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Abstract

Shared vehicle architectures for fuel cell electric vehicles (FCEVs) and battery electric
vehicles (BEVs) allow significant cost reduction in development and production by ena-
bling economies of scale. Therefore, a box-shaped design for a type 4 pressure vessel is
developed, which allows an efficient storage of hydrogen in conventional battery design
spaces. For a load capable design, the top and bottom of the tank wall are connected with
tension struts made of aramid fibers. Based on an analytical design, the geometry of the
vessel is defined and a manufacturing process is developed using tufting as key technology
for the insertion of the aramid fiber tension struts. The load transfer between the CFRP tank
wall and the tension struts is crucial for the mechanical strength of the containment. Fiber
loops are evaluated by guiding the tension struts through the CFRP tank wall and deflect-
ing the load. In tensile tests, strengths of at least 1720 MPa are measured for this configura-
tion. The tightness of the containment is ensured by a polymer liner and its adhesion to the
struts. The interface between aramid fiber struts and the liner is investigated on strut-level
analytically and in experiments. Different shear moduli of the investigated polymers show
a major influence on the shear stress in the liner. For the application in the tension-braced
pressure vessel, liner materials with the lowest possible modulus should be used to reduce
the stress peaks in the liner. Finally, a design corridor for the dimensions of the tension
struts and preferred material properties for the liner can be derived. For the investigated
material, a strut diameter of 1 mm with a strut spacing of 3 to 5 mm is recommended.
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1 Introduction

Hydrogen is a noteworthy solution when it comes to an emission free mobility of the future
[1]. In commercial and passenger vehicles it is used to run fuel cells and provide power
for the electrical drivetrain. In current automotive applications gaseous hydrogen is stored
in pressure vessels at 700 bar. Vehicles are equipped with one to three cylindrical con-
tainments with diameters larger than 200 mm to offer a sufficient cruising range [2, 3].
Type 4 pressure vessels represent the state-of-the-art and consist of a polymer liner which
is wrapped in a carbon fiber reinforced plastic (CFRP) shell. While the liner is needed to
keep the containment sealed and limit hydrogen permeation, CFRP is used to take up the
load resulting from the inner pressure. Type 4 pressure vessels for hydrogen-fueled vehi-
cles are generally designed according to Regulation No. 134 (R134) of the United Nations
Economic Commission for Europe (UNECE) to fulfill safety-related requirements in oper-
ation [4].

Today battery electric vehicles (BEVs) are becoming more attractive for customers,
while fuel cell electric vehicles (FCEVs) are still expensive as a result of cost-intensive
development and manufacturing. Especially low production numbers as well as a dedicated
vehicle architecture are cost drivers for the latter. Shared vehicle architectures for BEVs
and FCEVs could enable economies of scale and significantly reduce costs for both vehicle
concepts. This becomes possible by using similar design spaces for energy storage in both
drivetrain variants. Therefore, hydrogen pressure vessels of FCEVs should be integrated in
flat box-shaped design spaces in car underbodies, where BEVs are equipped with batteries.

The limited usable space for the integration of hydrogen containments requires an effi-
cient storage concept to allow acceptable cruising ranges per tank of fuel. Several pressure
vessel concepts for this application are shown in patent literature. They can be clustered
in cylindrical approaches [5, 6] and cuboid designs with inner tension struts [7, 8]. Exam-
ples are shown in Fig. 1. Both concept variants have been investigated by Ruf et al. [9]
regarding their potential storage volume. Although cylindrical containments cannot per-
fectly utilize the design space volume, they showed an acceptable possible storage vol-
ume for hydrogen to fulfill customer’s expectations for cruising ranges. In comparison the
box-shaped design offers a higher potential to increase the amount of storable fuel by 25%
within the same design space.

Investigations on the design of cuboid pressure vessels with inner tension struts have
been conducted by Oeztas et al. [11]. In their work, a fully metallic type I pressure vessel

battery design space

o

Fig.1 Exemplary battery electric vehicle [10] (left) and pressure vessel solutions for box-shaped battery
installation spaces (right): a) [5], b) [6], ¢) [7], d) [8]
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was designed analytically and numerically and load conditions were assessed. As a result,
an optimized design according to the minimum burst pressure of 157.5 MPa, determined
in R134, was found through numerical simulations. A major disadvantage for Type I pres-
sure vessels is the low gravimetric efficiency of the storage concept due to the low specific
strength of the metal. In addition, especially for steel, hydrogen embrittlement can be criti-
cal for the safety of the vessel.

Therefore, a composite design has been proposed by Ruf et al. [9], Huber et al. [12] and
Horoschenkoff et al. [13]. General strengthening possibilities of struts loaded in tension are
discussed by Al-Mekhlafi et al. [14]. Furthermore, tethering possibilities of struts to planar
surfaces are investigated in more detail by Khosravani et al. [15]. The investigated box-
shaped pressure vessel in this work consists of a CFRP tank wall and is reinforced with
aramid fiber tension struts. The tightness of the vessel is ensured by a polymer liner — a gas
barrier on the inside of the CFRP tank wall. Based on a design concept, a manufacturing
process was developed and validated using first prototypes. During pressure testing, the
prototypes showed leakage at the corners from around 10 MPa.

This work focuses on the investigation of the adhesion between aramid fiber tension
struts and the liner. The aim is to investigate factors that influence the design of a tension-
strutted Type IV pressure vessel in order to permit the most efficient design possible. This
concerns, on the one hand, the material selection for the liner as well as the struts and, on
the other hand, the investigation of geometric quantities, such as the strut diameter and
spacing as a function of strength. First, the structure of the vessel is introduced and based
on analytical calculations the dimensions of the vessel parts are specified. In addition, the
manufacturing process, which has a major influence on the design of the vessel, is briefly
described. Subsequently, the mechanical adhesion between struts and tank wall is investi-
gated in tensile tests. Analytical models and experiments are used to assess the tightness of
the containment on coupon level. Finally, based on the results, an optimized design for a
box-shaped vessel is derived.

2 Pressure Vessel Concept

The investigated pressure vessel concept is designed for operation under a nominal work-
ing pressure (NWP) of 70 MPa. Safety-relevant aspects are derived from R134. To meet
one of the main requirements, the burst pressure of the containment must exceed 225% of
the NWP. This results in a design burst pressure of 157.5 MPa which determines the design
of the investigated vessel.

2.1 Structure of the Pressure Vessel

In order to make optimum use of the flat box-shaped installation space, the pressure vessel
should preferably have a cuboid shape. From a physical point of view, however, a spherical
shape represents the optimum geometry for pressure vessels. Therefore, the cuboid contain-
ment is reinforced with an internal support structure for a pressure resistant design. Since
the height of the design space is quite small compared to its width and length, tension
struts are used to reinforce the top and bottom side of the vessel. The load transfer between
struts and tank wall is ensured by a form closure of fiber loops. For this purpose, the struts
penetrate the entire tank wall and are returned on the outside by a deflector element. The
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Fig.2 Cross section of the con-
ceptual pressure vessel structure

Fiber loop

//- Deflector element

Tension struts Tank wall

corners and edges are replaced by quarter spheres and semi-cylinders to avoid high stress
in the edges. An exemplary representation of the pressure vessel design is shown in Fig. 2.

2.2 Analytical Design Approach

The tank wall and tension struts of the pressure vessel are designed analytically accord-
ing to [11]. The wall of the investigated vessel consists of CFRP having an orientation
in circumferential direction in the semi-cylindrical areas and a 0° and 90° orientation in
the plane areas. The thickness of the CFRP is determined by the semi-cylindrical areas.
According to Barlow’s formula [16] the wall thickness ty.,q- iS approximated by the tensile
strength 6pgp, the radius r of the cylinder and the design burst pressure p:

p-r

toe y900 = p— (1)

The size and number of the tension struts are estimated by an equilibrium of forces in
one tension strut according to [11]. The relation between the strut spacing b, the diameter

d of the tension struts, the design burst pressure p and the tensile strength o, of the mate-
rial used for the strut is determined according to formula 2:
c
b=é. n.<1+5‘_“"> 2)
2 p

Fig. 3 shows on the left the stresses acting in the container wall as a result of the internal
pressure and on the right the stresses in the tension strut.

The wall thickness of the CFRP and the diameter and distance of the tension struts is
determined according to the maximum allowable stress of the chosen material. The results

v i
Gtenswn

Shell design Tension strut design

Fig.3 Load condition in the pressure vessel according to [11]
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of [11] have shown, that the analytical approach fits well, to design tank wall and tension
struts according to the maximum allowable stress of the material.

The load deflection by fiber loops and the deflector elements results in an interlaminar
shear loading on the CFRP tank wall which determines the maximum distance between the
struts. The loads are shown in Fig. 4 on the basis of a strut deflection. To avoid damage to
the CFRP wall during operation, the distance between the struts should not exceed 5 mm.

A strong interface between tension strut and liner is essential for the tightness of the
containment. An effective adhesion between aramid fiber and liner material is a prereq-
uisite for a strong interface. Within the investigated pressure vessel concept the liner is
mainly pressure loaded — comparable to state-of-the-art pressure vessels with polymer lin-
ers. However, at the interphase area between tension strut and liner, the reacting force F of
the tension strut faces the opposite direction of the internal pressure load p. Consequently,
high shear loads are induced in the liner at this area and will be critical for the interphase.
Shear stresses higher than 50 MPa might support crack formation in the interphase and
should be avoided. Therefore, it is important to understand the factors influencing the shear
stresses in the liner.

In [12] an analytical approximation of the critical shear stress within the interphase
between fiber and liner is suggested. It is assumed, that the elongation of the tension strut
induced by the pressure load is constant along the whole fiber. The resulting maximum
shear Stress Ty e, max Of the liner varies depending on the distance x to the tension strut. It
can be described as a function of the shear modulus G and the thickness t of the liner as
well as the Young’s modulus E and the diameter d of the tension strut and the resulting
force F:

GLiner ) tLiner -F
05-E,, -7 -d &)

strut strut * %

TLiner,max ()C) =

The shear modulus G of the liner is determined as a function of the Young’s modulus E
and the shear contraction coefficient v [12]:

E .

GLiner = % €]

A sensitivity study was performed in which x was varied from 0 to 2 mm and the
Young’s modulus of the liner from 300 to 3000 MPa. The diameter of the tension strut is
set at 1.3 mm. The reacting force F at the tension strut is derived from the internal pressure
load as well as the geometrical design according to formula 2. The Young’s modulus of
the strut is depending on the specific material. In the following, the behavior of the maxi-
mum shear stress of the liner is shown for a liner thickness of 5 mm and different moduli.
The relationship between decay behavior and maximum shear stress is shown in Fig. 5.

Fig.4 Resulting interlaminar

shear stress Ty g in tank wall Deflector element \"‘o
Aramid fiber stm?/’. TCFRP
CFRP tank wall pTTTiTTTTT

F Strut
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Fig.5 Acting loads at the interphase between fiber and liner material (left) and influence of the decay
behavior on the maximum shear stress of the liner for varying moduli of the liner (right)

The results show that materials with lower moduli lead to a significant reduction of the
maximum shear stress of the liner. However, due to edge effects, the analytical approach is
not suitable for determining the actual stresses of the liner near the tension struts. To show
a more detailed stress distribution in the liner, numerical analyses are needed. These are
addressed in the ongoing research, but not part of this paper.

2.3 Materials and Manufacturing Concept

FCEVs, which are based on a BEV architectures, require a storage-efficient containment
design to fulfill customer’s cruising range expectations. State-of-the-art type 4 pres-
sure vessels use carbon fiber reinforced composites to meet a minimum burst pressure of
157.5 MPa. For this reason, the tank wall of the investigated vessel is constructed from
high-strength carbon fibers (Toray T700S). A stochastic analysis is performed for the mate-
rial selection of the tension struts to study the influence of the strut length on the load
carrying capacity of the vessel, since shorter struts will carry more load than longer struts.
The load distribution was studied for carbon and aramid fibers for a normal distribution
of the strut length referring to an average manufacturing tolerance of +0.5 mm. Figure 6
shows the strut loading for varying strut lengths due to manufacturing tolerances. Having

Fig.6 Stochastic analysis of the @ -
load carrying capacity of differ- E 25000 1 r 100000 é
ent strut materials % 20000 - 80000 =
2 15000 - L60000 &
Gy =}
© 10000 - r40000 7,
2 .5
g 5000 - r20000 Z
3 o
Z T T T T T T T —

2 -1,5 -1 0505 1 1,5 2

Scattering of the strut length in mm

| CoStrut number ——Aramid ——Carbon |
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a lower Young’s modulus aramid fibers can balance manufacturing tolerances better than
carbon fibers.

Following the stochastic analysis and manufacturing concept, for the integration of the
tension struts a material with high resistance to friction and high strength to low modu-
lus ratio is needed. Thus, aramid fibers (Teijin D2200, 3220 dtex) are used for the tension
struts. Thermoplastics (e.g. polyamide) or thermosets (e.g. epoxy resin) are considered for
the liner and the loop deflector element on the outside of the vessel consists of a pressure-
resistant metal.

The manufacturing process of the pressure vessel is shown in Fig. 7. It starts with a
3D-printed polymer core, which has the rough shape of the containment (step 1). In the
next step, the carbon fibers are applied to the core in a filament winding process (step 2).
Subsequently, dry aramid fibers are integrated using a tufting process (step 3). During tuft-
ing, the aramid fibers are guided in needles and penetrate the entire vessel from top to bot-
tom (step 3.1). Since multi needle tufting is used as a process, at the bottom side the needle
bar is pulled back slightly to form a fiber loop tunnel in the aramid fiber rovings (step 3.2).
The metallic loop deflector is guided through the loop tunnel to fix the aramid fibers on
the outside of the tank wall by form fit (step 3.3). Afterwards, the needles are retracted
upwards again (step 3.4). On the top side another loop deflector is inserted and the nee-
dles are moved translational (step 3.5). This process is repeated for the entire plane area of
the pressure vessel shell. After tufting, the carbon fibers are impregnated by resin transfer
(step 4). To ensure that the inside of the container is not filled with matrix material during
resin transfer molding, a concept with a lost core can be used. This core can, for example,
consist of water-soluble or fusible material and be removed again after the RTM process.
Finally, the core is removed and a polymer liner is formed through a roto molding process
to keep the containment sealed against the environment (step 5).

1) Core 2) Carbon fiber |(3) Strut 4)Resin injection| [5) Liner
production shell buildup integration for CFRP shell|| casting

«@

Additive Filament Multi Needle Resin Transfer Roto Moldin
Manufacturing Winding Tufting Molding g
3.1) Needle 3.2) Loop 3.3) Bottom 3.4)Needle 3.5) Top support
insertion formation support ull out
pp p @® j}”

1 \

‘\
A || A |\ —

o ~j
I

e
[ 3@

1}

Fig. 7 Manufacturing process of the investigated pressure vessel concept based on [17]
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Fig. 8 Dimension of the investigated pressure vessel concept (left) and cross section of prototype without
liner (right)

Based on the dimensions of a possible installation space in an FCEYV, a subscale design
for a prototype is developed. For the subscale prototype 256 tension struts with a diameter
of roughly 1 mm and a spacing of 4 mm are used. The total containment length and width
is 90 mm and the height is 30 mm. By building a prototype, the theoretical manufacturing
concept without liner could be validated. The investigated vessel design is visualized in
Fig. 8. The integration of a liner is under investigation.

3 Experimental Analysis

Subsequently, investigations are carried out to characterize the factors influencing the load
transfer between fiber strut and CFRP tank wall. Furthermore, the adhesion between liner
and strut is analyzed.

3.1 Investigation of the Fiber Loops

The load transfer between the aramid fiber tension struts and the CFRP tank wall is crucial
for the mechanical design of the containment. The struts must carry the entire load in verti-
cal direction. Therefore, it is decided to realize the strut connection via a form fit to enable
a better load transfer into the CFRP tank wall. According to the tufting process, two differ-
ent fiber loops occur. A sewing stitch is used on the upper side and a tufting stitch on the

Sewing stitch Tufting stitch

\ CFRP plate \ CERP plate
\Deﬂector element \Deﬂector element
¢ * * ¢ Aramid fiber Aramid fiber

Fig.9 Specimen types for tensile tests
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Fig. 10 Tensile test results for aramid fiber tension struts deflected by a support element

lower side. For both stitch types, tensile tests are conducted on strut level. The following
test series consists of four different specimen types — two sewing and two tufting stitches
each with and without CFRP plate. The test configurations are shown in Fig. 9. To enable
a tufting stich without a 10 mm thick CFRP plate, the aramid fiber ends are twisted before
the tension test.

Within the experiment, the breaking force of the aramid fiber loops was measured. The
results are shown in Fig. 10. A maximum breaking force of 1087 N is detected for a sew-
ing stitch with CFRP plate. A tufting stitch with CFRP shows the minimum breaking force
within the test series with a value of 858 N. Subsequently, the theoretical tensile strength of
a tension strut is calculated. In order to do so, it is assumed that the aramid fiber filaments
have the highest packaging density within the dry roving. This results in a minimum tensile
strength of 1720 MPa for a tufting stich with CFRP.

According to formula 2 the diameters of the tension struts depend on their spac-
ing and tensile strength. In [12] a maximum distance of 3 to 5 mm between the struts
is suggested to avoid high interlaminar shear stress in the CFRP tank wall. This opens
a design corridor for a feasible strut design, which is shown in Fig. 11. In Sect. 2, a
spacing of 4 mm was chosen for the subscale prototype. According to the minimum
measured tensile strength, a theoretical strut diameter of 1.3 mm would be required to
achieve a design burst pressure of 157.5 MPa:

Fig. 11 Diameter d of the tension é 3,0 -
:struts dependlpg on their spac- YR - b—sSmm
ing b and tensile strength o, = 7
according to formula 2 E 2,0 — b=4mm
.g L5 4 ----b=3mm
21,0 -
o
o
< 0,5 A
o}
% 00 ——r—T—T—T—T—T—T— T
g 0 1000 2000 3000 4000 5000
(=)

Tensile strenth 6, in MPa

@ Springer



1742 Applied Composite Materials (2022) 29:1733-1745

Type A Type B
Flat twisted yarn Cabled yarn

Fig. 12 Schematics of principal twisted yarn structures according to [18] (top) and microscope pictures of
the tested yarns (below)
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3.2 Investigations on the Interface Between Aramid Fiber Tension Strut and Liner

The analytical analysis has shown that lower Young’s moduli of the liner generally lead to
lower shear stress in the liner. However, the effect on the adhesion between strut and liner
cannot be assessed. Thus, experiments are carried out for further evaluation. Using pull-out
tests the influence of material elasticity on the interface strength between liner and strut is
investigated.

In the following experiment, two types of fiber yarns are used. Each of them consists
of three aramid fiber rovings (Teijin D2200, 3220 dtex). Type A is a flat twisted yarn. In
comparison to a single yarn, it shows better processability and fewer yarn faults as well as
improved mechanical properties [18]. It is manufactured by first twisting the individual
rovings and subsequently twist them around one another. Type B is a cabled yarn. In com-
parison to Type A it shows a lower risk of fiber damage during processing. Cabled yarns
are manufactured by twisting the rovings around one another, without twisting the indi-
vidual rovings [18]. Both fiber types are shown in Fig. 12.

Four different types of specimen are prepared for the test series. Flat twisted and cabled
yarns are integrated in two types of epoxy resin plates with different Young’s moduli. Type

Fig. 13 Pull-out test results for 800 - OFlat twisted yar/
cabled and twisted yarns from 700 A T T Epoxy liner
. B . . Z

liner m’aterlals Wlth different 5 600 { [ T §Flat twisted yarn/
Young’s moduli 3 500 Flex liner

= b 1

ni 400 %’ @ Cabled yarn/

g / Epoxy liner

% 300 1 / @ Cabled yarn/

% 200 - / Flex liner

100 1 / n=4
0 A o==1
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Fig. 14 Scanning electron analysis (SEM) to characterize the adhesion between aramid fiber and epoxy
liner (left) as well as flex liner (right)

one of the investigated materials is an epoxy liner, which shows a Young’s modulus of
3187 MPa after measurement. Type two is a flex liner, which consists of the epoxy liner
and additional 30 weight-% of polyaminoamide for flexibilization. The flex liner shows a
Young’s modulus of 273 MPa after measurement. The plates have a length and width of
40 mm and a thickness of 5 mm. Tension tests in accordance to ISO 527 are conducted to
determine the resulting Young’s Modulus of the plate specimen [19].

In the pull-out test series, the breakaway force of the aramid fiber from the polymer is
measured. The results are presented in Fig. 13 and show a similar adhesion strength for
both yarn types with an epoxy liner. In comparison, a flex liner leads to a significantly
lower breakaway force. This effect is stronger for flat twisted yarns than for cabled yarns. It
is assumed, that different surface properties of the investigated yarn types have an influence
on the breakaway force especially for liner materials with lower Young’s moduli. Under-
cuts on the yarn surface might lead to a slight form fit in the liner and support the adhesion.

To evaluate the adhesion between liner and aramid fiber tension strut a scanning elec-
tron microscope (SEM) analysis is carried out for the flat twisted yarn type after the pull-
out tests. Microscope images for both configurations are shown in Fig. 14. The yarn sur-
face for the specimen with non-flexibilized epoxy liner shows "hackles", a characteristic
for tough resin and shear failure which occurs due to tension strut pull-out [20]. In com-
parison, the second specimen with flex liner shows a ductile matrix behavior, the filaments
show matrix particles indicating a strong interface for the flexibilized liner material.

4 Conclusions

The integration of aramid fiber tension struts in a box-shaped pressure vessel has been
investigated. Based on previous studies, an analytical approach was applied to estimate the
design and optimize the material selection of the pressure vessel. A stochastic investigation
showed that the use of aramid fibers can balance manufacturing tolerances. The design of
the tension struts was analyzed experimentally. The minimum measured tensile strength for
the used material was 1720 MPa considering the loop design. Potential for higher tensile
strength is seen by improved manufacturing quality of the strut deflection and advanced
aramid fibers with higher strength. The research work aimed at a tensile strength higher
than 2000 MPa and a strut diameter of about 1 mm to realize a strut spacing of 3 to 5 mm.
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A sensitivity analysis was carried out analytically to determine the maximum shear
stress of the liner. Due to the simplified analytical approach, the maximum values could
not be calculated, which requires further numerical investigations. However, the results
showed that the Young’s modulus of the liner has a significant influence on the result-
ing shear stress. Lower liner moduli lead to a reduced stress pattern and shall be preferred
for the application. The adhesion between aramid fiber tension strut and liner has been
analyzed experimentally. For better processability during the tufting process, two different
yarn types have been investigated. In combination with a softer liner, cabled yarns showed
a higher breakaway force than flat twisted yarns. Thus, for further prototype series, aramid
fiber tension struts shall be processed to cabled yarns — especially in combination with
liner materials with a low modulus.

In further studies, numerical analyses should be performed to validate the analytical
investigations. In particular, the decay behavior of the shear stress in the liner near the ten-
sion struts should be studied in more detail. Under pressure loading of the vessel, this is
evaluated as particularly critical with regard to initial failure in the pressure vessel. Based
on the numerical investigations, the vessel design can be further optimized and the theo-
retical investigations can be validated by experiments. Using burst tests, initial conclusions
can be drawn on the tightness and load capacity of the pressure vessel design.
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