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Abstract

Carbon Fiber Sheet Molding compounds (CF-SMC) are a promising class of materials with the po-
tential to replace aluminum and steel in many structural automotive applications. This thesis in-
vestigates the use of a CF-SMC material model for a lightweight battery case concept for electri-
cally powered vehicles.

A limiting factor for the use of such a material is the difficulty in modeling its mechanical behavior

and failure prediction with a computational effective methodology.

This thesis deals with the development of a simulation method to simulate the structural behavior
of a large CF-SMC battery case. The used modeling methodology was developed at the TU Graz. It
gives the ability to simulate large structures designed out of CF-SMC material by using shell ele-
ments with relatively low computational effort, while maintaining the ability to predict complex
failure mechanisms.

The focus of this work is double: validate the modelling method and verify the mechanical sound-
ness of the battery case. Specifically a destructive crush test involving the battery case was simu-
lated. The whole methodology was than evaluated against simulation data from a simulation with
three different material models for the Battery Case. For the comparison a aluminum, steel and
quasi isotropic CF-SMC model were used. The comparison of the simulation results showed good
prediction of the force displacement curves for the CF-SMC modeling methodology. Furthermore,
the performances of the CF-SMC as a structural material for the battery case have been evaluated.
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Kurzfassung

Carbon Fiber Sheet Molding Compounds (CF-SMC) sind eine vielversprechende Materialklasse mit
dem Potenzial, Aluminium und Stahl in vielen strukturellen Automobilanwendungen zu ersetzen.
Diese Arbeit untersucht die Verwendung eines CF-SMC-Materialmodells flr ein Leichtbau Batte-
riegehdusekonzept fir elektrisch angetriebene Fahrzeuge.

Ein begrenzender Faktor fiir die Verwendung von CF-SMC ist die Schwierigkeit, sein mechanisches
Verhalten und seine Fehlervorhersage mit einer moglichst recheneffizienten Methodik zu model-
lieren.

Diese Arbeit befasst sich mit der Entwicklung einer Simulationsmethode zur Simulation des struk-
turellen Verhaltens eines CF-SMC-Batteriegehduses. Die verwendete Modellierungsmethode
wurde an der TU Graz entwickelt. Sie bietet die Moglichkeit, groRe Strukturen aus CF-SMC-Mate-
rial zu simulieren und komplexe Fehermechanismen vorher zu sagen. Durch die Verwendung von

Schalenelementen wird der Rechenaufwand stark reduziert.

Der Schwerpunkt dieser Arbeit liegt auf der Vorhersage, ob das CF-SMC-Materialmodell fiir eine
grolRe Komponente gute Ergebnisse liefert. Im Rahmen dieser Arbeit wurde ein Crashtest fir ein
Leichtbau Batteriekonzept simuliert. Die neuartige Modellierungsmethode wurde fiir das CF-SMC-
Gehause des Batteriekonzepts verwendet. Die gesamte Methodik wurde dann anhand von Simu-
lationsdaten aus einer Simulation mit drei verschiedenen Materialmodellen fir das Batteriege-
haduse bewertet. Flr den Vergleich wurden ein Aluminium-, Stahl- und ein quasi-isotropes CF-SMC-
Modell verwendet. Die Simulationsergebnisse zeigten eine gute Vorhersage der Kraft-Verfor-
mungsverlaufe fir die CF-SMC-Modellierungsmethode. ( dhnlich als die englische Version)



Xi



Content

TRANKS .ttt sttt et h e s R s ae e et e bt e b e e beesbe e st e e teeteen iv
STATUTORY DECLARATION ..o e e e e e e e e e e e e e e e e e e e e e e e e e e e e eaaeeeens vi
Y o1 1 T TP P PP PRSP viii
(0T £ 1Y ] V=SSR X
{67 01 (=T o 1 PP PP PT PP Xii
ADDIEVIATIONS ...ttt et b e nheesaee e XV
)Y 2] o T ] 3PP XVii
Lo INEFOAUCTION ettt ettt ettt et e st esab e e sabe e s bt e e s bt e ebbeesabeesabaeesareesares 1
2. CF-SMC Battery Pack and Material MOdeliNg.......c.uveiieuiiiiieiie ettt 2
2.1 Bty CaSe o 2
2.1.1 Function of @ battery PAck .........eocueeiieeciiie et 3

2.2 Material Of the Battery Case .....ccuiiiiiiiciiiee ittt e e e srae e e s svae e e s sbeeeaeeaes 4
221 Sheet Molding COMPOUNT .....cccuuiiiiiiiiiee et e e ree e s s aree e e nres 4
222 HEXIMIC® ...ttt ettt e b e s bt e s at e st e bt e bt e bt e bt e saeeemte et e eeeens 7

2.3 Derivation of the linear law of elasticity for SMC materials ........cccceevveiieiiiciiieeicciieeens 8
2.3.1 TrICliNG @NISOTIOPY «vveeeeeiiieeieiieeeeectte e e cecttee e e et e e e eette e e e ebteeeesbteeeeebteeeeeseeeaesnsseaananns 9
2.3.2 (@] g T} d o] o1 SRR 9
233 TrANSVEISE ISOTIOPY . uviiiiiiiiiiiiiiieeee et rrriitre et e e e e sttt e e e s s s ssabbreeeeeesessssnresaeeeessenssens 10

2.4 Strengths and failure modes of a Unidirectional (UD)-Element.........ccccoceveeeerinnennnee. 11
24.1 Fracture BEhavior......c.c.i i e 12

2.5 FIlUIE CrILEITA .ottt bbbttt et e b e saeesane e 15
2.6 Material MOAEIING ....ccocveiieieieie e e e e e e s sata e e e ssaebeee s 16
2.6.1 Linear vs Non-linear material reSPONSE ......cccuvvieeiiiiiiieiiee e 16
2.6.2 HaShin CriterioN ..co.eeeeee e e 17
2.6.3 D P Yo cl 1Yo (14 o] o SR 20

IS T |V 11 o To Yo Lo [0 -V 2N SRR 25
3.1 Finite Element Model description.........cuueiieiiii e 25
3.1.1 General overview of used ElIements ........ccccooveeiiiiienienceeeeeeeee e 28
3.1.2 Lower- and upper-case MOdel .......cocuiiiiiiee et 29
3.13 CrOSS DIaCE ... ettt st 30

xii



3.14 Heat conduction Plate ......ueeei i e 31

3.1.5 MOUNEING BIOCKS ..eeiiiiiie et eree e e s bee e s 31
3.16 Battery MOAUIES ... e e 32
3.1.7 CrUSH Plate. .. st 34
3.1.8 CONTACES ..eviiiiii i e e s 35
3.1.9 Distributing coupling coNStraint.........ccoeeeciieiiciiee e 37
3.1.10  AdhesSiVe CONNECLION ....eiiiiiiiiee ettt ettt ettt et e e st e et esbe e snee e sareeenees 37
3.1.11  BOIt CONNECTION ..eeiiiiiiieiie ettt st 38
3.1.12 Boundary Conditions and LOAdS.......ccccuereiiiiiieiiiiieeeeciieee et e eetee e esvree e e snreee e 39
3.1.13  Meshing of the FEM-MOdEL........c..cooiriiiiiiiiiii ittt 41
3.2 Material DEfiNITION .....ooviieeeeee et s 43
3.21 Orthotropic material BEhAVIOr ........ceviviiiiiice e 43
3.2.2 Quasi-isotropic material behaVIOr........c..evi i 46
3.2.3 ATUMINTUM 1ttt sttt b e s et st st e b e e beens 46
3.24 1) A=Y= SRS 48
3.2.5 CohESIVE MaLErial....ccuiieiieeeeee e e s 48
3.3 V] o T T =Tl Yo 1 o [ PSRN 52
3.3.1 STALIC VS, DYNAMIC..iitiiiiiiiiiiiiiiiiee ettt ettt e e e s s e st bee e e e e s s s ssabrbeaeeessssssnssnnns 52
3.3.2 T g o] [ ot} ARV o o o SRR 52
4. ReSUlts and CONCIUSION ....eiiiiriiiiiieieetcee ettt et 55
4.1 [ oF: To [0 T= a2 | SRRt 55
4.2 [ T=Tg AV 2T 1 T Lol I PRSP 57
4.3 Analysis of the influence of the fiber orientations.........ccccceveiiiieeiiiiin e, 58
43.1 Total displacement of the Crush plate .........cooccveiiiciii e, 58
4.3.2 3-p0int BENAING tESt .oiieiiiie e 60
433 Deformation of the simulation model for the fiber orientations..........cccccceceeeee 61
4.4 Comparison of the results of the different materials.........ccccceeeeiviiiniiie i 66
4.4.1 Total displacement of the Crush Plate ........ccoovieiiiccieiicee e, 66
4.4.2 Comparison of the total deformation of the simulation model..........cc..ccccuuee... 71
4.5 Damage Distribution in the CF-SMC Orthotropic FEM model.........ccccceevevieiiicciveeeenneen. 76
45.1 Weight of the Battery Cas@......uuiieeiiieeeieeeecee et e 77

5. DISCUSSION ceeiiiiiiiiiiii ittt bbb e e s 78

Xiii



5.1 Modelling of the Battery Case ......c.uueeeeciiiieieciiie ettt e e are e e e raee e 78

5.2 ComputationNal €FfOrt ... e 78
5.3 Stability of the SIMUIALION........cuiii e e 79
5.4 SIMUlation MOdell......coouiiiiiiiiiieeee e e 79
5.5 CF-SMC Material MOdel ........ooiiiiiiieie et 79
B, CONCIUSION ..ttt ettt ettt et e s bt e s bt e sat e st e e bt e b e e abeesbeesaeeenneenneens 80
T 40 ] TSP PP PP UPPTTPPPTTIN I
AL ettt e b e bt s Rt sa et et e e bt e b e e bt shee st e et e ereen v
Y Voo T=T o To | ST \
T I (=1 - | LU | TP PRSP PSPPI VI

Xiv



Abbreviations

Abbreviations

SMC
CF-SMC
BEV
BMS
ALLIE
ALLKE
ub
CNC
E-Modulus

Sheet-Molding-Compound
Carbon Fiber Sheet Molding Compounds
Battery Electric Vehicle
Battery Management System
Total Strain Energy
Kinetic Energy
Uni Directional
Computerized Numerical Control
Elastic Modulus

XV



XVi



Symbols

Symbols

()i

tensile failure stress in fiber mode
compressive failure stress in fiber mode
tensile failure stress in matrix mode
compressive failure stress in matrix mode
shear failure stress in fiber mode
shear failure stress in matrix mode
characteristic length of element
weighting factor for the shear stress, Hashin criteria
coefficient of viscosity in respective direction
equivalent displacement in respective direction
normal stress in respective direction
shear stress in respective direction
Poisson’s ratio in respective direction
damage variable
compliance matrix
Young’'s Modulus in respective direction
Shear Modulus
Fracture energy in respective direction
Strength in respective direction
density
traction stress in respective direction

(..)i* physical variable fiber direction tension
(..)f physical variable fiber direction compression
(..)m" physical variable matrix direction tension
(..)m™ physical variable matrix direction compression

physical variable in respective coordinate direction

Xvii



XViii



Introduction

1. Introduction

The transport sector in Europe is one of the biggest CO2 emitters, contributing up to 27% of the
Eu’s total Emissions. Of this, passenger cars alone account for up to 41 %. [2]

In order to reduce CO, emissions, a possible way would be increasing the number of electrically
powered vehicle on our road and cities. The generation of electricity in power plants, is way more
efficient than burning fossil fuels inside combustion engines. The Frauenhofer institute made a
study on the electrification of vehicles in Germany and calculated that the impact on the CO; re-
duction might be between 28% and 42%, depending on the used fuel and car type. [3]

Electric vehicles draw their current usually from battery systems. Nowadays lithium ion batteries
represent the most adopted solution to electrical energy in chemical form. Due to the relatively
low energy density of the battery compared to gasoline or diesel fuel, vehicles with long ranges
present a high weight penalty, mostly deriving from battery mass. As a rough estimate 100 kg

battery mass allow for ca 100 km range . [4]

Due to the high mass of the battery packs, the total mass of an electric vehicle is higher compared
to a traditional internal combustion vehicle. To compensate it, it is possible to reduce the weight
of electric cars by using advanced materials. Big components like battery trays, can provide some
of the greatest absolute weight savings. Materials based on carbon fiber, are among the natural

candidates to replace traditional heavier metals.[5]

The use of fiber composite materials in structural components requires reliable modelling meth-
ods. Heavy overloads might occur in vehicles in case of accidents. Therefore, to develop a per-
forming component, it is important to be able to take failure mechanisms into consideration.[6,
4]

Within the framework of this work a crash test FEM simulation model for a lightweight battery
case was developed. For the battery case a novel simulation methodology has been used, which
is able to predict the failure mechanism of the material. To make predictions of the accuracy of
the CF-SMC material model for large components the model was verified by comparing the CF-
SMC battery case with one made of metals. Aluminum and steel were used given the great avail-

ability of literature data.



2.CF-SMC Battery Pack and Material Modeling

This chapter gives an overview over the battery pack, the used CF-SMC material and the modeling

methodology of the material.

2.1 Battery Case

Figure 1 shows the Concept of a Battery Case developed at the FTG/TU Graz. This particular bat-
tery is designed for a medium sized electric vehicle with an approximate range of 400km (50 kWh)
and has a weight of about 500 kg. The commonly used materials for such cases are aluminum or
steel [7]. Metals have a lower stiffness to weight ratio comparted to unidirectional carbon fiber

but have the advantage of being price competitive and easier to manufacture. [8, 9]

The concept in Figure 1 uses a Carbon fiber Sheet Molding Compound for the battery external
case. This material has a unique combination of properties: being lightweight, having a high me-
chanical strength values, being crack tolerant and under certain circumstances can be price-com-
petitive. [9, 7]

outer shell
cell modules

cross brace

Figure 1 Battery Case Concept developed at the FTG/TU Graz: Showing the outer shell made of CF-SMC and the inner
components such as the battery cells and auxiliaries [7]
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2.1.1 Function of a battery pack

The Lithium-lon battery is a commonly used technology to store electrical energy in BEV (Battery
Electric Vehicle). This technology is used given its high energy density (6,7 kg/kWh [7]) and good
lifetime. [6]

The Lithium lon battery cells are combined in a first assembly to form a so called cell modules,

shown in Figure 2. [10]

) Battery Assembly Adhesives

) Gasketing

Figure 2 Inner components of a Battery Module for s BEV [11]

Several modules are connected and form a battery system. The modules are monitored and con-
trolled by the battery management system (BMS).

The cooling system in lithium-ion cells, plays an important role. As a matter of fact, the working-
temperature window is limited. During charging and discharging the batteries are going to pro-
duce heat, that has to be discharged into the environment. Cold temperatures are a problem as
well, since the reduce the current output of the cell and might in extreme case damage the inter-

nal components.

A good battery case has to provide secure positioning of all components inside. In addition it has
to protect the electrical components in in the event of an accident and a battery malfunction or
thermal run-off. [12, 7] Damage of the battery modules can have serious consequences in the
worst case it can lead to fire. The exact test requirements for this can be found in International
Standards [12, 13]. In addition to these central tasks, battery cases have other requirements as
well, some of which are heavily dependent on the vehicle structure. The detailed structure is
therefore often different. [10, 6]



2.2 Material of the Battery Case

The Battery Case in this thesis uses a Carbon Fiber Sheet Molding Compounds material. Using this
material to replace aluminum can lead to a weight reduction of about 30 % while maintaining the

mechanical properties. [7]

2.2.1 Sheet Molding Compound

In this process, fiber matrix mats (semi-finished products) are pressed into components using a
press under defined pressure and temperature. The SMC-Process is an industrial widely used pro-
cess and follows a highly automated process flow. [1]

Figure 3 Semi-finished CF-SMC material before the SMC-Process

The areas of application for SMC components are broad. These include, electrical engineering (e.g.
control cabinets) or vehicle construction (e.g. driver's cab, engine hoods). Other well-known prod-

ucts made of SMC materials are bathtubs, telephone boxes or Mailboxes. [1]

For illustration, a component from the vehicle industry is shown in Figure 4. shows a transmission
cross member of a car made from a CF-SMC material. Due to the lack of paint, the characteristic

fiber bundles near the surface can be seen.[9]
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Figure 4 Transmission cross member of a car out of a SMC material [9]

2.2.1.1 Semi-finished product

The matrix of a SMC material has a significant contribution to properties such as density, strength
and rigidity. The main task of the matrix is to keep the fibers in the desired position and to intro-
duce the forces into the fibers or to transfer them between the fibers. Loads are also transferred
directly by the matrix; this is the case for load cases in the transverse direction of the fiber and
compressive stress in the longitudinal direction of the fiber. The matrix of the SMC semi-finished
product consist out of unsaturated polyester resins. [1]

To achieve great strength and stiffness properties the fibers in the SMC-material must have strong
atomic bonds. The first two rows of the periodic table have these properties. This means that the
fiber materials often contain carbon or boron. In addition, a low density characterizes these ma-
terials. [1]

The fibers in the SMC semi-finished product have a length of about 1-50mm. They are distributed
stochastically, which is why macroscopically, isotropic material properties occur in the plane
(quasi-isotropic stress state) of the resin mats. During the hot pressing process the fibers can align,
which can result in locally anisotropic properties. The fiber content measured on the total weight
is usually 25-30%, but in some cases, it can be increased up to 60%. [1]



In addition to the matrix material and the fibers, an SMC semi-finished product contains other
components. Mineral fillers are added to reduce material costs and to increase the modulus of
elasticity and flow ability. There are also thermoplastic additives that help to reduce the shrinkage
of the pressed part completely. In order to facilitate the subsequent extrusion process, internal
release agents are added to the semi-finished product. Inhibitors are used to increase the storage
stability. [14]

Top Layer
Reédir Fallér

Faite

Botlom Continuous
Linyes Strand
Hesin Rowing

le
Pasie
Doclar Box ||/
| Calinss
B bomm k. ! Chopper
Fim f 1 L

Top Film
Cagrier

SMC Material
Festooned™
For Use

Canner

Figure 5 SMC Manufacturing Process [15]

In a first step, the various components, such as resin, thickener or fillers, are mixed in the doctor
blade boxes. The fiber-resin-filler mixture is then evenly applied to the bottom carrier film. The
fibers, wound endlessly on roving spools, reach the fiber-resin-filler mixture via the cutting unit in
the required size. After that, a top layer with resin and filler paste is applied to the bottom layer
fiber resin filler mixture. An upper carrier film then covers this layer. The "fiber and paste sand-
wich" is then compacted into a continuous sheet of molding compound by a series of rollers. The
process ends when the finished mats are rolled up. [1, 15]

2.2.1.2 Processing of the semi-finished SMC material

Pre-impregnated resin mats are used as semi-finished products in the SMC process ,shown in Fig-
ure 3. [1]

The processing of the SMC semi-finished products into components is primarily carried out by
means of extrusion processes. Before the pressing process, the SMC mats are cut into blanks,
which make up around 30% to 70% of the projected component surface. These blanks are then
placed in layers in the press tool. The number of layers depends on the component dimensions.
The positioning of the semi-finished product in the press tool is important for the component
properties. Depending on the flow path of the SMC package, different flow paths of the individual
fibers arise, which leads to undesirable fiber orientations or anisotropic material properties. For
this reason, the exact insertion is done by machine, computerized numerical control (CNC) or man-
ually by means of laser beam positioning. This is followed by pressing with a heated tool (approx.

130 ° C-165 ° C) and a brief hardening under pressure for approx. 5-10 seconds. [6]
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2.2.2 HexMC®

This material is used for the model of the battery case in this thesis. It is a CF-SMC-Material with
the trademark name HexMC-i/C/2000/M77 manufactured by Hexcel®.

Table 1 Specification of HexMC® [16]

Fiber HS Carbon
Matrix M77 Hexel Epoxy
Nominal fiber volume 57%

Cure time 3 minutes

Curing temperature 150 °C

Material density 1.55 g/cm3

HexMC®-i is a high performance-molding compound, designed for compression molding. It is an
alternative to lightweight metal alloys such as (Al, Mg,Ti). The semi-finished material consist of an
epoxy resin matrix, with a high content of carbon fiber chips, the fiber chips have a length of 50mm
and a width of 8mm. [7].

HexMC®-I has the following mechanical properties:

Table 2 mechanical properties HexMC® material. These are typical values obtained with samples cut from 4mm thick
moulded plate, cured 3 min at 150°C [16]

Stress condition Strength (MPa) Modulus (GPa) Standard
Flexural 500 30 ASTM D3039
Tensile 300 38 ASTM D790
Compression 290 38 EN 6036



2.3 Derivation of the linear law of elasticity for SMC materials

With the law of elasticity, the relationship between stresses and strains is described for materials
in the linear elastic range. The simplest load case, is the single-axis normal load, this relationship

is described by a constant, the modulus of elasticity.

o=F=x ¢ 2-1

In the case of a multi-axis loading state, there are a total of nine stresses in a volume element with
the three main directions 1, 2 and 3. Of these, 61, 6, and o3 are the normal stresses and T3, T3z,
T13, T31, T12 and 121 are the shear stresses, as shown in Figure 6. In this case, the relationship be-
tween the nine stresses and the distortions is described by an elasticity tensor with 81 constants.
The constants are reduced by various properties and symmetries, which are briefly described in
this chapter. [1, 17]

\\\ T,,

Figure 6 Stresses on an incremental volume element dV [1]
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2.3.1 Tricline anisotropy

Due to the equilibrium of moments in a sectional plane, the shear stresses are always assigned in
pairs, which is why the shear stresses are reduced from six to three. This results in the 6x6 com-
pliance matrix shown in equations 2-2 and 2-3 with 36 unknown quantities. Due to energy consid-
erations, there is a symmetry around the main diagonal in the compliance matrix. This reduces
the number of unknown constants to 21. This is the general anisotropic case when there are no
symmetries in the material. [1, 18]

&ij = Diji1 * Opq 2-2
& S11 S12 S13 S1ia S1s Sis 01
&2 Sa1 S22 S23 Saa Sas Sae 02
] _ S31 Sz S33 Sz S35 Sz ) g3 23
Y23 Sa1 Saz Saz Saa Sis Sue 123
Y31 Ss1 Ss2 Ss3 Ssa Sss Sse 731
V21 Se1  Se2  Se3  Sea  Ses  Ses 121

2.3.2 Orthotropy

Orthotropic material behavior exists when three planes of symmetry, which are orthogonal to
each other, and three preferred directions normal to the respective planes of symmetry exist. In

this case the independent constants are reduced to nine. [18, 1]

& S11 S12 Si3 0 0 0 01
€2 S21 S22 Sa3 0 0 0 02
€3 S31 Sz 833 0 0 0 O3
= * 2-4
Y23 0 0 0 544 0 0 T3
Y31 0 0 0 0 555 0 T31
Y21 0 0 0 0 0 566 Ty1



2.3.3 Transverse isotropy

The transverse isotropy is a special case of orthotropy. There is an isotropic plane, perpendicular
to that an infinite number of planes of symmetry exist. This means that the same properties pre-
vail on all cutting planes perpendicular to the isotropic plane. Equation 2-5 shows the law of elas-
ticity. In this case the isotropic plane is the plane orthogonal to axis 3. The representation takes
place in the engineering constants modulus of elasticity E, shear modulus G and Poisson's ratio v.

1 Y Y
il _z 78 0 0 0
Eq Eq Ej
€ v 1 v o
1 _ 12 — _ 3t 0 0 0 1
& Eq Eq 1E3 7,
v v
_ E, Eq E; i 3 ”s
- 1
Va3 0 0 o — 0 0 T23
y Gz .
13 1 13
0 0 0 0 S 0
y12 631 T12
2(1+v
0 0 0 0 ( 12)
Ey

Due to the isotropic plane, the following simplifications are made for the flexibility matrix Dij in

equation 2-5:
[ ] E1:E2
e Gp3=Ga
e v23=v31

o The energy analysis of the stiffness matrix gives the following relationship:

Ey E;  Ey E
e The shear modulus of the isotropic plane is calculated with the young’s modulus and the

2-6

Poisson’s ratio of the plane:

Eq

= 2-7
2(1 + VlZ)

GlZ

From these relationships it follows that in the case of transverse isotropy only five material pa-
rameters are needed: two moduli of elasticity, one shear modulus and two transverse contraction
numbers. [1, 6, 18]

10



CF-SMC Battery Pack and Material Modeling

2.4 Strengths and failure modes of a Unidirectional (UD)-Element

Compared to isotropic materials, like steel, fiber composite materials consist out of different com-
ponents. For this reason, the failure analysis of fiber composite materials is much more complex.
Failure is understood here as the failure of the material as a result of mechanical stresses and thus
the exceeding of the breaking resistance. There are other types of failure as well, such as heat or

chemical decomposition. [1]

The following strength analysis relates to a volume element, the so-called Unidirectional (UD)-
Element. The stresses shown in Figure 7 Stresses at the UD-Element [1]Figure 7 are derived from
the loads on the UD layer respectively the overall model. [1]

Figure 7 Stresses at the UD-Element [1]

Due to the symmetries of the transverse isotropy there are four different load cases that have to
be considered, which increase to six due to the distinction between tension and compression for

the normal stresses:

e longitudinal loading oj; tension ;" and compression oy
e Transverse loading o,; tension o." and compression o,
e Transverse-longitudinal shear stress ty

e Transverse-transverse shear stress 1.,

11



These six loadings counterpart by six strength values for the stress analyses, see Table 3. [1]

Table 3 Loading vs Strength

Loading Strength
oy’ Ri"
of Rir
CJ_+ Rf
o1 Ry
T Ruj
T RJ_L

2.4.1 Fracture behavior

There are various modes of fracture with fiber composite materials, due to the different mechan-
ical properties of fiber and matrix. In general there is distinction made between fiber failure and
inter fiber failure. [1]

2.4.1.1 Fiber failure

The fiber failure is characterized by crack propagation across the longitudinal direction of the fiber
and is usually triggered by stress along the main fiber direction, either through tensile or compres-
sive stress. This type of failure only occurs with high loads, since the fibers of composite materials
have high strength values. The breaking of the fiber bundle ultimately leads to the total failure of

the component. Fiber Failure occurs as a result of o} tension or pressure in fiber direction. [1]

In the event of fiber failure due to tension, the fibers will tear as shown in Figure 8. This form is
recognized by a loss of longitudinal stiffness and slow crack growth. [1]

Figure 8 Fiber Failure under tension [1]

12
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Under longitudinal compression gy, shown in Figure 9, buckling occurs in the fibers due to the com-
pressive stress. The breaking plane is not created perpendicularly by the normal compressive
stress, but rather an inclined breaking plane is created due to shear stresses.The reason for this is
that the breaking resistance against the normal compressive stresses is significantly higher than
that of the shear stresses. The triggering of this shear buckling is described with the compressive

strength in the longitudinal direction of the fibers Ry. [1, 6]

Figure 9 Fiber Failure under pressure [1]

2.4.1.2 Matrix failure

Matrix failure or Inter fiber breakage is a crack propagation parallel to the longitudinal direction
of the fiber and occurs in the matrix or on the boundary layer between the fiber and the matrix.
Because of the lower strength values of the matrix, the crack formation occurs at much lower load
compared to fiber failure. The inter-fiber break is caused by various stress and tension states: [1]

e Transverse tensile stress o.*
e Transverse pressure loading oy’
e Transverse-longitudinal shear stress 1y

e Transverse-transverse shear stress Tt

13



Figure 10 Possible Matrix failure Modes for a UD-Element [17]

The most common cause of matrix failure is the failure under transverse tensile stress o,*. The

entire load is absorbed by the matrix and cannot be distributed over the fibers. [1, 6]

Figure 11 Matrix failure under transverse tensile stress o,*

(1]

2.4.1.3 Delamination

A third mode of composite failure after matrix and fiber failure is the delamination between the
plies of the carbon fiber material. This type of damage can only occur with laminates with multiple
layers and is triggered by so-called inter laminar stresses [1]. This work will not go into further
detail here, because the material model used only consists of a single-layer shell model. Therefore,

delamination cannot be included in damage modelling in this thesis.

14



CF-SMC Battery Pack and Material Modeling

2.5 Failure criteria

In order to be able to dimension a component with a sufficiently high level of security against
failure, the occurring loads determined from the stress analysis must be compared with the
strength values of the material. Usually there is a multiaxial stress state with interacting normal
and shear stresses, thus dependencies must be taken into account in the strength analysis. [1]

Numerous different failure criteria for carbon fiber reinforced composite have been developed
for this purpose ( [19], [20], [21], [22], [23]). The task of these criteria is to provide a statement
with the help of a calculation rule whether failure occurs under a certain load.

Hashin is a simple fatigue failure criterion used for unidirectional fiber reinforced materials. A se-

ries of tests demonstrated good conformance of the criterion with experimental data. [20]

The Hashin criterion differentiates between the stress interaction and between four failure modes
[19]. Furthermore, a single shell layer model is used to for the battery case, therefore it makes no
sense to use a failure model, which can predict the location of the fracture plane.

For these reasons the Hashin Criterion is used in this thesis for the CF-SMC material of the battery

case.
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2.6 Material Modeling

2.6.1 Linear vs Non-linear material response

One factor of a simulation is how the material response is being calculated within the simulation.
If the stresses only stay in the linear-elastic region, it is possible to use a linear material model.
The advantage of such a model is that the materiel definition is simple, easy to measure and com-
putationally efficient. Figure 12 shows the linear (red line) and the non-linear response. If the lin-
ear material stress passes its yield point €, it is treated as, it was in its liner-elastic region. [24]

Linear response

Non lineariresponse

Stress (o)

|
I
|
|
|
|
|
|
I
|

i
I
I
I
I
I
|

E}'P €, Ef
Strain (&)

Figure 12 Linear vs. Non-linear martial response [24]

In this thesis, uses non-linear-material model, because the stresses in the material are exceeding
the yielding point. In addition, a linear model does offer the capabilities to use a failure model to

predict the damage of the parts.
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2.6.2 Hashin Criterion

In order to simulate the behavior of composite material two aspects must be considered damage
evolution and damage initiation. The Hashin criterion was adopted as a criterion for the damage
Initiation.[7]

The Hashin criterion uses both the failure mode and the stress interaction for the prediction of

the damage. Several modes can occur:

e Breaking of the fiber in tension
e Breaking of the matrix in tension
e Breaking of the fiber in compression

e Breaking of the matrix in compression

In most cases, these modes occur simultaneously, for the description of this criterion uses four
equations for describing the occurrence of damage, see equations: 2-14, 2-15, 2-16, 2-17. [25, 6]

2.6.2.1 Hashin Damage Initiation Criterion

Damage Initiation simply describes the point where the material is affected first. Four damage

initiation variables were considered:

e Fiber Tension Fer
e Matrix Tension Fur
e Fiber Compression Fec

e  Matrix Compression Fuc

The failure criterion is separated into two primary failure modes: fiber failure and matrix failure.
Fiber failure can be rupture caused by tension or buckling due to compression, while matrix failure
leads to cracks parallel to the fiber. The actual location of the fracture plane is not considered.
Since the battery case model uses a single shell layer model, this does not make a huge difference.
[24, 6]

Figure 13 shows a generic laminar shell element. The element is referred to a fixed coordinate
system xi1, X, and a by an angle ® turned material coordinate system. Fibers are oriented along
the x'1 direction and the transverse direction is x'5. [7]
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Figure 13 Generic element x3, x; are the reference system. x'1,x’; are the material reference system. [7]

A plane stress state 0;4, 055, 015 is transformed into g;4’, 055, 01," with respect to the material

system. The notations are adopted where f stands for fiber and m for matrix. [7]

011 = Of 2-8
[ -

022 = Om 2-9

O12 = 15 2-10

The simplest scenario is a uniform uniaxial stress applied in the x; direction. The calculation for

the stress state in the material system results in: [7]

of = 01,€05°0 2-11
O = 01,5in%0 2-12
T = 0115infcosd 2-13
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For each mode, two scenarios are possible: compressive or tensile. The choice of the particular
failure mode for the plane stress state depends on the sign of the diagonal components of the

stress tensor.
The four modes for the two dimensional failure state are: [7]

e Tensile Fiber Mode (011 2 0)
o \2

a <ﬁ> 214
i

e Fiber Compressive Mode (011 < 0)

2
o
Fe = <L_1> 2-15
O
e Tensile Matrix Mode (02, = 0)
025\%  [012\?
= (2 (2
Um Tm

e Compressive Matrix Mode (02, < 0)
097 \2 O o o5\’

=(£) n (_m) _1 (L_Z)J, 912 2-17
2T, 2T, Om 5

o in Equation 2-14 determines the contribution of the shear stress to the fiber tensile initiation

2

37

criterion. This Thesis uses the model by Hashin and Rotem [20] by setting a=0 and tm = 0.50m [21],

011, 022 and 012 are components of the effective stress tensor &, that is used to evaluate the

initiation criteria which is calculated from:

6 = Mo 2-18

where o is the nominal stress and M is the damage matrix:

! 0 0 |
(1-dy)
1
M= 0 — 0 2-19
(1 - dm)
0 0 !
(1—-d)l
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Before any damage initiation takes place the damage variables df, dm and ds are zero and the

matrix M is simply a 3x3 identity matrix, so the effective stress equals the nominal stress:

6=o0 2-20

If damage initiation and evolution occur for at least one mode, the damage matrix becomes im-
portant in the criteria for damage of the other modes. One simple example for this is if the matrix
gets damaged due to tension, it can no longer carry as much shear load, even if there was no shear
stress to degrade it. [24, 26]

2.6.3 Damage evolution

If the damage imitation criterion is satisfied for an element, the local stiffness of the material de-
creases. To model this behavior a progressive failure model is used. This model describes the con-
nection between the damage and the elastic behavior of the material in order to model the ma-
terial behavior after the damage initiation. Fiber-reinforced plastics have an elastic-brittle fracture
behavior; therefore it makes no sense to use plastic deformation in the progressive damage
model. [22, 21]

Equivalent stresses and strains are used to calculate the damage in an element. Therefore, a char-
acteristic length L. is introduced in the formulation. This length is derived from the element ge-

ometry.

This allows the constitutive equation to be expressed as equivalent stress c.q and equivalent dis-
placement &4 instead of stress o and strain 6.

In Figure 14 there are two areas. The first part consists of the linearly rising line, which corresponds
to the linear elastic material behavior before the failure criterion is met and the second part con-
sists of the progressive damage model. [7, 6]
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Figure 14 Equivalent Stress vs. equivalent Displacement 89, corresponds to the damage initiation, F=1. At 65;””9 the
element has failed and there is no mechanical resistance for that failure mode. [7, 26]

The equivalent stress and equivalent displacement values for each of the four modes are a defined
as a function of the characteristic length L.:

e Fiber Tension (011 2 0)

2-21
6;_eq = Ley/(€11)* + a€qp?

o = (o110€11) + aTy2810 522
f_eq 5;-_361/[46
e Fiber Compression (011 < 0)
6f__eq = Lc<_€11> 2-23
_ (o11)(€11)
= 2-24

o =—
f_eq 6f_eq/LC
e  Matrix tension (022 = 0)

6‘1-;—1_eq = Lc\/ <622>2 + 6122 2-25

ot = (022)(€22) + at12612
m-eq 6;1_eq/Lc

2-26

e Matrix compression (02, < 0)
Om eq = L/ (—€22)? + €122 2-27
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_ (o —€32) + atie;

= 2-28
e Om_eq/Lc
The ( ) represents the Macaulay bracket operator, which is defined as:
(x) = e+ Ixl) +2|x|) 2-29

(26]

By the use of this operator, Abaqus ensures that the solver calculates the equivalent stress and

displacement for each mode individually. [24]

Once the damage initiation criterion occurs, the four damage variables are assigned to the mate-
rial. The damage variables: df*, df , dn*, dm™ get calculated directly from the equivalent displace-
ments with Equation 2-30. Each mode has its own unique displacements, so that the damage var-
iables are independent from each other. [21]

B 6£;ilure(6eq _ gq)

G

2-30

In Equation 2-30 82q is the equivalent displacement at which the damage initiation criterion for

failure
eq

The fifth damage variable shear damage d; is dependent from the fiber and matrix damages.

the material is met and § the equivalent displacement at which it is completely failed. [7].

dy=1-(1-df)(1-d7 )1 —dp)(A—dy) 231

damage
warable

~ i -—

= 0 =1 anquivalgnt displacemant
0 uy G M

Figure 15 Damage variable as a function of equivalent displacement [26]

Figure 15 shows the damage evolution till 62q the damage variable remains zero, no damage has
occurred. After reaching 52q, d starts to increase to one. At d=1 the critical equivalent displace-
ment 6£qailure is reached and the element doesn’t offer a resistance against deformation. The

upper limit of the damage variable can be set to values below one in Abaqus. This can help with

stability issues were elements are removed from the model to late and cause an error. [7, 24]

22



CF-SMC Battery Pack and Material Modeling

After the point of damage initiation is reached, the material response is calculated with the fol-
lowing equation:

o=Cg4¢ 2-32

where € is the strain tensor and Cq is the damaged stiffness matrix which is defined:

(1—-d)E, (1—df)(A — dp)vasEy 0
Ca=15|(1—dr)A = din)vi2E; (1—dy)E, 0
0 0 (1—-4dg)GD 2-33

withD =1— (1 —d)(1 — dp)vizvas

Ei, E; and GD are the undamaged material moduli and vi3, v 12 are the undamaged Poisson’s ratios.
The damage variables ds, dm have different values for compression and tension, therefore a proper
damage index is specified for every load case. The variables can have values between zero and
one, as described previously. At complete damage the damage variable reaches a value of one,

the consequence is the E-Moduli of the stiffness matrix at the location gets zero and there is no
stiffness in this direction. [21]

d :{d;-ifo'll =0
f

— 2-34
df lf 011 <0
d?,-l lf 011 >0

= 2-35
i {dr_n if 011 <0

2.6.3.1 Dissipated energy for the failure mode

For the calculation of the five damage conditions, for each of the four modes: fiber tension, fiber

compression, matrix tension and matrix compression a specific dissipated energy G needs to be
defined.[24]
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Figure 16 Linear Damage Evolution: Loading-unloading path [26]

Figure 16 shows the general response of the material in Abaqus. From 0-A the material gets loaded
the response is linear-elastic. At A the damage ignition criterion is satisfied and the material gets
damages. In case of unloading at a damage state (point B), the new elastic modulus will be repre-
sented by the gradient of the straight 0-B. If the element gets loaded again the line 0-B will be
uses instead of 0-A. The total energy dissipated during the damage, G, is the area of the square
0-A-C. [7, 24]

2.6.3.2 Damage stabilization

In Abaqus Explicit simulations, viscous regulations can be used to model the strain rate depend-
ency of a material. The regulations slow down the rate of the damage growth in the material, by

increasing the fracture energy as the deformation rate increases. [24]

The results of the 3 point bending test showed that form a simulation time of 1,2s the influence

of the viscosity coefficient can hardly be seen any more. [6]
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3. Methodology

3.1 Finite Element Model description

The basis of the simulation model in this thesis is the 3D-CAD model of the battery case shown in
Figure 17. The upper case, wiring and battery management system are not shown in this figure,

for a better overview.

Battery module

Cross brace
lower case

Heat conduction plate

Figure 17 CAD-Concept developed by the TuGraz/FTG. Only lower halve of the case is shown without wiring and bat-
tery management system
For the crash simulation of the 3D-CAD model the whole battery pack needed to be simplified.
Components that have no significant influence on the overall stiffness of the case have been ne-
glected. Such parts are: the wiring, the battery management system and seals, the Heat conduct-
ing pads under the battery modules and the mounting of the battery modules is simplified. The
simplified model is shown in Figure 18. Figure 19 is showing the whole simulation model devel-

oped in this thesis. Nevertheless the model comprises of 480000 elements.
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Heat conduction plate

Cross brace Lower case

Battery module

Figure 18 Simplified model of the Battery case that is used for the Crash Simulation in Abaqus
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Battery Pack Crush Plate J

Figure 19 Top view and side view of the FEM Simulation model undeformed state. With the modeled crush Plate, see
3.1.7, that’s used for the Crash Test simulation.
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3.1.1 General overview of used Elements

This Table should give an rough overview about the components of the battery pack and the

amount of elements.

Table 4 General overview over the elements used for the Battery Case Model

Component Element Type and Element Type and Material
quantity quantity
Lower Case 115313 S4 Shells 693 S3 Shells C-SMC
Upper Case 116440 S4 Shells 1178 S3 Shells C-SMC
Cross brace 187100 S4 Shells 1820 S3 Shells C- SMC
Heat conduction plate = 53856 S4 Shells 58 S3 Shells Aluminum
Battery Modules 2304 C3D8 Solids -
mounting Blocks and 740 C3D8 Solids Steel
slot nuts
Z Elements 476392 Shell Ele- 3044 Solid Elements
ments

3.1.1.1 Description of the used Elements

3.1.1.1.1 Shell Elements

Two types of shell elements are used in the simulation model, shown in Figure 20.

Integration Point

Figure 20 S4and S3 element with their integration points [26]

These elements are used for the parts in the model where the thickness dimension is significantly
smaller than the other dimension and the stresses in the thickness direction are negligible. This is

the case for the Head conduction plate, the cross brace and the battery case.
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It should be mentioned that S3 elements can cause stiffness problems. The S3 elements make up
less than one percent of all shell elements (S3 + S4). That is why their influence on the stiffness of

the overall model could be neglected.

Figure 20 shows the integration points of the shell elements. The S3 elements have 3 integration
points and the S4 elements four. In FEM the constitutive response of an individual finite element
is usually obtained by numerical integration trough one or more integration points within an ele-
ment. [27]

3.1.2 Lower- and upper-case model

The Battery Case consist out of two half’s: a upper case and a lower case. The element Type S4
and S3 are used for the case. To increase the stiffness of the model there are 56 ribs evenly dis-
tributed around the circumference. At each rib, the case is bolted together, in total there are 28
bolts. The shells have a thickness of 2mm, only at the reinforcing ribs the elements are 6mm thick.
At the flange area there is also an adhesive line to improve the stiffness of the connection of the

two halves.

Reinforcing rib Upper case

231620
rias

adhesive

s 1450

Lower case

bolts

Figure 21 Upper and lower case with adhesive line and bolt connection
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3.1.3 Cross brace

Mounting block

Cross brace

Lower case

adhesive Heat conduction plate

Figure 22 Connection of the cross brace with the other components of the case

Five cross braces are used to improve the overall stiffness of the battery case and to ensure a
secure fit of the battery modules in the case. The braces are made out of a machined aluminum
ltem™ 2025.04 Profile, with a 2mm wall thickness. There are adhesive lines between the side wall
of the lower case and the head conduction plate, located at the bottom of the case. A bolting

Slot nut ‘—OI

Heat conduction plate

connection

Cross brace

Lower case

Bolt connection

Adhesive

Figure 23 Detail view connection of the cross brace with the lower case
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between the slot nut, which has a tied contact with the cross brace, and the lower case, shown in
Figure 23, ensures a solid connection. On the upper side of the cross brace the Mounting blocks

have a tied contact with the brace and the upper case halve.

3.1.4 Heat conduction plate

The Heat conduction plate is a 1Imm thick aluminum plate, its task is to conduct the heat from the
battery modules to the coolant and to separate it from the rest of the battery components. To
ensure the separation and secure fit there is a gasket and an adhesive between the lower case
and the head conduction plate. Figure 24 shows the modeled adhesive connection between the
case and the heat conduction plate, the gasket are neglected because they have no impact on the

overall stiffness of the model

Heat conduction plate

Lower case
-

Adhesive

Figure 24 Model of the Heat conduction plate with the adhesive connection to the lower case

3.1.5 Mounting blocks

The mounting blocks are attached to the cross brace and the upper case by means of a tied con-
tact, shown in Figure 25. To keep the model as simple as possible the mounting block is designed
as a rectangular box with 16 C3D8 solid elements.
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SRy e eSS A A S P O Mounting blocks .

Upper Case

Battery modules

Cross brace

Figure 25 Mounting blocks with their connections to the other components of the battery

3.1.6 Battery modules

In the battery case there are 24 battery modules. The modules are designed as a rectangular box

out of 72 C3D8 solid elements for each. This simplification was made because there is no interest

in the behavior of the components in the module. A more precise modeling would lead to a larger

number of elements and increase the calculation effort.

The Battery module is connected with the heat conduction plate with an adhesive connection

Figure 26. Figure 27 shoes the upper side of the module, a Distributing coupling between the

mounting block ensures a fixed connection with the upper battery half.
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Mounting block Battery module

Adhesive Heat conduction plate Cross brace

Figure 26 Battery module with the adhesive connection to the Heat conduction Plate

Cross crace Mounting block

Battery module Kinematic coupling

Figure 27 Detailed view distributing coupling between the mounting block and the battery module
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3.1.7 Crush Plate

The crush plate is modeled according to ISO 12405-3:2014(E) [28]. It has a dimension of 600 mm
x 600 mm, with three half cylinders with a radius of 75 mm. The geometry of the plate is described
in the simulation using 35478 RC3D4 elements. The “RC3D4” in Abaqus denotes a three-dimen-
sional rigid element with four nodes. The element size was chosen to be small, so that the circular
contour of the crush plate is approximated as closely as possible. Furthermore, the edge length of
the rigid element does not influence the time increment in the explicit time integration scheme.
That means a small element size can be used and does not affect the calculation cost. The 'rigid
body' couples the movement of the individual nodes of the rigid elements and brings them to-
gether on a reference node of the 'rigid body'. Thus the relative position of the nodes of the rigid
elements to the reference node always remains the same. For this reason, the boundary condi-
tions and loads are always applied to the reference node of the rigid body. By using this definition
for the crush plate elements, they are no longer deformable and the element stiffness calculations
are not performed for these elements. [26]

600

600

30

Figure 28 Crush Plate used for the crash simulation of the battery case. Dimensions after 1ISO 12405-3:2014(E)
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3.1.8 Contacts

For the simulation, contact conditions must be defined between the individual components that

have a contact to each other. The contacts in this model are explained here.

3.1.8.1 Tied Contact

A tied contact in Abaqus can be understand as two surfaces that are glued together for the time
of the simulation. That means that each node of the slave surface has the same value of displace-
ment, temperature, pore pressure or electrical potential as the point of the master surface that it
contacts. In general, the mesh size of the slave surface needs to be smaller as the mesh of the

master surface. The master surface is able to penetrate the slave but not vice versa [26]

Upper case

unting block

Cross brace

Figure 29 Tied contact between the mounting block, the cross brace and upper case. The red area indicates the slave
surface and the blue one the master surface
The slave surface is always red and the master surface blue, Figure 29. In the initial model, the
mounting block and upper case are bolted together. This leads to a rigid connection between the
two components. With the assumption that the C-SMC material of the housing is the weakest part
of the connection, and in case of a failure it is going to break first. The Tied contact is definitely
not physically correct, but with this assumption, it can be used.

The second connection in Figure 29 is the tied contact between the mounting block and the cross
brace. In the original model the mounting block is bolted with two slot nuts onto the brace. The
exact modeling of this connection would result in two additional bolts and slot nuts for each block.
Since the other connection has already been simplified, it makes no sense to reproduce this con-
nection exactly and thereby increase the calculation time with additional elements.
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Cross brace

Slot nut

Lower case

Figure 30 Detailed view of the tied contact between the cross brace and the slot nut

Figure 30 shows the slot nut that is connected, with a tied contact, to the cross brace. In the orig-
inal model, the slot nut is screwed to the lower half of the housing. The contact pressure of the
screw connection then holds the nut in the groove of the cross brace. In this model bolt connec-
tions are modeled without the assembly pressure. The model uses a tied contact between the

cross brace and the slot not to ensure a tight fit

3.1.8.2 Contact pair crush plate/Battery case

At the surfaces between the crush plate (blue) and the battery case (red) a friction afflicted con-
tact forms, shown in Figure 31. This contact uses a node to surface contact with a small amount

of contact damping to reduce the solution noise.

The friction between the two surfaces depends on many influencing factors and is difficult to
model in detail. The two contact partners characterize the behavior of the tribological contact
system. In addition to material and surface properties, other factors such as the type of load,
speed or temperature play an important role. For modeling of the friction, the simulation uses the
simplified approach of Coulomb. It is difficult to determine the coefficient of friction because no
test data are available to determine the friction between the two surfaces. For this reason, the
coefficient of friction was not dependent on the slip rate or the contact pressure, and was as-
sumed to be 0.1 with the help of the literature. [29]
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Figure 31 Contact between the battery pack (red area) and the crush plate (blue area)

3.1.8.3 Contact all exterior

The crash simulation leads to very large deformations of the model. This means that it is necessary
to define a contact condition for all surfaces. Otherwise, it is possible that the components move
into one another without any resistance. It is a very big modeling effort to create a contact condi-
tion between each element. As an example, a contact area would have to be defined for all adhe-
sive elements. Therefore, this model uses the contact inclusion function. In Abaqus this function
is used to specify self-contact surface pairings that are used by the contact algorithm. [26]

3.1.9 Distributing coupling constraint

A distributing coupling constrains the motion of the coupling nodes to the translation and rotation
of the reference node. [30, 26]

3.1.10 Adhesive connection

There are approx. 50 meters of adhesive lines in the model. These lines are modeled with the help
of cohesive elements.
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u:Battery_Case_U7_fimal_steel.ansa, Curremt Fart: 2818_8h3s_bI_CAR_e-BO_Battery_Gasing_Lowr_Part_WE

—— Battery case

Cohesive elements

Distributing coupling

Figure 32 Gasket area of the battery case. The yellow elements represent the cohesive elements, used to model the
adhesive connection between the upper and the lower half of the case.
All connections in the model use the same procedure they only differ in the length and width of
the individual cohesive elements. Figure 32 shows such a connection schematically, the connec-
tion between the element and the parts of the model is achieved through four distributing cou-
plings at each of the four integration points of the element. For the calculation of the damage to
the adhesive bond, the simulation uses linear elastic traction-separation behavior, see 3.2.5.1.

3.1.11 Bolt connection

For the bolts in the model B31 Beam, elements are used. In Abaqus B31 is a 2-node linear beam
element. A distributing coupling connects the bolt with the part shown in Figure 33. The contact
force and assembly pressure of the screws is neglected with this simple design. All the bolts in the

simulation model use the same modeling procedure.
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lattery_Case U7_Final_steel.ansa, Current Part: 2018_0h3s_DI_CAR_e-B0_Battery Casing_Lower_Part_U2

Gasket area

Distributing coupling

Bolt B31

Figure 33 Gasket area of the battery case with the bolt connection

3.1.12 Boundary Conditions and Loads

In order to be able to solve the equations of motion of an FE model, the degrees of freedom of
the simulation model must be limited with boundary conditions. With these conditions, you can
either block the movement in of nodes in certain directions or specify a displacement, speed or
acceleration. The degrees of freedom 1 to 3 correspond to directions x, y and z for the translational
movement those from 4 to 6 correspond to the rotation around axis x, y and z. For this reason the
model of the battery crash test uses boundary conditions for the battery case and the crush plate,
see Figure 34.
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Load =

Figure 34 Boundary and loading condition of the Battery Pack

The battery case is fixed at the opposite side of the crush plate (dark grey area marks the nodes
that are fixed), that means that all the degrees of freedom 1-6 are locked and this part of the case

could not move translational or rotational.

At the crush plate all three rotational degrees of freedom are locked, this should prevent all rota-
tions of the plate. In addition, translational movement in 1 and 3 direction is locked, the plate is
only moveable in the y (=2) direction.

The aim of this simulation is to obtain a force-displacement curve for the crush plate and then to
compare it with results for the other material definitions of the battery case. For this reason, one
of these two variables has to be specified for the simulation model in order to then obtain the
second variable as a result from the FE calculation of the model. This calculation uses an increasing
force at the reference note of the plate in the y-direction. This corresponds to the in the ISO 12405
defined testing load.

In the test defined by the International Standard the force applied shall be 100 kN with a ramp up

time of less than 3 minutes and a holding time of at least 100 ms but not exceeding 10s. [28].

For the explicit simulation, it is not possible to model the whole duration of the real world test,

why is described in chapter 0
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Simulation. The force at the crush plate increases over the time of the simulation, see Figure 35.
The used exponential function is described by:

3

y(t) = (%) X (10 — 15 X% (é) + 6 X (é)2> 31

Where t1 marks, the point where the full load is applied (a multiplication factor of one). The total
simulation time for this crash test is 2 seconds and t; is 1.8 seconds. That means the ramp up
phase is finished at 1.8 seconds and the resulting holding time is 0.2 seconds.

Amplitude of the Crush Plate Force

100
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e Crush plate Force
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Force kN

25

0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 1,8 2

simulation time s

Figure 35 Amplitude for the loading of the crush plate in direction y over the simulation time

3.1.13 Meshing of the FEM-Model

For an explicit simulation, it is necessary to limit the size and number of the elements to keep the

computational effort as low as possible. For explicit simulations, the size of the used elements has
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a direct impact on the smallest stable increment and thus the computational time. The maximum

stable time increment is expressed by the following equation:

p

At <| L, T2

Where L, is the characteristic length of an element and p the density of the material and A and /i
are the effective Lame’s constants for the material. Defined by:

Ev

1= 33
1+v)(1-2v)
i E 3-4
F=2a+w ]

For this reason, the target was to keep the element size as big as possible, to get results with
reasonable calculation effort. Quality criteria are used to check the elements size and to improve
the shape of the elements. Figure 36 shows the used quality criteria; for example the min length
of the shell element was set to 4 mm to keep the characteristic length over a certain level. The
other criteria should improve the general quality of the mesh in order to avoid stability problems

caused by extremely distorted elements.

E Cluality Criteria - Presentation Parameters

Marme: |

Shells Solids Graph Parameters Presentation Parameters

Criteria Calculation Color  Failed

aspect ratio MASTRANM * [ 3.
warping IDEAS * @ 23.
rmin length | 4.
min angle quads IDEAS ~ [ 410,
max angle quads IDEAS | Il | 150.
min angle trias IDEAS | 30.
max angle trias IDEAS * 150.

Figure 36 Quality Criteria used for the discretization of the shell elements for the battery pack
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3.2 Material Definition

This chapter gives an overview of the materials used in the FEM simulation and their definition

3.2.1 Orthotropic material behavior

The material data used in this Thesis for the behavior of the material are verified by by static and

dynamic experiments. [6]

Table 5 shows the material model used to simulate the crash test. In order to get better simulation
results , the strain rate dependence of the SMC material is modeled with the viscous regulariza-
tion. The values for this were determined by iterating the simulation with different viscosity coef-
ficients.

Table 5 Material Model for Orthotropic material behavior [6]

Failure Energy [mJ/mm?] Failure Stress [N/mm?]
G 180 of 600
Gr 180 of 600
Gnm' 140 Om 130
Gm 140 Om" 130
viscosity coeficient T 130
n 0.001 Tm 130

3.2.1.1 Random element orientation

The damage initiation and evolution model used for the simulation differentiate between the lon-
gitudinal and transverse fiber direction. Therefore, a fiber direction must be specified for each

shell element of the battery case. [6]

The CF-SMC material is composed out of a high number of fiber chips that are held together by
resin. Before the curing process, the chips are laid horizontally. While the curing and pressing they
move relative to each other and flow into the tool’s form. The high number of chips and the com-
plex disposition lead to a great modelling challenge. It might be possible to model the exact ori-

entation of the fibers, thru a process simulation but the calculation effort will be enormous. [7]

Every shell element of the battery case gets an in-plane random orientation with a value between
0°-180° (Figure 37). The FEM input file was modified the with a MATLAB script.

The exact layering of the fibers and the exact size of the fibers is neglected with this approach. But
it allows the damage to travel along a complex path. This recreates a stochastic crack propagation

which was observed during the tests. [6, 7]

In Figure 37 the fiber orientation is shown across all elements. The fiber orientation is shown av-
eraged over the element boundaries. The lines should represent the fiber orientation of the lon-
gitudinal direction of the fibers. In Figure 38 the fiber orientation is visible in an element by means

of vectors.
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Figure 37 FEM Model close up of the Battery Case shows the random fiber orientation.
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Figure 38 FEM model close up of the Battery Case showing the Fiber orientation by means of a vector (green arrow)
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3.2.2 Quasi-isotropic material behavior

In order to understand the possible influences of the modeling technique the SMC material of the
case is modeled as a quasi-isotopic material. In the case of isotopic behavior, the material proper-
ties in longitudinal and transversal fiber direction are equal. The Johannes Kepler University Linz
provided the data [31].

Table 6 quasi-isotropic material behavior with average values Engineering constants for HexMC M77 [32]

Es 38000 [MPa]
E> 38000 [MPa]
Es 9500 [MPa]
V1o 0.3 [-]

Vi3 0.087 [-]

V23 0.087 [']

CEP) 15000 [MPa]
Gis 3900 [MPa]
Gas 3900 [MPa]

The Hashin criterion is used to predict the damage initiation and for the damage evolution the

same linear progressive damage evolution model, as for the orthotropic material is applied.

Table 7 Strength and Energy values for quasi-isotropic behavior HexMC M77 [32]

Failure Energy [mJ/mm?] Failure Stress [N/mm?]
Gf+ 55 ()'f+ 300
Gr 55 oft 300
Gn'* 55 Om 290
Gm 55 Om' 290
viscosity coeficient T 250
N 0.001 T 250

3.2.3 Aluminium

For this thesis no data are available for the aluminum and steel parts. A simple shear failure model

is used to model the material fails failure.

3.2.3.1 Shear failure Criterion

The Shear failure model uses the equivalent plastic strain of the element integration points; failure
occurs when the damage parameter w reaches one, w is defined as:
YA
w=——-- - 3-5

—pl
&
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Table 8 Damage parameter definition of variables

ggl initial value of the plastic strain

AP is an increment of the equivalent plastic strain
of the element

g}’l plastic strain at failure (defined with tabular
data)

When the criterion is met at an integration point of an element the stress components are set to
zero and the point of the element fails. If all of the integration points of one element fail, the
element is removed from the model. For example for a S4 shell element, all four integration points
must fail before the element is removed. [26]

3.2.3.2 Material Data

Table 9 Equivalent Plastic Strain and Stress Ratio for Shear failure for Al-0.5Mg-0.45Si [33]

Equivalent Plastic Strain Stress Ratio [MPa]
0 100
0.05 150
0.15 200
0.25 220
0.4 250
0.5 260
0.65 270

Table 9 shows the tabular data used by abaqus to predict the shear failure criterion. Before 100
MPa the aluminum has pure elastic behavior, that means all deformations of the material are
elastic and reversible. After reaching 100 MPa Irreversible plastic deformation starts, till the dam-

age parameter reaches 1 and the element is removed from the model.

Table 10 Material Data used in Abaqus for Al-0.5Mg-0.45Si

Density 2.7 [kg/dm3]
E-Modulus 70000 [MPa]
Poisson-Ratio 0.334 [-]

Equivalent plastic | 0.5 [-]
strain at failure
Element deletion yes

47



3.2.4 Steel

The steel uses the same shear failure criterion as descripted in chapter 3.2.3.1. Therefore, the

material data used are:

Table 11 Equivalent Plastic Strain and Stress Ratio for Shear failure for stainless steel grade 1.4301 [34]

Equivalent Plastic Strain Stress Ratio [MPa]
0 300
0.02 350
0.05 400
0.15 500
0.4 600
0.6 650

Table 12 Material Data used in Abaqus for stainless steel grade 1.4301 [34]

Density 7.9 [kg/dm3]
E-Modulus 200000 [MPa]
Poisson-Ratio 0.3[-]

Equivalent plastiv | 0.6 [-]
strain at failure
Element deletion yes

3.2.5 Cohesive Material

There are various adhesive lines in the simulation model of the battery case, see 3.1.9; also for
them, a material modell with failure prediction and element deletion must be introduced. The in
Abaqus available traction separation model is used for this reason

3.2.5.1 Linear elastic traction-separation behavior [26]

The model assumes linear elastic behavior followed by the damage initiation and a damage evo-
lution model. This is similar to the model that is used for the csmc material of the battery case

described in 2.6.2.1. The elastic behavior is modeled by an elastic constitutive matrix that can be

written as:
R tn Enn Ens Ent Sn
t =qtst=|Ens Ess Esc|{és(=Ee 3-6
te Ene Ege  Eeedl\ &

The nominal stresses are the force components divided by the original area at each integration
point and the nominal strains are the separations divided by the original thickness at each inte-
gration point. The traction stress vector t has three components: the normal traction t,, and the

two shear tractions ts, t.. [26]
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Figure 39 Three directions of the traction stress vector: one normal and two shear directions [26]

The nominal strains are expressed by the following equation:

_%n 6 6
&y =7 L€ st—?o

& ==, 3-7
To To

Where §,,, 65 and §; represent the separations and Ty is the original thickness of the element. [26]

3.2.5.2 Damage initiation [26]

Damage initiation marks the starting point were the material gets affected first and the degrada-
tion starts. To determine the point where the material starts to degrade the maximum stress cri-
terion is used. Damage starts when the nominal stress ratio reaches a value of one which is calcu-
lated by:

t tgs t
max{( n) N t}=1’ 3-8

(A S

Where t93, t2, t? represent the stress values in the corresponding direction were the initiation

criterion is met.

3.2.5.3 Damage evolution [26]

For the damage evolution a linear progressive model is used based on the effective displacement.
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Figure 40 Linear Damage evolution model. 0-A shows the pure linear elastic traction behavior before the damage imi-
tation. A-B represents the linear damage evolution model based on separation. At t° the damage criterion is satisfied
and the material is degraded. [26]

A scalar damage variable D is introduced to describe the overall damage of the material, the initial
value of the variable is zero. After the initiation criterion is satisfied, D starts to evolve until a value
of one is reached (=complete damage). The stress components of the traction separation model

is affected by the variable D as followed:

n

_ { (1-D)t, t, =0
~ £, no damage to compressive stif fness

ts = (1 - D)t 3-9
te = (1—-D)t,
where t,, t;, t¢, are the stress components calculated by the solver without Damage. For the de-

scription of the damage under a combination of the normal and shear load across the element an

effective displacement after Camanho and Davila, 2002 is introduced which is defined as:

B = (62 + 62 + 67 310

For evolution of D the model used is based on effective displacement and is described after Ca-
manho and Davila, 2002 by:

_ Sh(mer — 8%
ST (8], ~ 6%)
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Where 5,’:1 refers to the effective displacement at component failure, 83, to the effective displace-

ment at damage initiation and §;7%* to the maximum value of the effective displacement during

the loading history. The maximum value of D can be chosen between zero and one by default the

upper value of D=Dmax=1. If the damage variable reaches a value of Dmax at all integration points

the cohesive element gets removed from the model.

3.2.5.4 Material Data for the adhesive

Table 13 Data for the adhesive used in Abaqus [35]

Density 1.6 [kg/dm?3]
E-Modulus 65 [MPa]
Tensile strenght 10 [MPa]
effective displace- | 0.2 [mm]
ment at failure

Element deletion Yes
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3.3 Simulation Technique

For every FE simulation, it is necessary to define how to analyze the system, before the simulation
model is built. There are various techniques to analyze a model and they all lead to different re-

sults even if the boundary and loading conditions are the same. [24]

3.3.1 Static vs. Dynamic

The difference between a static and a dynamic analysis is how the forces are balanced within the
system. In static analyses the applied loads do not change over time and inertia effects are ne-
glected. If there is any time dependence in the model, a dynamic analysis is needed. In this thesis
the load of the crush plate ramps up over the time (see Figure 35), therefore it is mandatory to
use a dynamic analysis. In a dynamic analysis, the user determines the total simulation time and
then the solver divides it into small increment. The simulation runs until the defined total simula-
tion time is elapsed, even if parts are still moving or the load has not fully been applied. [24]

3.3.2 Implicit vs. Explicit

Since the general equation of motion is a function of time, it must be discretized for the application
of numerical methods. This includes explicit and implicit time integration methods. In the case of
implicit methods, the stiffness matrix of the new time step depends on the unknown displace-
ment. For this reason for structural mechanical evaluations, an equilibrium iteration between the
unknown stiffness matrix and the unknown displacement must be used. The stable time integra-
tion of this method makes large time intervals possible, which leads to less computational effort.
Non-linarites lead to a high number of iterations or small time increments and thus to a high com-
putational effort. These nonlinearities in the model can lead to divergence and thus lead to the
abortion of the simulation. [36, 37, 6]

The explicit time integration does not need an iteration for the unknown stiffness matrix, because
it uses the stiffness matrix from the time step before. This is possible since this method assumes
a linear behavior of the changes of the stiffness matrix between the increments. This leads to a
lower computational effort per increment, but due to the assumption of linear change in state of
the element from one increment to the next small-time steps are necessary for this method to be
stable. The time steps are orders of magnitude smaller than the time steps in an implicit method.
[24]

The size of the time step depends on the density of the material and the size of the used elements.
The largest stable time step is defined by the highest eigenvalue of the system wmax. [6]
2

= — 3-12

A tm ax
wm ax
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Using the highest Eigenvalue to calculate the range of the stable time step has a physical interpre-
tation. By doing so, the maximum time step is set approximately equal to the time for an elastic
wave to cross the smallest element dimension in the model. [24]

Explicit methods are best suited for impact dynamic analyses. Furthermore, the explicit method
has advantages, if the nonlinear element behavior would bring the implicit calculation to its limits
by a large number of equilibrium iterations. [24]

For these reasons, an explicit simulation method was chosen for the simulation of the crash test

in this thesis.

3.3.2.1 Quasi static analysis

The real world crash test of the battery pack has very slow loading rate, but large deformations.
Therefore a quasi-static simulation model must be used.

Modeling an explicit dynamic simulation as a quasi-static event requires special consideration. It
would take a very long time to compute the whole process in its real time, millions of increments
would be required. Therefore, the simulation must use a technique to increase the speed of the
simulation time. The goal of this is to model the process in the shortest time period possible, in
which the inertia forces are still insignificant. To make sure that these forces are insignificant two

conditions have to be met: The loading rate and Energy balance.

3.3.2.1.1 Loading Rate

A general recommendation for quasi-static analyses is to limit the impact velocity to less than 1%
of the wave speed in the material. As an approximation for the wave speed in the material, the

following equation was used: [26]

E 3-13
Cmaterial = |7 i
materia p
The results are:
Table 14 Wave speed in the materials used for the battery case
Material Young’s Modulus E  Density p [kg/dm3]  Cmaterial [M/S] | 1% of  Cmaterial
[MPa] [m/s]
C-SMC 38000 1.55 4951 49.5
Steel 210000 2.7 5188 51.2
Aluminium | 70000 7.8 5091 50.9

It should be mentioned that for the CF-SMC material the wave speed is rough estimate. The data
from crash test experiments with the CF-SMC hat profile showed that a value of 5000 m/s a good

approximation and accurate enough for this use case. [6, 7]
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The simulation time and the loading speed of the crush plate were chosen to not exceed a crush
plate speed of 50 m/s. A series of simulations was needed, with variations of the total time and
the amplitude of the force acting on the crush plate, to meet this criterion

3.3.2.1.2 Mass Scaling

In this simulation, the speed of the crush plate depends on the duration of the force application.
In order to reduce the speed of the crush plate, the simulation time must be increased. Since the
maximum time step remains the same, the number of increments required increases. This leads

to a higher computational effort.

Mass scaling is used in this simulation to perform the simulation more economically. The following

equation shows how the time increment is calculated:

p

At <| L, T2

According to this equation artificially increasing the material density p by a factor f? increases the
stable time increment by a facto f. This means the global stability limit for the explicit analysis is
increased which leads to fewer increments to perform the same analysis. Scaling the mass of the
model excessive can lead to wrong results. It is necessary to monitor the energy balance of the
simulation to assure that the results are not influenced by the larger mass. [26]

After several iterations, the whole model was scaled with a factor of 150. It gave a good balance
between stability and calculation time.

3.3.2.1.3 Energy Balance in Quasi-Static Analyses

The Energies in the model are monitored in the Energy History Output of the simulation. It is used
to help to evaluate if there are kinematic influences on the simulation. In general, the kinetic en-
ergy (ALLKE) of the deforming material should not exceed a small fraction (1-5% of ALLIE) of the
internal energy (ALLIE) throughout the majority of the analysis. It is not possible to achieve this in
the early phase of the simulation because parts start to move before they develop any significant
deformation. To keep the kinematic energy in the early phase of the simulation low, the crush

plate uses a smooth amplitude for the loading of the force, see Figure 35.
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4.Results

4.1 Loading Rate

Figure 41 is showing the velocity data of the reference node of the crush plate in y direction over
the simulation time for each material. It was not possible to keep the loading rate under a velocity
of 50 m/s for the whole simulation. There is one major peak in the velocity curve of the materials.
At this point, the material at the flange of the battery pack fails, due to the resulting low resistance
the crush plate gets accelerated, this result in a high velocity in y-direction.

Loading Rate of the Crush Plate
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800 @ gluminum
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Crush Plate Velocity in y-direction [m/s]
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Figure 41 The velocity of the crush plate in y direction for each material

The influence of the loading rate was tested for the 3-point bending test for the CF-SMC material
model. The Test showed that the influence of the duration of the simulation and thus the speed

of load application has only a minor influence on the results. [6]
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Figure 42 Variation of the load speed application for the 3-point bending test for the C-SMC material. Under 0.06s
there is an influence on the results. [6]

Figure 42 shows the influence of the simulation time on the results, the only occur for less than
0.06s.

Since the greatest deformation occurs in an interval of approx. 0.2s (Figure 41) and the results
from the 3-point bending test showed that there were no significant influences for this loading
speed. The total simulation time for the crash test was chosen to be two seconds after repeated
iteration
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4.2 Energy Balance

To check if the simulation of the battery is quasi static the Energy History Data are used. In Figure
43 the Energy Ratio [ALLKE/ALLIE] in % for the simulation of: Aluminum, Steel, CF-SMC Isotropic
and, CF-SMC Orthotropic is shown. In the early state of the simulation the ratio is higher than 5%,
because there is only displacement of the components and no significant deformation. Over the
majority of the simulation the energy ratio is about one percent. This fulfills the requirement for

a quasi-static simulation.

The diagram also shows that in comparison to the other materials, aluminum is the first that starts
to deform because it's energy ratio is the first that drops below 5 percent.

Energy Ratio [ALLKE/ALLIE] of the Battery Pack
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Figure 43 The ratio of the Energies of the battery pack simulation. Over most of the simulation, the Ratio is under 5 %
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4.3 Analysis of the influence of the fiber orientations

This chapter shows the influences of different fiber orientations. Each of these four fiber orienta-
tions are random.

4.3.1 Total displacement of the Crush plate

The results in Figure 44 and Figure 45 show that there is a noticeable difference with larger dis-
placements in the results. Fiber orientation 1 and 3 are showing nearly the same result, whereas
Fiber orientations 2 and 3 are showing less absolute displacement.

Force/Displacement of the Crush Plate for variation of Random
100 Fiber Orientations
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Displacement y-direction [mm]

Figure 44 The influence on the results of the different random Fiber orientation Displacement of the Crush Plate in y-
direction.
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Displacement/Time of the Crush Plate for variation of
Random Fiber Orientations
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Figure 45 Influence of the different random fiber orientation. Displacement in y-direction of the Crush plate over the
simulation time.
Table 15 is showing the max. displacement values for the different fiber orientations. The absolute
difference between the results is 5.7 mm. Which is a deviation from the mean value of 10%. In the
reality influences from the fiber orientation are expected. Therefore, this deviation is acceptable

for the simulation of the Crash test.

Table 15 Comparison of the max displacement for the different fiber orientations

Random Orientation Max. Displacement [mm] Deviation from the mean
value [%}

Fiber orientation 1 59,7 4,48

Fiber orientation 2 54,8 -4

Fiber orientation 3 59,6 4,29

Fiber orientation 4 54 -5,62

57,03 Mean Value
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4.3.2 3-point bending test
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Figure 46 Influence of the Fiber Orientation for dynamic 3-point Bending test [6]

The explicit 3-point bending (Figure 46) test is showing similar behavior. there are also noticeable
deviations in the curves for large displacements. [6]
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4.3.3 Deformation of the simulation model for the fiber orientations

4.3.3.1 Deformation of the Battery Case

Figure 47, Figure 48, Figure 49 and Figure 50 are showing the simulation results for the four ran-
dom fiber orientations. The total deformations are similar only the area of the flange is differently

deformed.

Figure 47 Deformation of the battery case for the first random fiber orientation at the end of the simulation. The scale
indicates the scalar magnitude of the deformation of the elements. Red elements with the highest deformation and
dark blue ones with no deformation.
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Figure 48 Deformation of the battery case for the second random fiber orientation at the end of the simulation. The
scale indicates the scalar magnitude of the deformation of the elements. Red elements with the highest deformation
and dark blue ones with no deformation.

Figure 49 Deformation of the battery case for the third random fiber orientation at the end of the simulation. The scale
indicates the scalar magnitude of the deformation of the elements. Red elements with the highest deformation and
dark blue ones with no deformation.
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Figure 50 Deformation of the battery case for the fourth random fiber orientation at the end of the simulation. The
scale indicates the scalar magnitude of the deformation of the elements. Red elements with the highest deformation
and dark blue ones with no deformation.

63



4.3.3.2 Protection of the Battery modules

Figure 51, Figure 52, Figure 53 and Figure 54 show that for all four random fiber orientations the

Battery modules are showing no deformation.

Figure 51 Look inside the Battery case for the first fiber orientation. Deformation at the end of the simulation showing
the Battery modules. The scale indicates the scalar magnitude of the deformation of the elements. Red elements with
the highest deformation and dark blue ones with no deformation

Figure 52 Look inside the Battery case for the second fiber orientation. Deformation at the end of the simulation show-
ing the Battery modules. The scale indicates the scalar magnitude of the deformation of the elements. Red elements
with the highest deformation and dark blue ones with no deformation
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Figure 53 Look inside the Battery case for the third fiber orientation. Deformation at the end of the simulation showing
the Battery modules. The scale indicates the scalar magnitude of the deformation of the elements. Red elements with
the highest deformation and dark blue ones with no deformation

Figure 54 Look inside the Battery case for the fourth fiber orientation. Deformation at the end of the simulation showing
the Battery modules. The scale indicates the scalar magnitude of the deformation of the elements. Red elements with
the highest deformation and dark blue ones with no deformation
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4.4 Comparison of the results of the different materials

4.4.1 Total displacement of the Crush Plate

4.4.1.1 Steel vs. Orthotropic material model

Until 45 mm penetration the CF SMC Orthotropic material is showing nearly same the displace-
ment compared with steel. That means that the orthotropic CF-SMC material model is showing a
similar stiffness compared to the steel model. The steel model is showing the smallest total scalar

displacement of all four material models.

Displacement of the Crush Plate for over Force
Steel vs. Orthotropic material model
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Figure 55 Displacement of the Crush plate in y-direction. The displacements in mm are shown for a certain loading level
of the Crush Plate level during the simulation.
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4.4.1.2 Isotropic vs. Orthotropic material model

For small displacements of about 4mm the CF-SMC Isotropic model is showing similar stiffness
compared to steel and orthotopic material. The total scalar displacement is showing the same
result as the CF-SMC Material with the random fiber orientation 3. The CF-SMC Orthotropic model
is behaving stiffer than the isotropic one. The total displacement of the two CF-SMC models is very

similar.

Displacement of the Crush Plate for over Force
Isotropic vs. Orthotropic material model
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Figure 56 Displacement of the Crush plate in y-direction. The displacements in mm are shown for a certain loading level
of the Crush Plate level during the simulation.
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4.4.1.3 Aluminum vs. Orthotropic material model

Aluminum is showing the lowest stiffness of all material models. With 51mm the total scalar dis-
placement of the aluminum model is lower than the total displacement of the orthotropic mate-
rial. This can be attributed to the tougher fracture behavior of aluminum compared to the CF-SMC

material

Displacement of the Crush Plate for over Force
Aluminum vs. Orthotropic material model
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Figure 57 Displacement of the Crush plate in y-direction. The displacements in mm are shown for a certain loading level
of the Crush Plate level during the simulation.
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4.4.1.4 Force/Displacement curves the Crush plate material comparison

Table 16 Comparison of the maximum scalar Displacement in y-direction of the Crush Plate

Material Max. Displacement [mm]
Steel 48,2

Aluminum 51,7

CF-SMC Isotropic 59,74

CF-SMC Orthotropic Fiber 2 54,8

CF-SMC Orthotropic Fiber 3 59,6

Force/Displacement of the Crush Plate
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Figure 58 Displacement of the Crush Plate y-direction for aluminum, steel, CF-SMC Isotropic and CF-SMC Orthotropic
with two random fiber orientations.
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Figure 59 Displacement of the Crush Plate in y-direction for aluminum, steel, CF-SMC Isotropic and CF-SMC Orthotropic
with two random fiber orientations over the simulation time
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Results

4.4.2 Comparison of the total deformation of the simulation model

This chapter shows the deformation of the battery case of the different case materials.

Figure 60, Figure 62, Figure 64 and Figure 66 show the deformation of the case for the four differ-
ent materials. By comparing the deformation of the CF-SMC orthotropic material model with the
deformation of the other material models there are no implausible deformations or breaks in the
material. There are differences in the flange area, these are caused by the fiber orientation of the

orthotropic materiel, see 61.

The deformation values of the aluminum cross brace show how far the crush plate has penetrated
the battery pack for the different case materials see, Figure 61, Figure 63, Figure 65 and Figure 67

4.4.2.1 Aluminum Case

[ ove

Figure 60 Deformation of the Aluminum Battery Case at the end of the simulation. The scale indicates the scalar mag-
nitude of the deformation of the elements. Red elements with the highest deformation and dark blue ones with no
deformation.
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: Scalar: Di: i T ASTEPL (Crash_Side), TIME 2.00000000E+00
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Figure 61 Undeformed cross brace with the max scalar deformation for the Aluminum Battery Case Red elements with
the highest deformation and dark blue ones with no deformation.
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Results

4.4.2.2 Steel Case

[ uovne

Figure 62 Deformation of the Steel Battery Case at the end of the simulation. The scale indicates the scalar magnitude
of the deformation of the elements. Red elements with the highest deformation and dark blue ones with no defor-
mation.

3:Steel : Scalar: Displacements,Magnitude : : STEP 1 (Crash_Side), TIME 2.00000000E+00

No Value

Figure 63 Undeformed cross brace with the max scalar deformation for the Steel Battery Case. Red elements with the
highest deformation and dark blue ones with no deformation. Red elements with the highest deformation and dark
blue ones with no deformation.
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4.4.2.3 CF-SMC Isotropic Case

[ v

Figure 64 Deformation of the CF-SMC Isotropic Battery Case at the end of the simulation. The scale indicates the scalar
magnitude of the deformation of the elements. Red elements with the highest deformation and dark blue ones with no
deformation.

L:Isotrop : Scalar: Displacements,Magnitude : : STEP 1  (Crash_Side), TIME 2.00000000E+00

No Value

Figure 65 Undeformed cross brace with the max scalar deformation for the CF-SMC Isotropic Battery Case. Red elements
with the highest deformation and dark blue ones with no deformation.
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4.4.2.4 CF-SMC Orthotropic Case

[ uove

Figure 66 Deformation of the CF-SMC Orthotropic Battery Case at the end of the simulation. The scale indicates the
scalar magnitude of the deformation of the elements. Red elements with the highest deformation and dark blue ones
with no deformation.
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Figure 67 Undeformed cross brace with the max scalar deformation for the CF-SMC Orthotropic Battery Case. Red ele-
ments with the highest deformation and dark blue ones with no deformation.
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4.5 Damage Distribution in the CF-SMC Orthotropic FEM model

Hashin damage

Figure 68 Hashin fiber damage Top view of the simulated crash test of the CF-SMC orthotropic battery Case. Bottom
figure shows the early interaction phase. Secound figure at half of the simualtion time. The third figure represents the
maximum deformation of the battery case. In red the elements that have failed under Hashin criteria.
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Results

4.5.1 Weight of the Battery case

One of the advantages of using CF-SMC material instead of steel or aluminum is the weight reduc-
tion. For the developed battery case the weight reduction would be 14 kg compared to an alumi-

num case, by maintaining the mechanical properties.

Table 17 Weight of the Battery Case and the whole Battery Pack

Material Density [kg/dm3] Weight of the case Total Weight of the
half’s [kg] battery pack [kg]

CF-SMC 1,55 20 516

Aluminum 2,7 34 530

Steel 7,9 127 597

Table 18 Weight reduction of the Battery Pack

CF-SMC compared to Weight reduction of the case | Weight reduction of the bat-
[%] ter pack [kg]

Steel 84,5 81

Aluminum 42,7 14
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5. Discussion

5.1 Modelling of the Battery Case

For the simulation of the CF-SMC components it is important to consider the fiber orientation. The
variation of the fiber orientation showed that for this simulation the simplified approach without

considering the size and orientation of the fibers delivers good results.

The model of the battery pack is using various adhesive lines. This can lead to tensile forces normal
to the 1-2 plane. Under certain circumstances the forces can lead to failure through delamination.
Neglecting the individual layers can probably lead to inaccuracies in the model, because with sin-

gle layer shell elements the prediction of the delamination is not possible.

Whether a more precise modeling of the fiber size and orientation is necessary depends on many
factors. This thesis shows that the simulation of the Crash Test delivers good results without con-
sideration of the precise fiber orientation and size. That means that there is an acceptable varia-
tion of about 10 % in maximum deformation of the model. However, it may be that the compari-
son with a real test shows that this neglection leads to very large deviations in the results.

It must also be mentioned that this material model approach can only be used for thin-walled
components. Using shell elements for thicker components can lead to large deviations.

5.2 Computational effort

To maintain a quasi-static simulation, it is necessary to keep the kinematic effects as low as possi-
ble. Through Mass Scaling it is possible maintain longer simulation times and keep the computa-
tional effort low. A simulation time of two seconds was chosen to give a good ratio of accuracy to
computational effort.

It should be mentioned that for all simulations the loading rate is over 50 m / s for a short time.
When comparing the results to a real test it could be necessary to increase the simulation time
for a keep the loading rate under 50 m/s. It should be mentioned that a increasing the simulation

time relates to a larger computational effort.

For this Crash test the whole battery case was discretized by using S4 shell elements. To reduce
the computational effort of the model one idea would be to use S4R (“R” for reduced) shell ele-
ments in areas with no deformation. S4R have only one integration point and therefore need less
computational effort compared to the S4 elements. It should be mentioned that using this type of

elements can lead to several stability issues that have to be considered.
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Discussion

5.3 Stability of the Simulation

Modeling the initial contact response between the crush plate and the battery case was very chal-

lenging. It needed lots of attempts to maintain a stable contact definition.

The simulation also showed that the progressive damage model had problems with the deletion
of element with large deformations. This was especially the case when the smallest increment was
increased with mass scaling. This is possible because the solver is checking for the failure criteria
before each increment. If the time steps are too large, it could be that the stress increase so much
during the calculation step that unphysical deformations occur in an element. The simulation is
than aborted due to excessive distortion of the element.

5.4 Simulation Modell

The simulation model that was used for the crash test simulation is the same for every material.
The only difference between the steel / aluminum model compared to the CF-SMC model is that
there are stiffening ribs for the CF-SMC model. It was assumed that the aluminum and steel model
are having a homogeneous thickness off 2mm for the battery case.

It can be assumed that the inaccuracies that were made through the simplification of the model
of the battery pack are systematic. This means that the influence of the simplifications on the
results is the same for each material model.

5.5 CF-SMC Material model

The comparison with aluminum and steel shows that the CF-SMC material model provides good
results for the Crash test simulation of the Battery Case. The prediction of the maximal force, force
displacement curves for the CF-SMC model are found to be sufficiently accurate for this simula-

tion.

It should be mentioned that the CF-SMC material model was evaluated by using static and dynamic
(crash) tests experiments. [6, 7] The comparison of simulation results of the crash test of the bat-
tery pack with other material models showed that this model is delivering good results for the
battery case. If the simulation of the crash test is also delivering good results for a real crash test
must be determined by validation of the model with experimental crash test data.
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6. Conclusion

This work focused on the development of a modelling strategy for large CF-SMC components. In

particular, the crushing of a lightweight battery concept was simulated.

The material used for the case of the battery pack is a Carbon Fiber Sheet Molding compound
material. Light, stiff and formable, it possesses many properties that make it competitive against
more traditional metals. The very nature of the material, a mix of short carbon fibers and epoxy
resin, make the simulation of crushing events challenging. The used material model that has al-
ready been previously validated using both static and dynamic tests on a small hat profile.

In order to validate the modelling methodology of CF-SMC material model applied to large com-
ponents, a series of simulations by using well known materials were performed. Specifically, three
other material models were used: An Isotropic CF-SMC, aluminum and steel. This choice was
based on the availability of literature data on the dynamic behavior of metals.

The comparison showed that the CF-SMC material model delivers sufficiently accurate results for

predicting the force displacement curves and maximum deformation.

Based on the simulation of the battery case, this work shows that this material model can be ap-
plied to large components made of CF-SMC material. The simulation clearly shows an improve-
ment of the component when adopting CF-SMC as structural material. The weight reduction is
estimated to be of 42 % compared to aluminum, while by maintaining similar mechanical proper-

ties.

The possibility of accurately predicting the mechanical behavior of large CF-SMC components,
while using a computationally efficient shell based method, represent an important step towards

the further adoption of such a material class in the Automotive industry
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