolyte, the samples appear dry. This is probably due to the delicate 
interconnected pore structure which makes liquid electrolyte evapora-
tion from the bulk of the SBE a slow process.

Immediately after machining, the test specimens were sealed inside 
pouch bags to avoid any liquid electrolyte evaporation and to guarantee 
that the tested material was the same bi-continuous SBE as that used in 
the SBCs.

2.2.2. Microscopy
The SBE microstructure was evaluated via SEM imaging using a Zeiss 

FEGSEM LEO-1550 with an accelerating voltage of 5 kV. Samples were 
obtained from 3 mm thick SBE pieces fracturing them manually so that 
the cross-section would not be affected by any cutting tool. The obtained 
samples were washed in water for two days and dried for one day prior 
to SEM analyses to remove the liquid electrolyte from the SBE. Finally, 
samples were sputtered with gold to avoid any charging effects during 
imaging.

2.2.3. Mechanical tests
Mechanical tests followed the ASTM D638 type IV standard for 

tension and the ASTM D695 standard for compression. The obtained 
samples were tested at Luleå University of Technology (Sweden) using 
an Instron 3366 testing machine with a 10 kN load cell. A fine speckle 
pattern was applied to the surface of the dog-bone-shaped samples to 
measure displacements and evaluate the strain by means of digital image 
correlation technique (DIC) [36]. This was done using matte white paint 
sprayed on one of the sides of the samples and subsequently, spraying a 
small amount of black paint to create a random pattern. The images 
during the loading were recorded using a JAI GO-5000M-USB optical 
camera positioned perpendicularly to the speckled surface of the sample 
and centered at the initial centre point of the sample surface.

The parameters for the used DIC setup are summarised in Table 1.
The Zeiss Inspect software was used to create a fictitious extensom-

eter on the speckle pattern and follow its evolution during the loading. 

The images were processed using a full-field Green-Lagrange strain 
tensor. A frame was captured every 200 ms and a strain rate of 0.5 mm 
min− 1 corresponding to the cross-head displacement speed was used in 
all tensile tests. This strain rate, although lower than ASTM standards, 
was intentionally chosen to enhance data resolution and provide better 
control throughout the test. In total, six tensile specimens were tested.

The tensile samples were first subjected to a loading up to a strain of 
approximately 0.25 % followed by an unloading to the initial state. This 
was done to measure Young’s modulus and Poisson’s ratio of the SBE in 
the linear-elastic region of the material response during unloading. To 
obtain the Poisson’s ratio, the strain in the longitudinal direction was 
plotted against the strain in the transverse direction, and the value of the 
Poisson’s ratio was obtained as the slope of the plot. After the initial 
loading/unloading step the samples were tested with increasing load 
until failure.

For the cylindrical compression specimens, flat parallel plates were 
used to apply the load on the two bases of the cylinders. Compression 
tests were performed at a strain rate of 1 mm min− 1. Strain in the 
compression test was extracted from the top cross-head displacement 
since the applied speckle pattern was dissolved by the liquid electrolyte 
seepage at high strain levels. Additionally, the curved surface created 
numerous reflections, which were captured as visual artefacts by the 
single optical camera in the current setup. In total, five specimens were 
tested in compression.

3. Results

3.1. Material structure

The infusion technique used to manufacture state-of-the-art struc-
tural battery composites [37] could not be used to manufacture bulk 
samples of the SBE. Therefore, the co-continuous microstructure of the 
synthesised bulk SBE test samples was characterised and compared with 
that of the SBE in SBCs [29–31]. SEM images taken at 10k, 20k, and 50k 
magnification are presented in Fig. 2. The presence of pores with a wide 
size distribution is clear already from the lower magnification micro-
graph. From the image with the highest magnification, it is evident that 
most of the microstructural features are in the hundreds of nanometres 
range. This corresponds well with what was previously reported by 
Duan et al. [31] Tortuosity can only be hypothesised in this case as no 
ion milling was used to assess the bulk microstructure. However, the 
similarities to micrographs presented by Duan et al. suggest that the 
internal porosity and its interconnection are the same.

Fig. 1. (a) Tensile dog-bone shaped samples and (b) compression cylindrical sample. Dimensions of (c) tensile test specimens and (d) compression test specimens (all 
units are expressed in millimetres).

Table 1 
Parameters used for the DIC setup.

Image resolution 
[pixels]

Step size 
[pixels]

Speckle size 
[pixels]

Stand-off 
distance [mm]

Subset size 
[pixels]

2560x1536 5 4–5 400 19x19
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3.2. Cure shrinkage

The levels of the solution in the borosilicate glass tube were marked 
so that the cure shrinkage could be monitored. After curing, no 
shrinkage could be identified in the cylinders, as no difference in the 
height of the solution and the cured SBE could be observed. Further-
more, the sample was very difficult to extract from the tube indicating 
that no cross-sectional shrinkage took place. If we assume that no radius 
change takes place, and we consider a typical 7–10 % cure shrinkage for 
vinyl ester resins, shrinkage should be readily detectable [38]. For a 10 
% cure shrinkage, and a constant cross-section area, a reduction in 
height of approximately 5.5 mm would result. Images of samples before 
and after curing are presented in Fig. 3a and b.

3.3. Mechanical test results

A typical tensile curve for the SBE samples is presented in Fig. 4a. It is 
clear that after an initial linearly elastic region at small strains, the 
behaviour of the material becomes non-linear. In tension, failure occurs 
at relatively low stresses and strains. An average strength of 4.85 MPa 
and an average strain to failure of 2.49 % were measured. The brittle 
nature of the SBE is also visible in the fractured specimens depicted in 
Fig. 4b and c.

A non-linear stress-strain behaviour of the SBE was also found for 
compression load as shown in Fig. 5a. For compression load, signifi-
cantly higher strength and strain to failure were measured. An average 
compressive strength of 32.7 MPa and an average strain to failure of 
28.1 % are observed. A very consistent behaviour was found for the SBE 
when loaded in compression, reflected by the low scatter in data 

reported in Table 2. Superior properties in compression are expected 
since the yield stress of polymer materials is known to be pressure- 
dependent [39]. However, the compressive yield strength is almost 
one order of magnitude higher than in tension, compared to conven-
tional thermoset resins where the compressive yield strength is usually 
two to three times higher than that in tension [40]. This behaviour, 
observed for other polymeric foams is also characteristic of conventional 
ceramic materials characterised by a high amount of internal porosity 
[17,41]. It should be noted that no tests could be performed on the neat 
polymer material as void-free test samples could not be manufactured. 
Voids occurred from massive gassing during cure of the neat resin and 
these gas bubbles remained trapped due to the high viscosity of BPAMA.

As mentioned in the experimental section, speckle patterns could not 
be used due to the squeeze out of the liquid electrolyte during the 
compression tests. The liquid electrolyte squeezed out from the cylin-
drical samples during a test is visible in Fig. 5b. Furthermore, barreling 
of the test specimen at the end of the compression test is illustrated in 
Fig. 5c. The specimen split in the centre causing failure.

An overview of the obtained mechanical properties for the SBE is 
presented in Table 2.

It should be noted that the measured Young’s modulus is signifi-
cantly lower than the storage modulus E′ obtained from DMA mea-
surements, which was reported to be 611 MPa [29].

The tension and compression stress-strain plots from all samples are 
shown in Fig. 6. The repeatability of the tests is evident.

4. Conclusion

The current study provides a deepened understanding of the 

Fig. 2. SEM images of the SBE microstructure at a fracture surface at (a) x10k magnification, (b) x20k magnification, and (c) x50k magnification.

Fig. 3. Curing shrinkage evaluation. (a) Before curing, (b) after curing.
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Fig. 4. (a) Typical tensile curve of the SBE dog-bone-shaped specimen. (b) Dog-bone-shaped tensile samples with DIC speckle pattern before and (c) after the 
testing procedure.

Fig. 5. (a) Typical compression curve of the SBE cylindrical samples. (b) Compression cylinder sample with liquid electrolyte leakage from the bulk of the material. 
(c) Barreling and cracking of the cylindrical compression samples at the end of the testing procedure.

Table 2 
Average material parameters obtained for the tested SBE samples.

Young’s modulus [MPa] Poisson’s ratio [− ] Tensile strength [MPa] Strain to failure (tension) [%] Compressive strength [MPa] Strain to failure (compression) [%]

412.47 ± 58.3 0.34 ± 0.04 4.85 ± 0.66 2.49 ± 0.36 32.66 ± 0.63 28.11 ± 0.57
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mechanical behaviour of the structural battery electrolyte. Tests on the 
bulk material have not previously been performed. Here, a procedure to 
repeatably and consistently manufacture specimens for mechanical 
characterisation of bi-phasic structural battery electrolytes is demon-
strated. Tensile tests are performed to measure Young’s modulus and 
Poisson’s ratio of a bulk structural battery electrolyte. Also, the strength 
and strain to failure in tension and compression are characterised. In 
addition, cure shrinkage is monitored and found to be insignificant.

The mechanical characterisation shows a brittle behaviour with a 
low tensile strength of only 4.85 MPa and a reasonable compressive 
strength of more than 30 MPa. The measured average Young’s modulus 
of the bicontinuous structural battery electrolyte (412 MPa) is lower 
compared to neat thermoset polymers and also lower than the storage 
modulus previously measured by DMA. Finally, a Poisson’s ratio of 0.34 
was measured.

Equipped with this information, reliable analyses of the internal 
stress distribution in the structural battery composite at arbitrary state- 
of-charge and in-service mechanical loading can be performed.
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