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Physical experiments and FE-simulations
Master’s Thesis in the Master’s programme of Safid Fluid Mechanics
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Chalmers University of Technology

ABSTRACT

A composite bumper beam in short glass fibre read@drpolyamide 6 with steel
reinforcements was designed to fulfil low speed ltrasquirements. The first
prototypes did not behave as expected accorditiget@omputer simulations and did
not fulfil the requirements. Within this Master'shdsis, the main reasons for the
unsatisfactory correlation between tests and sinongtare investigated. This is done
by performing new experiments, which are then sinedland evaluated. The main
problem with the manufactured bumper beams turnédi@mipe the quality of the
beams. The glass fibre content was much lower thaeated, which gave much
lower material stiffness than the one used when degighe beam. The fibre fraction
did also vary from beam to beam. However, with thatrgroperties of the material
the static behaviour of the beam can be simulatéld an isotropic, bilinear material
model. The material was assumed to behave as anpgsntnaterial even though the
fibre orientation was not completely random. Duedhe large wall thickness of the
component and the relative low mould filling velgcih compression moulding, the
fibres do not show a large orientation in the mdldd direction, as can normally be
seen for injection moulded parts. Tests were perdrim order to determine the
strain rate dependence of the material. Both ttdlestests on beams and tensile tests
at specimens are performed. The full scale beats edicate a strain rate hardening
of the material. In the tensile tests strain rapahdence exists for strain rates below
0.00021 &. The dependence above this level could not banitelff determined with
the available testing equipment. The responsedrdyimamic crash tests can hence be
assumed to be somewhat stiffer than the simulatiodicate when using material
properties obtained at a lower strain rate. Also,ab&umed boundary conditions are
shown to influence the results in the simulationghef crash tests. The simulations
where simplified boundary conditions were used shoavstiffer response than when
a larger part of the car was modelled. Althoughftheture behaviour of the material
is not fully known and it is difficult to establish valid fracture criterion, fracture is
assumed to be preceded by crazing in the polymeachvdtcurs at a critical strain. At
the locations in the beams where fractures are ¢éaghethe strain is studied. It seems
reasonable to believe that a critical strain inrdrege from a little less than 2 to 2.6 %
is valid for the beam material. The maximum priatigtresses at the fracture
locations are in general lower than the measuregiléestrength.

Key words: bumper beam, composite, finite elementkition, glass fibre reinforced
polyamide 6, strain rate dependence, crash test
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Notations

Explanation of the notation used in the reportsprneed in order of appearance. A
few notations appear more than once but it shoulddse from the context which one
is intended.

M The mass matrix

C The damping matrix

K The stiffness matrix

Rexin The external forces at time step

d, The nodal displacements at time step

d, The nodal velocities at time stap

d, The nodal accelerations at time step

d, The third time derivative on the nodal displacetranime stem
Ot The length of the time step

L The shortest characteristic length of an element

o The acoustic wave speed

r The material density

S, Stress in the fibre direction in a composite ldael

s, Stress in the transverse fibre direction in a lame

t, Shear stress in a lamella

S, Stress in the x-direction, similar notation yerandz-direction

~

x
<

Shear stress in thg-plane, similar notation foyz andxzplane
Critical fibre length

Fibre diameter

Ultimate strength of a fibre

L, I © By

(e}

The fibre-matrix bond strength

Modulus of elasticity

Modulus of elasticity in the fibre direction oflamella with continuous
fibres

Modulus of elasticity in the transverse fibre diren of a lamella with
continuous fibres

Modulus of elasticity of the fibre

mm

M
N

—

Modulus of elasticity of the matrix

3

< m m

—

Volume fraction fibres

<

3

Volume fraction matrix

mi

Modulus of elasticity in the fibre direction of @anhella with the same fibre
fraction but parallel fibres, used for random orgzhlamellas

Modulus of elasticity in the transverse fibre diren of a lamella with the
same fibre fraction but parallel fibres, used fomdom oriented lamellas
E.an Modulus of elasticity of a random oriented shatéi composite

K Efficiency parameter for short fibres

mi
N



Modulus of elasticity, tested at 1 mm/min, stramneasured with

extensometer
Modulus of elasticity, tested at 5 mm/min, stramneasured between the

grips
Tangent modulus

Tangent modulus, tested at 5 mm/min, strain measoetween the grips
Ultimate stress, tested at 5 mm/min

Yield stress

Strain at fracture, tested at 5 mm/min, strainsnead between the grips

Weight fraction glass fibre
Maximum principal strain

Modified principal strain
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1 Introduction

1.1 Background

The background for this Master’s Thesis is a pitojetere a new front bumper beam
concept for a Saab 9-3 Convertible was developedrder to reduce the weight, a
beam in short fibore composite was requested. Theaoewept had to fulfil the same
crash requirements and be equivalent to the ptieel sconcept. The beam was
simulated with the FE-software LS-DYNA and designetirailly in order to fulfil the
requirements of the crash test CMVSS215

However, when physical tests on the first prototypeewerformed the beam did not
fulfil the requirements. The results in the simigias and tests did not correlate since
the response in the simulations was stiffer thathénactual tests and failure did occur
at lower stress levels than expected. A new projecn€ed by Vinnova, to deepen
the knowledge about short fibre composite matervials initiated. The aim is to gain
the future use of these materials in a wider rarfgegomponents subjected to load.
That is for example relevant in the car industrpnm@ression moulding was chosen
for manufacturing the beam, since it is a cheap effidient way to produce large
series of components in short fibre composites lalso of interest to achieve more
knowledge about the fibre orientation and the malteguality obtained with this
manufacturing method. This Master’s Thesis is & glthis bigger Vinnova-project.

The bumper beam is made of short glass fibre regatb polyamide 6. The beam is
reinforced with steel on both front and rear sideskown in Figure 1. The steel is a
HyTens 1200 stainless steel with a high yield stteseduce the residual deformation
after the CMVSS215 pendulum impacts. It has alsalaively high ultimate strain in
order to ensure certain ductility, where the steedubjected to high tensile stresses.
The steel reinforcements are bonded to the beam twéhepoxy based structural
adhesive Terokal 5087which has been developed for bonding in the autiwmo
industry. The adhesive has high peel and impadtrpsistance.

Figure 1. The steel reinforcements on the front eeat side of the bumper beam.

In front of the beam with its steel reinforcememtdjumper beam foam is placed, see
Figure 2, to distribute the load from an impacteTieam is fastened to the frame of

! CMVSS215 are Canadian legislation, low speed hcrests which include high and low pendulum
impacts (8 km/h), corner pendulum impact (5 km#ngd a fixed-barrier collision (8 km/h).

%2 The adhesive Terokal 5087 is today replaced bpKeg5089, which should have equivalent
properties.
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the car with bolts through the crash boxes. Theska# supposed to tear through the
crash boxes and thereby absorb energy in certashituations. The notation used
for parts of the beam is clarified in Appendix D.

Figure 2. The bumper foam in front of the bumpembe

1.2 Aim

The main purpose is to gain more knowledge aboutllstions of the behaviour of
short fibore composites, which is important for fetwse of these materials. In many
fields today, lightweight construction is of big enést and due to the short
development times, the main part of the design ggeds done with simulations.
Therefore trustworthy simulations even for shortdibomposites are very important.

1.3 Objective

The objective of this Master's Thesis is to invgate why the crash tests and the
simulations for the bumper beam did not correlatéhe previous project. Parameters
influencing the correlation will be identified antlidied in order investigate how the

simulations can be improved to give a better ptemhcof the real behaviour of short

fibre composites.

1.4 Limitations

Due to the limited time and the complexity of thejpct, all parameters influencing
the correlation can not be investigated. The mawu$ is a comprehensive
investigation including the parameters that aresimered to be most important, rather
than to go through all the possible parameterkerbeam concept. Implementation of
all the gained results in new, improved simulatiohghe prior crash tests will not be
included. For the experiments within the Master'sgik, there are only a limited
number of beams available. There is no possiltititgroduce new beams or pieces of
equivalent material. Equipment for high strain rdemsile testing of material
properties is not available within the project.

2 CHALMERS, Applied MechanicsMaster’s Thesis 2010:52



2 Method

In order to investigate why the correlation betweér tcrash tests and the
corresponding FE-simulations in the previous proyeas unsatisfactory, parameters
of interest are identified. The aim is to perfomsts were the influence from different
parameters could be determined. In this sectiomtbst important parameters likely
to affect the correlation are presented, followedaliyasic project outline. Finally, the
given conditions, from which the tests are plannad performed, are described.
These conditions are included in this section sith@y strongly affect the method
chosen for the work in this project.

2.1 Parameters of interest

The correlation between the actual tests and thelations is dependent on a large
number of parameters. Important parameters ardifidéenon the basis of experience
from the prior project and by studying relevaner#ture. The following parameters
are identified as likely to cause correlation pesbs:

Fibre orientation and fibre fraction
Quiality of the material
o Adhesion between fibres and matrix
0 Moisture content
o Pores and other defects
0 Heat degradation
Strain rate dependence
Adhesive joints between the beam and the steel regrizents
Boundary conditions, including bolts and the bumpeaim foam

These parameters might in different ways influetheebehaviour of the beam and are
briefly described below. The mechanical propertieshort fibre composite materials
are dependent on fibre fraction and fibre orieotatiln the simulations of the crash
tests in the previous project, the assumption atrapic material was made. This is
however doubtful, since the manufacturing may leadrt uneven fibre distribution
and orientation.

The quality of the material is also very importéot the performance of the beam. In
order to take advantage of the properties of tfflerdnt phases of a composite, the
adhesion between the matrix and the fibres mugfooel. The matrix material in the
beam is polyamide % which is sensitive to moisture. The moisture affethe
mechanical properties of the material in the samgswas a softener. Pores in the
material also affect the properties. Reasons fgrattation of the material can be
ageing or exposure to high temperatures or UV-ligktason, Kubat, 2004). Here
especially high temperatures can be relevant sithee beam is exposed to
temperatures around 200 C during the curing ofatifeesive.

% Ultramid® B3S, Polyamide 6.
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The behaviour of polymers is dependent on bothrstrae and temperature. The
material testing for the beam material in the pvasiproject was performed at two
different strain rates. Both are much smaller tHan actual strain rate in the crash
tests and the large variation in the test resultglenit impossible to draw any
conclusion concerning the strain rate dependencéighter strain rates the polymer
generally acts stiffer. The same trend is the e@sen the temperature is lowered,
(Klason, Kubat, 2004).

The beam steel reinforcements are fastened thradblesive joints. To reach the
optimal performance the adhesive joints are ofilmigortance. The adhesive must be
able to undergo the crash loadings with neitheeade nor cohesive fractures, since
that would change the dynamic properties of the beaastically. The adhesive joints
must also be simulated in a proper way. The adhesheald be applied in a thin,
even layer in order to achieve the defined propsertiwhen producing the beam, the
adhesive was distributed by hand and the qualitya&edracy is not assured.

In the simulations, the ends of the bolts betwdencrash boxes and the side beams
were assumed to be fixed. The side beams and rést chr was neglected. It may be
relevant to see how this simplification and othgrety of boundary conditions affect
the performance of the beam in the simulations. Opats of the car are also
available for simulations and including a largertpaf the car might improve the
correlation. The used type of bumper beam foam dsased a somewhat stiffer
response in simulations compared to actual crath te other projects.

2.2 Project outline

The tests are designed in such a way that the mfluérom different parameters can
be identified. Initially, the validity of the assution of isotropic material is
investigated, with the other parameters eliminafBae correlation between these
initial tests and simulations will determine the toned work within the project. In
case of bad correlation, the properties of the raten the tested beams must be
investigated more in detail. That includes fibreeotation and fibre fraction in
different parts of the beam. Most likely an anieptc material model must be used in
this case. If the correlation after the initialtbeg is sufficient, the assumption of
isotropic material will be considered accurate emoddne next step will then be to
study the influence from the other described patarae Individual parameters or
groups of parameters will be included in order tawdrconclusions about their
significance for the correlation between tests amikations. A principal illustration
of the work process can be seen in Figure 3.

The tests are done in different batches, sincetiteome of the performed tests and
the corresponding simulations determine which tekts would be relevant to
continue with. Therefore, new tests are designed Hfteevaluation of the previous
ones. The properties of the material in each beaendatermined at AdManus
Materialteknik after the tests, in order to be ableise more accurate material models
in the simulations.

4 CHALMERS, Applied MechanicsMaster’s Thesis 2010:52



Quasi static test
-steel reinforc.

4’-adhesive joint
Quasi stat ) ttost Good Impact test:
uasi static vs impact test: -bumper foam
Good~ strain rate dependence P
Mtrl. speciemen test

Bad Mtr. speciemen test: Bad <T Component test
-moisture effect

-isotropic, bilinerar mtrl.

Quasi static test:
-moisture effect <

Quasi static test
-anisotropic mtrl.

Figure 3. A principal illustration of the work press within the project. Experiments
including different parameters will be performed.h&ther the
correlation is good or bad will determine the conted path.

In order to make the work process clearer and easi¢rack, it is presented in a
chronological order in this report. The basic dimoe for the work can be seen in
Figure 4. First, a presentation and motivationhef test set up, followed by the test
results are described. After that, the results ftbetesting performed on the beam
material are presented along with the material méolethe simulation of the test.
Next, the simulation of the test is described andllfy, the correlation between the
test and the simulation is evaluated. This procedvull be looped through for each
batch of tests. The complete work process is predemt Section 5. During the
project, some parameters required further invesstigaor additional simulations.
These parts of the project are presented in Se6tiand 7, after the above described
work process, even though they were performed parail&ection 8, a summary of
the obtained results are presented, followed bylthe/n conclusions in Section 9 and
a discussion with recommendations for future worgaation 10.

_—~> Testsetup~—__

Design of Test results
new tests J,
Correlation between Material tests

test and simulations

Simulations of test «—— Material models

Figure 4. The basic loop for the work presente&attion 5.

The work within the project is connected to and basedtheory obtained from
literature on the topics. The basic theory for élelicit finite element method can be
found in Section 3. Theory on short fibre reinfargeolymers and polyamide are
presented in Section 4.

2.3 Test planning

The physical tests are planned on the basis dgfitlem conditions in terms of number
of beam prototypes and the crash test equipme®aad Automobile AB, Trollhattan,
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where the tests are performed. These conditionsleseribed more in detail in this
subsection to clarify the background to the expents.

The manufacturing process was probably not veryiggesince the weight of the
beams differs a lot. There are no exit holes faresiluous melt in case the mould is
prepared with more melt than needed. As an effethisf the actual geometry, such
as thicknesses, vary from beam to beam. Some obéhens were intended to be
manufactured with 37 wt% glass fibres and some witlv#s. The accuracy of the
weight fraction of glass fibre was not assured. Duegdriation of the volume of the
beams, the weight might not be a reliable indicatonthe fibre content. The fibre
length distribution is not known. The fibres areriéh before they are milled for the
compression moulding. The mean length is assumdsktaround 0.5 mm and the
maximal fibre length around 2 mm. The fibre diameteabout 15 m.

In previous investigations of prototype beams, thaterial has been showed to
contain pores, which might lead to that the existmgterial is subjected to another
load than indicated in a simulation model withoutgsoor other imperfections. When
recently manufactured, the material contains nostnoeé but at the time for the
present study the beams are assumed to be comditiovith a moisture content in
equilibrium with the surroundings. However, the huityith the surrounding varies.

A complete list of all the manufactured beams casd®n in Appendix B, which also
clarifies the numbering of the beams used througtieureport. In the first batch two
beams were manufactured and the tool broke whileufaaturing the third. In the
second batch, 31 beams were manufactured. In Tgbteelbeams available for
testing in this project are listed. All of them &m@m the second batch.

Table 1. A list of the beams available for testmithin the Master’'s Thesis project.
The glass fibre fraction is the one defined priorproduction and the
tool temperature is given for the upper and lovweel {part.

# | Weight | Pressure | Glass fibore | Tool temp. | Thickness
(9] [bar] [wt%] [C] [mm]

10 | 3822 150 37 70/60 -

16 | 3704 150 45 70/60 91.0

17 | 3668 150 45 70/60 90.5

18 | 3496 150 45 70/70 90.6

26 | 3538 150 45 70/70 90.5

27 | 3506 150 45 70/70 90.6

29 | 3766 150 45 70/70 89.9

30| 3772 150 45 70/70 90.0

6 CHALMERS, Applied MechanicsMaster’s Thesis 2010:52



3 Explicit finite element method

The finite element procedures used in structurabdyics can be divided into implicit
and explicit methods. Normally, the implicit methodse used for structural
applications with a low-frequency response and #pdi@t for wave propagation and
impact problems, (Crisfield, 1997). The simulatiottsoughout the project are
performed with the explicit finite element methodtaare LS-DYNA. Some basics
concerning explicit finite element methods are dbsd in this section.

3.1 An explicit solution procedure based on the central
difference method

The central-difference method is presented as & Was the time-integration in
LS-DYNA. It is a method which is frequently used andareltteristic for explicit
methods in general, (Cook et al., 1989). It will described in this subsection. The
equation of motion for a specific time, is written as

Md, +Cd, +Kd, =R, (3.1)

where M is the mass matrixC the damping matrixK the stiffness matrixR,,, , the

external forcesd the nodal displacementsd, the nodal velocities and, the nodal
accelerations.

The nodal displacemenid,.; and d,.; are expanded in Taylor series around the
present time as follows

2 3

Dt

d,,, =d, +Dtd + > d, + d, + x (3.2)
2 3

d . =d - Dd +Dt70|n : %dn x (3.3)

By subtracting Equation (3.3) from (3.2), the \o#fi@s are obtained as

1
dn :ﬁ(dnﬂ_ dn—l) (34)

And by adding Equation (3.2) and (3.3), the acegiens are obtained as

d, = (0, 24, +4,.) (3.5)

n

Terms containingDt® or higher are excluded, which makes the centfé@ince
second order accurate, i.e. the error is quariétbd time step is halved.

CHALMERS, Applied MechanicsMaster’s Thesis 2010:52 7



When Equation (3.4) and (3.5) are used in (3.Xgstlts in

1 1 1 1
FM +ﬁc dn+1 = Rean - Kdn +FM (Zdn - dn—l)+ﬁCdn—1 (3.6)

From this system of equations, the accelerationsbeacalculated. As stated in the
previous subsection, the equations are uncouplbdtiahdC are diagonal. There are
alternative forms of the central-difference metlioat do not require a diagonal form
of C. One example is by lagging the velocity in Equat{8.1) by one half time step,
i.e. dy is replacedi,.1>, (Cook et al., 1989).

3.2 Time steps and mass scaling

Explicit methods are in general conditionally seabhd if the time step is too large,
the method will be unstable. On the other handhéf time step is very small the

computations will be too expensive, (Cook et #89). Based on this, a time step of
appropriate length must be determined. The maxirtioma step roughly corresponds

to the time it takes an acoustic wave to pass tiiran element, using the shortest
characteristic length. With denoting this length and denoting the acoustic wave

speed, the time step can be determined as

Dt £% 3.7)

which is called the CFL condition after CourantieBrichs and Lewy. The physical

interpretation of this condition is that the tintefs must be so small in order for the
information not to travel more than one elementrdueach time step. The elements
will be looped through to find the minimum requirkhe step, (Cook et al., 1989). A

scale factor for the time step can be used in otdegnsure the stability and the
default value of this factor in LS-DYNA is 0.9, (Hguist, 2006).

When a model includes elements with a small shiotbaracteristic length, the
required time step will be very small. The wave esp¢hrough a material can be
determined as

c:\/E (3.8)
r

By increasing the density of the material, the timtakes for the acoustic wave to
pass will increase due to the lowered wave spebd. density is increased in the
critical elements and therefore the time step carkdpt quite large without getting
instability, (Cook et al., 1989). When a mass stadelution is used, a shortest
allowed time step is defined and mass will be addetie elements not fulfilling this
time step until they do, (LS-DYNA Keyword User’s Nlzal, Version 971, Volume I,
2007). The added mass should be small comparéx tmass of the simulated part to
not affect the results.

8 CHALMERS, Applied MechanicsMaster’s Thesis 2010:52



3.3 Reduced integration and hourglass modes

When implementing an explicit solution proceduracts as the central-difference

method, the internal forces have to be computecéoh time step. This is the most
expensive part of an explicit method and it is ofteotivated to reduce the quadrature
for evaluating the internal forces, (Cook et aB89). The main disadvantage with
reduced integration is that mesh instability maguscThere exist zero energy modes,
the so called hourglass modes. Some of the podsibiglass modes when using one-

point-integration for an eight-node element cars&en in Figure 5.

-

-

Figure 5. Four of the in total 12 hourglass modesdareight-node element with one
integration point, (Hallquist, 2006).

The formation of these undesired hourglass modasbeaprevented by adding an
extra stiffness or viscous damping to the elem&he work done by the hourglass
prevention is neglected in the energy equation. diergy dissipated from the forces
preventing the hourglass mode formation shouldrballsin order to not affect the

simulation results, (Hallquist, 2006).
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4 Short glass fibre reinforced polymers

The bumper beam is made of short glass fibre regetb polyamide 6, PA6. Both
composite materials and polymers are materialsdiff&r quite a lot from the metals
normally used in these applications. This requikeswledge and extra attention to
the loading that the material is subjected to.his section the mechanical properties
of short fibre reinforced polymers as well as mgpecific properties for polyamide
are described. Values for some properties for Réd of the type used in the beam
and typical E-glass fibres can be found in ApperdiXable A. 7 and Table A. 8.

4.1 Mechanics of short fibre reinforced polymers

In the mechanics of short fibore composites, theeBband the matrix can not be
assumed to be subjected to the same strain, aflyudoae for continuous fibre
composites. In this case, the matrix will normdil more elongated than the fibres.
Due to the difference in elongation a shear stmgdisbuild up in the interface
between the matrix and the fibres. The shear sindésransfer the load from the
matrix to the fibres, (Piggott, 2002). Since thetnmawill transfer the load from one
fibre to another adjacent one, the fibre-matrix gralfibre-fibre interactions are very
important in short fibore composites, (Kelly, Zweb@000). One way to describe the
load transfer, within the classical elasticity theas the single fibre model. A single
fibore embedded in matrix is studied, see Figuréd/Ben a load is applied to the piece
of material, the load will be transferred from thatrix to the fibre in the matrix-fibre
interface, (Kelly, Zweben, 2000).

Figure 6. The single fibre model subjected to thiedd-, (Kelly, Zweben, 2000).

Already in year 1952, Cox developed a theory camogrthe complex interactions
between fibres and matrix in short fiore composigeshear-lag theory. The shear
stress is largest at the ends of the fibre. Thenabtensile stress in the fibre is zero at
the ends, but will build up and reach its maximumthe middle, see Figure 7.
According to Cox’ analysis the shear stress nearfithre ends will quickly rise to
values which can exceed the strength of the mataterial, with shear failure at the
interface as consequence. This would happen pidibte failure due to its critical
stress. Because of this, the Cox theory is mosiydun estimations of the modulus of
elasticity. The theory is still considered to bengle and adequate. The shear lag
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theory has been subject for refinements, but mbgshem have included a lot of
complexity, without a lot of further improvementtime predictions, (Piggott, 2002).

Stress .
Tensile stress
in the fibre
Position
x=0 x=L
Shear stress
in the interface

Figure 7. The distribution of the tensile stresghe fibre and the shear stress in the
interface along the fibre of length L, (Kelly, Zveeh 2000).

The strength of a short fibore composite has instbadn approximated with a
completely different approach. The strength has l@ssumed to depend on yielding
and/or frictional slip at the interface between thatrix and the fibres. Early made
investigations seemed to support this assumptiatnfuither tests with short glass and
carbon fibres did not show the same behaviour, @xpben special silicon coatings
were used on the fibres, (Piggott, 2002).

4.1.1 Fracture criterions for composites and polymers

When material data for fracture are determinedxjpeements, it is normally done in
tensile tests where specimens are loaded in oeetidin. This uniaxial stress state is
normally not present in the real component whemddain use. To predict where
fracture occurs, methods for how fractures in raulal stress states can be
determined from the uniaxial fracture data from esxpents are needed. There are
different approaches to obtain this. First, an emgi model, which is directly
adjusted, can be used. Second, a fracture mechanmadel can be used. In an
empirical model established from tests, the rescéis be geometrically shown in
fracture surfaces, see Figure 8. A stress statepiesented by a point in the stress
state and as long as this point is situated iniddracture surfaces, fracture will not
occur, (Hult, Bjarnehed, 1993).

In the maximum stress approach, fracture is assumedcur when one of the stress
components reach its fracture value, determineth fexperiments. These fracture
surfaces are plane and build a parallelepipediFgpee 8. The stress components are
assumed to be independent from each other, whichmally leads to an
overestimation of the load the material can stakabther approach is to use the
maximum strains, corresponding to the maximum sé®sas the criteria for fracture,
as for brittle materials. These strains are measureexperiments. If the material
behaviour is linear elastic until fracture, thecttae surfaces build a polyhedron,
(Hult, Bjarnehed, 1993).

CHALMERS, Applied MechanicsMaster’s Thesis 2010:52 11



’E12 T12

a; a;
ar ar

Figure 8. A principal fracture surface (left) and @dture surface for the maximum
stress approach (right). Here, the notation for &ias is used where 1
is the fibre direction and 2 is the transverse dildirection. (Hult,
Bjarnehed, 1993).

Normally, an effective stress is calculated in ordetake all stress components in a
multiaxial stress state into consideration. The thmosnmon way to do this is to use
the von Mises stress criterion, which is valid i&otropic ideal plastic materials. The
criterion has been made more general in order teabé for anisotropic materials by
Hill, as follows

-5, +G(s,- s, +H(s, - s, f+aLe, 2 +2Mr 2+ 2Nt 2 =1
(4.1)

F(s

y

The parameterB, G, H, L, MandN are determined from different experiments with
different stress combinations, (Hult, Bjarnehed93)9 Some other fracture criterions
often used for composites are the ones formulateddai-Hill and Tsai-Wu. The
criterion by Tsai-Hill assumes a state of planessirand is based on the tensile
strengths in the fibre direction and the transveibee direction and the shear
strength. The same properties are assumed in teastbcompression. In the criterion
by Tsai-Wu, different fracture data in tension aswmpression for the fibre and
transverse direction are used, (Sundstrém, 1998).

For polymers, a common criterion is the criticabst. This measure should not be
confused with the tensile strain. When the polyimsesubjected to the critical strain,
microcracks, so called crazes, will occur. Theselks are actually zones where the
polymer chains are oriented and stretched, (Klagarhat, 2004). The zones are
normally small and narrow and are oriented perpeidr to the stress, with the
stretched polymer chains in the direction of thesst. A craze nucleates from a point
on a free surface where a stress concentrationesept. If a crack exists, the craze
will grow from the tip of it. Otherwise the crazedl start at the surface or at a void
in the polymer, (McCrum et al., 2007). The stretthmlymer chains restrict the
growth of the craze, i.e. the chains will eventyalteak, (Piggott, 2002). Crazing can
only occur in hydrostatic tension, since then tbkime tends to increase rather than
decrease, (McCrum et al., 2007). The critical stiaialmost independent of time and
temperature and is therefore easy to apply. Foricsgstalline thermoplastic the
critical strain can be in the range from 1.0 to @.5(Klason, Kubat, 2004). The
critical strain criterion can also be used for glabre reinforced polymers. The crazes
will then appear in the interface between the maand the fibre. The first crazes
develop at fibres directed perpendicular to thesstr and can take place for quite
small strains, as 0.1-2 %. The development of craepends on the bonding between
matrix and fibres. Normally, the critical strainalease with increasing fibre fraction,
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(Klason, Kubat, 2004). The fractures in tensilesgerformed on neat polyamide*s6

PAG66, and short glass fibre reinforced PA66 has ls¢edied, (Mohimid et al., 2006).

The neat PA66 showed crazing prior to fracture,itvtie reinforced PA66 the reason
to fracture instead seemed to be fibre-matrix fater rupture and fibre pull out.

The first sign of an upcoming failure in a ductifeaterial is normally yielding. The
shear yield stress can be estimated if the uniayi@ld stress in tension and
compression is known. The yield stress is normalty the same in tension and
compression for polymers. The end of the failurecpss is the separation into two
parts. For polymers, yielding and/or crazing usupfiecede this. Simple compression
is not likely to cause failure, if not the material very brittle. Fracture should be
possible in both shear and tension, but shearuiregtare rather rare. There is a
widely used shear test for composites, named aftenventor N. losipescu. For neat
polymers tested in this shear test, shear failwesdot occur. When thinking of
polymers as being long polymer chains, the respamsshear and tension has the
same end result, see Figure 9. For the shortegingolchains, another approach will
be needed since it is a question of them beingg@uwut rather than straightened and
fractured, (Piggott, 2002).

Tensile deformation

Shear deformation Increasing strain ———

:
: 7

Figure 9. Large tensile (top) and shear (bottom)odeiations of polymers modelled
as chains, (Piggott, 2002).

For short fibre reinforced polymers, the failure dads dependent on both the load
and the material configuration, i.e. the type amel éfficiency of the reinforcements,
(De Monte et al., 2009). Several different fractumechanisms can occur and a
fracture analysis is needed in order to understaedfracture. After being loaded
further than the so called loosening point, apprately a quarter of the ultimate
strength, the composite is assumed to contain rmara}l cracks at the fibre ends. As
a crack develops in the material, the locationilaefs in its way will contribute to the
breaking force in different ways. The mechanisms lba explained by studying a

* The main differences between polyamide 6 and poie 66 are that polyamide 66 is more heat
resistant and absorbs less moisture. Polyamideb@lso be written polyamide 6.6.
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crack in a unidirectional, short fibore composite,which all fibres are assumed to
have the same aspect ratio, see Figure 10. Thesfdme assumed to be debonded at
the ends. Such a debonding may incorporate witlcithek; see fibre 5 in the figure.
The interfacial bonding between the matrix and fthees is good, so fibres located
with a quite large part of the length on each sitiéghe crack will break due to the
load; see fibre 1, 4 and 7. Fibres with a majott pérnts length on one side of the
crack will be pulled out from the opposite sideg $ibre 2, 3, 8 and 9. If only a short
distance of the fibre is situated on the opposde ef the crack, the fibre will just be
passed by the crack; see fibre 6. Based on theshibaking force can be determined
on a microscopic, principal level, (Piggott, 2002).

Figure 10. A crack developing through a unidirectibehort fibre composite where
the fibres are assumed to be debonded at the @pidgjott, 2002).

4.1.2 Influence from fibre length on the mechanical propeties

The mechanical behaviour of the material is, axr®sd above, dependent on that
the applied load is transferred to the fibres. dedl will be transmitted at the ends of
the fibre, just at the interface along the fibreileDo this, the fibre must have at least a
critical length in order to strengthen and stiffdine material in an efficient way,
(Callister, 2003). The critical length is dependentthe diameted, and the ultimate

strength of the fibres’ , as well as the fibre-matrix bond strength, If the shear

yield stress of the matrix is lower than the botrérgyth, the value of the shear yield
stress will be used instead. The critical lengttaisulated as

I=s?d
© 2

C

(4.2)

The critical length for a glass fibre-matrix combina can be in the order of 1 mm. If
the fibre has the critical length and is subjectedoad in the magnitude of the
maximum stress the fibre can take, the stressowiltl up along the fibre and reach its
maximum in the axial centre, see Figure 11. Alé® s$tress distribution in fibres
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longer and shorter than the critical length cansben. These distributions can be
compared to the general stress distribution irbeefshown in Figure 7. If the fibre

length is significantly shorter than the criticahyth the matrix will deform as if there

were almost no stress transfer to the fibres amgl asmall reinforcement, (Callister,

2003). The glass fibres are often milled in the nfacturing, some until they are

shorter than 0.5 mm, which corresponds to a vergllsaspect ratio. The fibres with

extremely low aspect ratio may work more like padiate fillers in the material than

as fibre reinforcements, (Kelly, Zweben, 2000).

Stress Stress Stress
Fibre tensile
| ________ . swength | - | ol
OQ=—L2 > «— |2 =L O0=1Ls2 — - L2 = 0 L
Position Position Position
L=Lc L>Lc L<Llc

Figure 11. The stress distribution in fibres of eliéint length, compared to the critical
length, L, when subjected to a tensile stress equal toibire fensile
strength, (Callister, 2003).

For aligned, continuous fibres the modulus of &agtin the fibre directionk;, and
in the transverse fibre directiol;, can be calculated with the rule of mixture as

E,=V,E, +V_E_ (4.3)

Ef Em

E, V.E +V E (4.4)
whereV; andV, are the volume fractions afland E,, are the modulus of elasticity
of the fibres and the matrix respectively. Both titbees and the matrix material are
assumed to be linear elastic. In case the fibresaardom oriented in a lamella, the in
plane properties can be assumed to be isotropemiddulus of elasticity can then be
calculated as

El +gE2 (4.5)

where Eiand E:> are the modulus of elasticity in the fibre direatiand transverse
fibre direction for a corresponding lamella witreteame fibre fraction, but parallel
fibres. This is valid for continuous fibres, whiclreaa much more efficient
reinforcement than discontinuous, short fibres,l{(Héjarnehed, 1993).
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In order to calculate a modulus of elasticity fandom oriented short fibres, a
modified version of the rule of mixture expresseam be used, as follows

E.,=KEV, +EV, (4.6)

whereK is an efficiency parameter, which mainly dependd/oand theEy/E;, ratio.
Normally, its magnitude lies in the range from @10.6. The modulus increases in
some proportion with the volume fraction of fib(€allister, 2003).

4.2 Influence from manufacturing on fibre orientation

The concentration and the orientation of the fibkds influence the behaviour of a
composite material significantly. The two extremesesaare unidirectional, aligned
fibres and totally randomly oriented fibres, (Catlir, 2003). The orientation and
distribution of short fibres are highly affected thye manufacturing conditions. Both
the tensile strength and the fatigue behaviourdatermined by the fibre orientation
and distribution in different parts of a component.

In in-line compression moulding, bundles of abo@tndim long fibres are inserted
through a fibre feeder extruder into a main extrudé@e fibres are milled to shorter
lengths during this procedure. The granular shapagnper is placed in a side
extruder, where the extruder screw compress antitheegranular polymer until it is
a homogenous melt, (McCrum et al.,, 2007). The ngelransported into the main
extruder where the melt and the fibres are mixethénlast part of the extruder. The
extruder runs continuously. From the extruded cec#d melt, a charge is taken and
is placed in the mould. The counter mould then ddbe mould with a predefined
pressure. Depending on the placement and the sifidpe charge, the material must
flow in different amount to fill the mould. The maulhas no exit holes for
superfluous melt, so the material charge has feob&goned in an exact way.

There is not much research done on compression eyldrts, even though it is an
efficient way to manufacture large series of congras. There are some similarities
between compression moulded parts and injectionidedyparts, since both include a
mould filling process. However, the injection oetheinforced polymer is different in
injection moulding. The material is injected untige pressure and velocity through
one or more injection gates. Even though all theortheon fibre orientation in
injection moulded parts, is not directly applicablecompression moulded parts there
may be some similarities. In conformity with thena@ndom fibre orientation due to
the flow in injection moulded parts, there may beiacreased fibre alignment in
some directions in the compression moulded partgedls The properties of injection
moulded parts are highly dependent on the fibrentaition and the thereby induced
anisotropy. The elastic modulus and the strength raaénly dependent on the
injection parameters, such as temperature, pressnoelld geometry and local
thicknesses, (De Monte et al., 2009).

In mouldings, some directions are more preferabtelhfe fibres. Near the surface of
the mould, the fibres are parallel to the surfécg,in the centre of a thick moulding,
they tend to be oriented normal to the surfacelylnrandom orientation is quite hard
to obtain, (Piggott, 2002). When components, madlestwrt fibre reinforced
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thermoplastics, are injection moulded, normallyheeé-layered structure is formed,
(Bernasconi et al., 2006). The layers are usuallgathskin, shell and core. Near the
wall, in the shell layer, the fibre orientationnwinly affected of the shear stress and
the fibres align with the mould flow direction. the core, where the shear stress
vanishes, the fibres are oriented perpendiculath® direction of the flow. The
observed skin layer is very thin and is locatethatsurface of the component, where
the melt freezes at the walls of the mould. Duethte rapid freezing, the fibre
orientation is random. The thickness of the coredalepends on the total thickness
of the component as well as the moulding conditiosisch as flow speed and
temperature of the melt and the mould, (Bernasebal., 2006).

The influence from thickness on the anisotropic raeatal behaviour of short fibre
reinforced polyamide 6.6 has been studied, (De Blcett al., 2010). Plates with
different thickness were injection moulded and speas were taken in 8 different
directions compared to the mould flow directionlafered structure was observed in
the specimens. The shell layers had fibres orieimtelle direction of the mould flow
due to the shear stress. With a higher velocitythef mould flow, also the fibre
alignment in the shell layers became higher. Incthre, the fibres were either directed
perpendicular to the mould flow direction or moendom. The shell layers had a
more or less constant thickness for different gpeai thicknesses. The thickness of
the specimen therefore mainly influenced the theslsnof the core layer. It was
concluded that if the thickness of the specimen iwaseased, the alignment of the
fibres in the flow direction became less significaince the relative thickness of the
shell layers decreased, the width of the unoriemettlle zone increased. Specimens
of different thickness and with different orientati compared to the mould flow
direction were mechanically tested in this studye Thicker the specimen was, the
less variation of properties with orientation wdxtained. This was the case for both
the modulus of elasticity and the ultimate tensileess. The thickness of the core
layer relative to the whole thickness increasedhfd5 at a thickness of 1 mm to 1/3
at a thickness of 3 mm.

The fibre orientation in complex injection mouldeats can with help from softwares
be predicted with increasing accuracy. It can bedu® make the finite element
analysis more accurate, if local stiffness andngfite can be predicted, (Bernasconi et
al., 2006). Today, most softwares available arecapgble of handling compression
moulding. A software named CADPRESS dealing with tmeuld flow in
compression moulding was found. It is said to tdleslarge viscosity gradients, due
to the temperature changes, into account sincedhewffecting the type of the flow
in the moulding process. The placement of the chergéso taken into account and
the simulation result is the fibre orientation loé ffinal part, (CADPRESS, 2010).

4.3 Influence from strain rate and temperature on the
mechanical properties

The mechanical properties of a polymer are highhsize to strain rate, temperature
and the chemical environment. In general decreastiragn rate has the same impact
on the stress-strain characteristics as increasagdrature, i.e. the material becomes
softer and more ductile, (Callister, 2003). The ation of the modulus of elasticity
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for different temperatures and strain rates carsd®n in a principal illustration in
Figure 12. A higher modulus is obtained for low paratures compared to high and
for high strain rates compared to low. The inflexgmint in the curve correspond the
glass transition temperature of the polymer anchrt be seen that the temperature
sensitivity is largest in the temperature rangeiadait, (Klason, Kubat, 2004).

Modulus of
elasticity

A

-<— Strain rate Temperature —>

Figure 12. The principal behaviour of the moduluset#sticity over an interval of
temperatures and strain rates, (Klason, Kubat, 2004

In the automotive engineering and aerospace ingustrain rates around the
magnitude of 300°5can be present, (SchoBig, et.al., 2008). The teffestrain rate
on unreinforced PA66 and PA66 with different amoahshort glass fibres has been
investigated, (Mohimid et al., 2006). The testedistrates were 1, 5 and 50 mm/min,
which correspond to 0.00011, 0.00056 and 0.005@kis range of strain rates is low
compared to an actual crash situation. The unraatbPA66 showed a less ductile
response upon a higher loading rate. The reasothifois that polymer chains have
less time to rearrange. The modulus of elastiatyndwever not change significantly
in the strain rate range considered. For the dilkss reinforced PA66 the elastic
modulus slightly increases with increased straie,rbut the tensile strain was not
affected. It was concluded that the strain rateehkess significant effect on the glass
fibre reinforced PA66 than on the unreinforced PAB&ohimid et al., 2006).

The effects of strain rate and temperature on theileebehaviour of PA6 reinforced
with a 33 wt% fraction of short glass fibres haweib studied, (Wang et al., 2002).
Due to injection moulding, the specimens for thiglg had a high fibre alignment in
the extrusion direction, in which the mould floweahd a low alignment in the
direction normal to the extrusion. Therefore therwsibn direction was more fibre-
dominated and the direction normal to the extrusiiinection was more matrix-
dominated. Strain rates between 0.00083 and 0:68@ese investigated. The strain
rate and temperature dependence was shown to e lowthe extrusion direction,
than normal to the extrusion direction. This indésathat the strain rate dependence is
smaller when the polyamide is reinforced with gldiéses. The strain rate and
temperature sensitivity was also shown to be langeder the glass transition
temperature of the matrix compared to above, (Wetngl., 2002). It is relevant to
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note that, the glass transition temperature vangh moisture content, see next
subsection.

In another study, (Schof3ig, et.al., 2008), the ctffef high strain rates on the
mechanical behaviour of glass fibre reinforced imgrlastics was investigated. Even
though PA is not among the investigated thermojggssome interesting facts, that
may be relevant for PA as well, are presented hi dtudy tests with strain rates
between 0.07 and 174 svere performed. For both of the reinforced therfastics in
this study, polypropylene, PP, and polybutene-1;1PBe strength increased with a
higher strain rate. However, for both materials texels of dependence on the strain
rate were detected. At strain rates above a cevtaune, the strain rate dependence
was much larger, i.e. the strength of the maténi@eased more with the strain rate.
This behaviour can be explained with the transifrom isothermal to adiabatic test
conditions at a certain strain rate, (Schol3ig et 2008). The isothermal-adiabatic
transition takes place when the strain rate isigb that there is not enough time for
all the heat due to the plastic deformation toraedferred to the environment. The
strain rate level can be different due to differepecimen geometry, (Mulliken,
2006). In the study on PP and PB-1, the transisivain rate was determined to be
about 20 8, (SchoRig et al., 2008)

4.4  Effects of moisture content in polyamide

Polyamide is known to be sensitive to moisture. firfeesture works as a softener in
the material and results in lowered stiffness agmsite strength, (Klason, Kubéat,
2004). With a moisture content of less than 0.2A66°is considered to be dry and
with a moisture content of 7.2 % it is consideredé saturated. The tensile strength
in the dry state is about 50 % higher than in thtirated state, (Mouhmid et al.,
2006). The surface of a short fibre reinforced payman absorb or desorb moisture
immediately when in contact with the environmente Thoisture flow is much slower
for interior parts of the composite. It may takeek® or months in a humid
environment before the inner parts contain enouglistore to be affected. The
moisture uptake is dependent on matrix, loadingjrenment, temperature, exposure
time and aging of the material. Moisture in the nabas several effects, apart from
the reduction of the mechanical properties. The tamsleads to a reduction of the
glass transition temperature, change in dimensamus chemical degradation of the
glass fibres. However, most of the effects from shoe on PA are reversible upon
drying. The reduction of the glass transition terapee is relevant because that
temperature may be used as an operation limit.cbarparison, a 2 wt% moisture
content in polyester leads to a reduction of tlesgkransition temperature with 15-20
°C, (Kelly, Zweben, 2000). The glass transition tenapure of neat and dry PAG is
between 50 and 60 °C. For PA6 of the type usechénbieam, the glass transition
temperature is shifted towards 0 °C when the mmstontent is in equilibrium with
the surrounding environment with 50 % relative hditgiat 23 °C. This can be seen
when studying the change in slope of the curvdsgnre A. 17 in Appendix A.
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5 Experiments and simulations

The performed experiments and corresponding sinomisitiare presented in this
section. As described in the project outline intBec2.2, the tests are performed in
batches and after each batch the upcoming tesggareed based on the outcome of
the previous ones. For each batch, the test seindphe test results are presented.
Then, the results from the material tests are ptedesiong with the material model
for the simulation of the test. At last, the sintida of the test is described and the
correlation between test and simulation is evatliate

5.1 Initial testing

In order to efficiently investigate the influenceon the different parameters of
interest, described in Section 2.1, initial testgshwwell known conditions were
performed. The beams were deformed by a full widttrier and only fastened with
clamps to the two support boxes on the wall, asvaha the test set up in Figure 13.
In this way, both the loading situation and thermtary conditions were well defined.
The motion of the barrier was between 2.75 and 8106%s, which is about a factor
1000 lower than in the low speed crash tests. She¢ests were performed at such a
low rate of displacement, the tests could be camsil quasi static and the material
properties obtained from low strain rate tensidevere valid. The effects of strain
rate dependence could thereby be minimized. This tgere performed on beams
without steel reinforcements and therefore no agtbgsints. No bumper foam was
used in the tests. Many of the uncertain parameters excluded and the behaviour
of the material in the beam could be studied unctEmtrolled and well known
circumstances. The test was performed twice, onca bieam without prior treatment
and once for a beam that was dried for 45 minutd$@ C the day before the test.
The untreated beam was assumed to be conditiongtl, moisture content in
equilibrium with the surroundings and the dried rheavas intended to be
unconditioned, with low moisture content.

Figure 13. The initial test set up seen from abd¥e set up is symmetric.
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Figure 14. Beam 10 in the test-set up for the inigsks seen from above.

Contrast markers were placed on different positmmshe beams before the tests and
the tests were filmed. The markers can then béerhin the films to see how the
beams deform. The beams were originally black, berewpainted light gray before
the testing to make cracks more visible in thedilm

5.1.1 Test results

A pre-test was made on beam number 16, in ordedioate the outcome of the tests.
The first fracture appeared under the first junctimm the middle under the beam

when the barrier displacement is about 26 mm. Tbisesponded to a force of about
21.8 kN. The beam was loaded further, until comdiatare. In the actual test on the

conditioned beam, number 10, the first crack apggbat a displacement of 25 mm

and a force of 22.5 kN at the same position afienpre-test. The loading continued
until the middle crack lead to fracture and onéhef crash boxes broke. The fractured
beam can be seen in Figure 15. In Figure 16, tipdeabforce versus displacement
curve from the test performed on beam 10 can be see

Figure 15. Beam 10 after the test. A crack appeamnettie middle and the beam was
loaded further until fracture in the middle and ttrash box.
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Figure 16. The load versus displacement curve fioenrtitial test on beam 10.

In the test on beam number 29, assumed to be uiicowd, the beam broke
completely, both in the middle and in the left tré®x, at a displacement of 43 mm
and a force of 44 kN. It was impossible to det&aim the test or the film, which
fracture appeared first. The middle fracture casdxn in Figure 17 and the fractured

crash box can be seen in Figure 18.

Figure 17. The middle fracture of beam 29.

22 CHALMERS, Applied MechanicsMaster’s Thesis 2010:52



Figure 18. The fracture in the crash box of beam 29.

5.1.2 Material tests

In order to establish valid material models forlredeam for the simulations of the
performed experiments, material tests were madédiflanus Materialteknink.
Material specimens were taken at different posg&tiohthe tested beams; on the front
side, on the rear side and in the crash boxese®were sawed out from the beam
and then sawed and rasped to dog-bone shaped spsciRinally the specimens were
polished. Typical specimens, before and after kenssts, can be seen in Appendix A,
in Figure A. 8 and Figure A. 9.

The modulus of elasticity of the material specimemse measured in tensile tests
with extensometer at a strain rate of 1 mm/minresponding to about 0.0002.s
The extensometer measured the strain over a distdr%mm. The specimens were
strained about 0.1-0.2% and were then unloadedtladnodulus was calculated
between forces of 100 and 200 N. Next, tensilestestil fracture were performed on
the same specimens but at a strain rate of 5 mmabiut 0.0011°5 Due to the risk
of damaging the extensometer when fracture ocdhes,strain in these tests was
measured between the grips holding the specimen&igure 19 the stress versus
strain curves from the tensile tests until fractimethe specimens from beam 10 are
shown. In Appendix A, the stress versus strain €sifer the specimens from beam 29
can be seen in Figure A. 3, as well as the tegimgpment and the extensometer in
Figure A. 10 and Figure A. 11.
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Figure 19. The tensile tests performed at 5 mm/famspecimens from beam 10. The
strain is measured between the grips, over the tetmgpecimen.

There was, as expected, a large scatter in thel#stfrom the tensile tests. One of
the main issues concerning the evaluation of théemah properties was the large
difference between the modulus of elasticity calted from the measurements with
the extensometer at 1 mm/min and the modulus @kdilfrom the measurements
between the grips at 5 mm/min. A small differereexpected since the extensometer
has a better accuracy. The modulus calculated fhmmmeasurements made with the
extensometer is normally a bit higher than the ob&ined through measurements
between the grips. In these tensile tests therdiifee was about a factor 2, see Table
2. The modulus of elasticity obtained from the egteneter was assumed to be more
accurate. The stress measurements in all tensike wese also assumed to be valid
regardless of the strain measurement. The unceesiimt the strain measurements
between the grips were assumed to be constanttbgeentire test. Based on this
assumption, the shape of the stress-strain curees valid and could be used in order
to establish a material model for the simulatiortse reason for the knee point in the
stress versus strain curves is not known, but ceiilter be due to yielding of the
matrix or fibre-matrix debonding. It will from hemn be called the yield stress. The
weight fraction glass fibre for each specimen wlas determined and turned out to
be lower than expected. All the results from theaemal tests made on beam 10 and
29 can be found in Table A. 1 and Table A. 2 in Agjerd.

The moisture content in the two tested beams didlifiier as much as expected, 1.0
and 0.9 % respectively. This can either be due ¢ofdlst that beam number 29 was
not dried as intended, or that the moisture contexrst not kept constant the two days
between the tests and the material testing, detptdact that it was kept in plastic
bags. Further tests were made at AdManus Mategraken order to investigate how

the material has to be dried to have low moistunetent and how fast the material
will be re-conditioned. The conclusion was that bez@nwas not dried as intended
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and that the moisture content in the beam at ttevias about the same as when the
material properties were tested. Therefore the nahtgata was assumed to be valid
for the simulations of the test.

Table 2. The results from materials tests made eanb10 and 29. The values are
mean values and the standard deviations are giveithinw
parenthesises.

Beam El,ext E5 Etan,S u,5 £5 GF Moisture
[GPa] [GPa] [GPa] [MPa] [%] [Wt%] [Wt%]
10 | 81(17) | 42(06) | 1.7(0.3) | 109(22) | 5.4(0.9) | 32.8(0.8) 1.0
29 | 85(16) | 40(0.7) | 1.9(0.7) | 123(18) | 6.0(0.9) | 31.8 (0.8) 0.9

5.1.3 Material models

Before the tests were performed at Saab AutomoBiEz some preliminary
simulations were made to predict the outcome. Aedmelastic material model,
MAT 1, was used, with the modulus of elasticity fralasigning the beam in the
previous project, see PA GF_01 in Table 3. Alsoilmdar model, MAT 24 in
LS-DYNA, was used based on values from materidstesade in March 2010 on
beam A2. The bilinear model was used to capturehiape of the stress versus strain
curve from the tensile tests. Two sets of paramdtershis model, PA_GF_02 and
03, can be seen in Table 3. A brief description hid tised material models in
LS-DYNA can be found in Appendix C.

After the material tests described in the previsubsection, the initial tests were
simulated with several different materials, allif@lar with isotropic properties. The
modulus of elasticity measured with the extensometes used and the yield stress
was taken as the stress where the slope of thee @iranges in the tensile tests to
fracture, see Figure 19. The ratio between the tang®dulus and the modulus of
elasticity from the tensile tests to fracture wasrid to be rather constant. The mean
value of the ratio was 0.407 and 0.473 for beanarid 29 respectively, see Table A.
1 and Table A. 2 in Appendix A for more details. @&nhe tangent modulus was
never measured with extensometer, its value wasuleaéd from the modulus of
elasticity measured with extensometer and the mii@mined from the tensile tests
without extensometer. This assumption is not gelyekadown and accepted, so to
reveal the influence from the yield stress andtdimgent modulus, three principal sets
of parameters, PA_GF 04 to PA_GF_06 in Table 3, wsedl in the bilinear material
model. The aim was to see if the assumed matena geasonable results and how
much a change in one of the parameters affecteduto®me. The densities for these
materials were approximated based on the prescglzess fibre fraction between 37
and 45 wt%. The applied force versus displacementesufrom simulations of a
beam in the initial test set up made with theseqpal sets of properties were
compared with the corresponding curve from thaahiest on beam 10, see Figure
20. It could be concluded that the material mo@einsed to give a reasonable force
versus displacement curve. The dotted curve showsetfect of a lower tangent
modulus and the correlation can be seen to be whbesefor the other curves. The
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correlation was better when a tangent modulus #fthea modulus of elasticity was
used. Based on this, the assumption that the bataween modulus of elasticity and
the tangent modulus can be used for calculating thmgent modulus seems
reasonable. The influence from a higher yield sttkas the assumed 30 MPa, is not
big. It results in a slightly higher level of apgdi force, the dashed curve. The
difference is not so big and therefore the assumptf a yield stress of 30 MPa will
not lead to big uncertainties even though thersoime variation among the actual
yield stresses.

Based on these results, the material in beam 1@8ngas modelled with the above
described assumptions. The last two materials ineTalsorrespond to the material in
beam 10 and 29 and the stress versus strain ciowvése material model with these
parameters can be seen in Figure 21. The densitgafch of the last two materials
was adjusted so that the weight of the beam cooretspto the one given in Table 1.

Table 3. The material properties used for the satiahs of the initial tests.

Eian Density

Yy
Name TYPe | 1GPa] |[GPa] |[GPa]| [kg/mm]

PA_GF 01| MAT 1| 10 - - 0.0000014

PA_GF 02|MAT 24| 3 | 0.03| 1.4 | 0.0000014

PA_GF_03|MAT 24| 5 | 0.05| 1.5 | 0.0000014

PA_GF 04|MAT 24| 8 |0.03| 4 | 0.0000017

PA_GF_05|MAT 24| 8 | 004 | 4 | 0.0000017

PA_GF 06|MAT 24| 8 |0.03| 2 | 0.0000017

Beam 10 |MAT_24| 8.1 0.03 | 3.3 |0.000001585

Beam 29 |MAT_24| 85 0.03 | 4.0 |0.000001565

No failure criterion was used in the material magdelue to the fact that the fracture
mechanisms of the material were not known. Insteadoading situation in the beam
was studied for the displacement correspondingactdre in the test. The aim is to
find out what could be critical, and therefore vinousing as a fracture criterion.
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Figure 21. The stress versus strain curves for the tbilinear materials
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CHALMERS, Applied MechanicsMaster’s Thesis 2010:52 27



5.1.4 Simulations of the initial tests

The initial test set up was simulated with a barnesdelled in a rigid material,
MAT_20, deforming the beam with a prescribed motioh 0.3 mm/ms. The
prescribed motion is about 100 times larger thanntiotion in the actual test, but is
used in order to reduce the simulation time. Thissdoot influence the simulated
results, which is shown in Appendix E. The contattdeen the barrier and the beam
was modelled as automatic surface to surface. ifnahtomatic contact definition a
master and a slave part are defined and the cosudeices are internally generated in
LS-DYNA. The wall and the support boxes were alsodelled in rigid material.
During the tests, the beams were clamped to thpostgy but in the simulations the
contact between the beam and the supporting box@e modelled as automatic
surface to surface contacts. Most likely, this dat affect the correlation since the
more the barrier was displaced, the more the beaspressed against the supporting
boxes, which could be seen from the contact fonceéhe simulations. It means that
the clamps lost their influence, as soon as therdedtion started. The materials in the
tested beams were modelled as described in thdopeesubsection. Due to the
symmetry, a model of half the beam was used. Thelatrans were performed in
LS-DYNA, version mpp971s.

5.1.5 Correlation between test and simulation for beam 10

Initially, only the first part of the simulation,ei. the behaviour until the first fracture,
was studied. Without a failure criterion, the lafmart of the test, after the first
fracture, has to be treated separately. The firdtyas the most interesting part for
the initial correlation investigations. The forceeded to create the prescribed
displacement, were compared for the tests and ithalaions. The force versus
displacement curve from the test performed on b&@ns plotted together with the
curve from the simulation of the test in Figure B2the simulation, the force was
measured in the contact between the impactor amdbeam. The curves can be seen
to correlate rather well.

An adequate measure of how loaded the materidiarbeam is, was assumed to be
corresponding to a critical strain where crazindikely to occur, as described in
Section 4.1.1. According to theory, crazing in ébeinforced polymers occur in the
interface between matrix and fibre, and initiatdilates oriented perpendicular to the
stress. If the material is assumed to have motessrrandom oriented fibres, crazing
could start in any direction. Therefore, the maximpmmcipal strain was assumed to
be a relevant strain measure. For comparison tléseffective strain was studied as a
measure for crazing. In order for crazing to octhie, material must be subjected to
hydrostatic tension. To be able to see where crazig most likely to occur when
the beam was deformed, contour plots from the Wolg expression was used, from
here on called the modified principal strain,

emod = ﬁ ><‘91 ><_ 1) (51)
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wherep is the pressure and is the maximum principal strain. The first ratiollwi
equal -1 if hydrostatic tension is present and doif. The factor -1 at the end of the
expression was added to get the modified straitip@svhere crazing is likely to
appear.
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Figure 22. The force versus displacement curves franinitial test of beam 10 and
the corresponding simulation.

In the beginning of the simulations, for small dég@ments, the highest principal
stresses and strains were obtained in the middieruthe beam, where the material
was subjected to almost uniaxial tensile stresserAd certain displacement in the
simulations, around 19 mm, the maximum stressestachs were instead located in
the area where the first fracture appeared, i.deuthe beam near the first junction
from the middle, see Figure 15. Fracture is exmgka@ecording to the test data, at the
time step where the barrier has displaced the beaound 24 mm. At this
displacement, the maximum principal stress was NP& and the maximal principal
strain was 1.76 %, both located in the fractur@.afecontour plot of the maximum
principal strain modified according to Equation {5dr this displacement can be seen
in Figure 23. A magnification of the contour plair fthe location where the first
fracture occurred can be seen in Figure 24. Itmaooncluded that the location where
crazing was most likely to occur according to thmutation, coincided with the
location where the first fracture occurred in tlesttand the strain was 1.76 %. If
instead the effective strain was used in the espras the maximum value was
1.62 %, still at the same location. The overallribstion in the contour plot was not
changed radically when the effective strain waslws®l the fracture region was still
the most critical region. The maximum effective s$reaccording to von Mises, at this
displacement was 128.8 MPa and was located omsigei of the corner of the beam.
At the fracture location the effective stress wa$MPa.
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The maximum principal stresses, as well as the tefestress, at the fracture location
were lower than the ultimate tensile stresses oéthiin the material tests. The
ultimate tensile stress might have been a bit lowehe junctions compared to the
walls of the beam, where the material data werkectgd. It can also be due to pores
in the junction, which would lead to that the at&teesses in the material were higher
than the ones in the simulations. The fibre oriemmatioes also most likely differ
between the junctions and the walls.
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Figure 23. The contour plot of the modified prindipstrain, according to
Equation (5.1), in the beam at a barrier displacemehf 24 mm,
corresponding to the first fracture in the test.
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Figure 24. A magnification of the fracture locatiaiorh the contour plot in Figure
23. The arrow indicates the location of the maxinuahe.
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In order to investigate the behaviour of the bedi@r dhe first fracture, simulations
were made on a beam with a created crack. The etemate removed in the area
where the first crack appeared. It was hard tordete from the film exactly how
large the crack was, so several simulations wiffer@int amount of damage were
investigated. The simulation with a crack almosbtigh the entire beam gave the
best correlation between the force versus displacérurves, see Figure 25. The
simulation on the damaged beam was made on a ctenjdam model since it was no
more symmetric.

In Figure 25, one can notice that the differenciioe between the beam without and
with damage is rather small for large displacemadrgslarger than 35 mm. This was
most likely an effect of the load situation, sifdoelarge displacements the beam was
straightened out and most of the load was trarefeto the crash boxes. This
occurred a bit earlier in the simulations thanhae test due to geometrical differences
between the FE-model and the physical beam. Wheriilth from the test and the
simulations were compared, the main characteristidsehaviour of the beam after
the first crack can be seen.
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Figure 25. Force versus displacement from the tédteam 10 and corresponding
curves from the simulations made with a whole addrmaged beam.

The middle section of the beam was not in contatit thie barrier anymore, neither in
the test nor the simulation. The stress distribuitiotihne beam was changed due to the
induced crack. There were stress and strain coratemts at the crack tip, as
expected. Except for the region around the crackthip crash boxes were subjected
to large principal stresses and strains. When gtgdize modified principal strain, the
maximum is obtained at the crack tip. If this areare excluded from the
investigation, other parts subjected to rather Isigains could be determined. Values
around 1.9 % were obtained on the outside of thshcbox and values above 2 %
were obtained in the middle wall in the crash btixseemed quite reasonable,
compared to the actual second fracture, see Fiduré contour plot for the modified
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principal strain in the crash box at a displacen@®7.5 mm can be seen in Figure
26. Note that the scale is trimmed, i.e. it doetsgoofrom minimum to maximum. The
critical strain distribution does not directly eapi the crash box fracture in beam 10,
but probably the middle fracture grows trough timtire beam first and causes a
different loading in the crash box, which then dls@ture.
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Figure 26. The modified principal strain in the chalsox of beam 10 with a crack at a
displacement of 37.5 mm.

5.1.6 Correlation between test and simulation for beam 29

In Figure 27, the applied force is plotted versispldcement from the test on beam
29, together with the corresponding curve from $imaulation with the material
parameters for beam 29, see Table 3.

The force corresponding to a displacement of 43 mas, about 60 kN, which was a
lot higher than the 44 kN obtained in the testdascribed in previous subsection, for
large displacements the load was probably traresfeto the crash boxes when the
beam was straightened out. A contour plot of thelifrem principal strain in the beam
at a displacement of 42 mm, where fracture is ebegecan be seen in Figure 28. The
maximum value of the modified strain was obtainediliwe outside of the crash box,
just under the corner, and was 2.1 %. In the dtheation where fracture occurred, at
the first junction under the beam, the modifiecistwas about 1.9 %.

When instead the effective strain was used in ¥peession for the modified strain, a

maximum value of 2.3 % was obtained in the middédl wf the crash box. Under the

beam, by the junction, the effective strain resuite a value of 1.8 %. The overall

distribution did not change much. The maximum ppatistress and strain was
obtained on the inner side of the corner. The leskthe maximum principal stresses
there were about 120 MPa. Large principal stregs&se also obtained on the outside
of the crash box. At the position in the middle,endhthe beam fractures in the test,
the principal stress was around 100 MPa.
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Figure 27. The force versus displacement curves trartest and the corresponding
simulation for beam 29.
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Figure 28. The modified principal strain distribution beam 29 at a displacement of
42 mm.

Altogether, the correlation of the results from thitial tests and the corresponding
simulations were satisfactory. The correlation fbe tforce versus displacement
curves, turned out to be satisfactory when anapdr bilinear material model was
used. The conclusion was that if the properties wbtained from the actual beam
material, the used material model did not causgelamcertainties. Which fracture
criterion to use in order to predict the fractunea proper way was not clarified.
However, the critical strain was assumed to bentbst reliable measure so far. The
obtained values for the modified principal stracgcording to Equation (5.1), where
the fractures were expected, were in the range dnd61.9 %. The maximum of the
modified principal strain was not always locatedeventhe fracture occurred.

CHALMERS, Applied MechanicsMaster’s Thesis 2010:52 33



5.2 Testing of strain rate dependence

In order to be able to design load bearing compisnenshort glass fibre reinforced
polyamide, the strain rate dependence must berdigted. Equipment for high strain
rate tensile testing in order to obtain materiaperties at high strain rates was not
available within this project. In order to revebhketdynamic effects in the material,
tests on beams were performed. The aim was to Hiotdsa conditions, except the
loading rate, constant in two tests. Beam 26 anav@@ chosen for the tests. Both
were manufactured late in the production seriesvatidthe same process parameters,
which should result in beams with similar propestidhe beams were assumed to
have about the same fraction glass fibre.

The first of the two tests was the same as the padsrmed in the initial testing,
except that a circular impactor was used instedtiebarrier. This change was made
since the circular impactor was supposed to giveteer defined load situation. At the
same time, one more load situation is availableetdafy the simulation of the quasi
static behaviour of the material. The test set uplbmaseen in Figure 29.

In the dynamic version of the test, the beam watefeed to a cart, which was driven
with a velocity of 2.5 m/s into the circular impagtsee Figure 29. The weight of the
cart was 1000 kg. The cart was driven until the eag 500 mm away from the wall.
At a distance of 800 mm from the wall, the velocitsgs measured over a distance of
60 mm. Additionally, the position of the cart wagasured with a laser measurement
equipment and an accelerometer was placed on theBshind the wall, six force
sensors were placed. The weight of the wall wasnaséid to 560 kg and the impactor
has a weight of 68 kg.

Figure 29. The set ups for the tests aiming to retleastrain rate effects. The quasi
static test (left) is as the initial test but wahcircular impactor. In the
impact test (right), the beam is fastened on a ngpwart and the
circular impactor is fastened on the wall.

5.2.1 Testresults

The quasi static test with the circular impactorsvp@rformed on beam 27 and the
test equipment can be seen in Figure 30. The besstufed at the same position as in
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the previous tests, i.e. in the first junction frahee middle under the beam. The
displacement of the impactor was about 25 mm aedctirresponding force about
17.5 kN.

Figure 30. The test set up for the quasi staticuatit the circular impactor.

In Figure 31, beam 26 can be seen placed in thefarathe dynamic impact test. In

the test, the beam broke entirely about 10 ms #feefirst contact between the beam
and the impactor. The velocity of the cart was messto 9.11 km/h, i.e. 2.53 m/s, at
a distance of 800 mm from the wall. The acceleromaasurement turned out to be
less significant for the determination of the véipof the cart, due to vibrations and
other disturbances. The laser measurement equipiitenbt work properly at the test

occasion.

The force measured behind the wall, in which thé dave, was just above 20 kN at

the time for the fracture. The fractured beam casdsn in Figure 32. The responses
from the quasi static and the impact test can Inepemed in Figure 33. Assuming the

same material properties in both tested beamsffangtg effect can be seen in the

beam subjected to the higher deformation rate. Dleisaviour is reasonable and

expected according to literature, see Section 4.3.
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Figure 31. The test set up for the impact test wittular impactor. The cart is here
placed just in front of the impactor, which repnetsethe first contact
between the beam and the impactor on the wall.

Figure 32. Beam 26 after the dynamic test. The miftdieture occurred first and
then the beam was further squeezed and fractureudelea the cart and
the wall.
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Figure 33. The force versus displacement measurethenquasi static and the
dynamic impact test.

5.2.2 Material tests and models

The material in the tested beams was investigatetemsile tests at AdManus
Materialteknik, following the same procedure asrmthe initial tests, described in
Section 5.1.2. The stress versus strain curves tten5 mm/min tensile tests to
fracture can be seen in Figure A. 4 and Figure,An Bppendix A. Large differences
between strain measurements with the extensomettrbatween the grips were
present in these tests, as in the ones for beaamd @9. The material in beam 26 and
27 turned out to be less stiff compared to beanadd 29. The lower modulus of
elasticity was probably caused by the lower glabseffraction in these beams,
namely 23.3 wt% and 21.9 wt% for beam 26 and 2peds/ely. The main results
from the tests made on beam 26 and 27 can be sé@able 4 and all the results can
be seen in Appendix A, Table A. 3 and Table A. 4. $tiess versus strain curves
from the tensile tests performed to fracture casd®n in Figure A. 4 and Figure A. 5.

Table 4. The results from materials tests made eanb26 and 27. The values are
mean values and the standard deviations are giveithinw
parenthesises.

El,ext E5 Etan,5 u,5 GF

Beam | 15pq] [GPa] [GPa] [MPa] (%] [Wi%]

26 | 55(1.1) | 3.7(0.5) | 1.6(0.4) | 97(14) | 5.0(0.9) | 23.3(0.9)

27 | 6.1(1.1) | 42(0.6) | 1.9(0.5) | 103(13) | 4.3(0.4) | 21.9 (0.4)
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From the properties obtained, two sets of parammdterthe bilinear material model
were established. These parameters can be seenlen5Slakso, for these parameters
the ratio between the tangent modulus and the medflelasticity was used together
with the modulus of elasticity obtained from theasgrements with the extensometer.
A slightly higher yield stress could be seen in theves from these tests and a yield
stress of 35 MPa was used for the simulations. Ténesides were set to give the
known mass of the beams.

Table 5. The material properties used in the badnenodel for the simulations of
beam 26 and 27.

Etan Density

Yy
Name Type [GPa] | [GPa] | [GPa] | [kg/mm?]

Beam 26 |MAT_24| 55 |0.035| 2.3 | 0.00000147

Beam 27 |MAT_24| 6.1 |0.035| 2.7 |0.000001455

5.2.3 Simulation and correlation of the quasi static test

The simulation of the quasi static test with thewar impactor was performed as the
previous simulations, but with a circular impactorrigid material instead of the
barrier. The motion of the impactor was prescribedé¢ 0.3 mm/ms and the wall
supports were modelled as rigid. The contact betweerbeam and the impactor, as
well as the contact between the beam and the wal, nodelled as automatic surface
to surface contacts. Only half the test set up maslelled due to symmetry. The
simulation was performed in LS-DYNA, version mpp971

In Figure 34 the applied force versus the displag@ncurves from the test on beam
27 and the corresponding simulation are plotted.irAthe evaluation of the initial
tests, the modified principal strain introducedEguation (5.1) was used. The beam
was studied at a displacement of 24 mm. The comitmirof the modified principal
strain can be seen in Figure 35. The maximum vallubeeomodified principal strain
was obtained in the middle under the beam and wA%02 At the failure location, a
modified strain of 1.9 % was obtained. If the efifee strain was used in Equation
(5.1), values of 2.0 % in the middle under the besmt 1.8 % in the fracture region
were obtained. A highest principal stress of 81.Ravivas obtained in the middle
under the beam. At this displacement, the maximmacgpal stress was 74.0 MPa
under the first junction. The maximum shear stredhia time step was obtained on
the inside of the corner and was 56.2 MPa.
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Figure 34. The force versus displacement for the sgustatic test and the
corresponding simulation for beam 27.

Figure 35. A contour plot of the modified principédasn at a displacement of 24 mm
in the simulation of the quasi static test.

5.2.4 Simulation and correlation of the dynamic test

For the dynamic test the entire test rig was sibtedlan order to capture the fact that
the wall was not completely rigid, i.e. the wall wvad when the cart hit it. Instead of a
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prescribed motion, the cart was given the initialoeity and the mass of the cart.
Behind the model of the wall, which was given thassiof the wall in the test set up,
a beam element was used to connect the wall teed foiece of wall positioned a bit

further back. The axial force in the beam elementdtthen be compared to the force
measured in the six sensors behind the wall. Themahin the beam element was
chosen in order to show critical damping. Only liad test set up was modelled in the
simulations due to symmetry.

In Figure 36, the force measured behind the wallaogted versus the displacement of
the middle of the beam, both for the test and thmulation. The fluctuations in the
curve from the simulation were due to the fact thatbeam started to oscillate as it
hit the impactor. The same tendency can be sedriourve from the test, although
the system is more damped. No damping was includ#éee simulation.

Since the measurements from the accelerometer mabenused, the velocity of the
cart is not completely known throughout the crasbwever, the large mass of the
cart compared to the relatively weak beam madeaswonable to believe that the
velocity of the cart was more or less constant faantact to fracture. The time and
velocity was used to calculate the displacementhefbeam, in order to make the
different tests comparable.

Figure 36. The force measured behind the wall in tymamic test and the
corresponding force from the simulation, as funwsi@f displacement.
The displacement of the beam is zero when the Weatngets in
contact with the impactor. The displacement in tb&t is calculated
from assumed velocity, in order to make the cucessparable.

The loading situation in the beam was studied 1@ftes the first contact, since then
fracture was expected. The distribution of the riiediprincipal strain was similar to
the one obtained in the simulation of the quasticsttest, see Figure 41. The
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maximum value was obtained in the middle underiibam and was 2.3 %. In the
region where the first fracture occurs, the valweswaround 1.9 %. When using the
effective strain, the values instead were 2.1 % &ai8% respectively. The largest
maximum principal stress was located under the baathwas 75.9 MPa. In the
fracture region, it was 66.8 MPa.

When taking into consideration that the materiatha dynamic tested beam turned
out to be less stiff than the material in the qsiic tested one, the stiffening effect
seen in Figure 33 can be assumed to be even ldfgem just comparing the
measured forces prior to the fractures in each, thst stiffening effect can be
estimated to about 20 %. If a higher modulus ofteday is assumed to cause a higher
force, proportional to the ratio of moduluses, sti§fening effect can be estimated to
be around 30 % from comparing two equivalent §igams. Due to the fact that only
one dynamic test was performed, the measurements vether uncertain and
oscillations were present, these figures are irgdntb be a estimation of the
magnitude of the effect, rather than a verifiediltef®r the beam material.

Figure 37. The contour plot of the modified maximprmcipal strain from the
simulations of the dynamic tested beam, numbeat2Be time 10 ms.

5.3 Testing with asymmetric loading

All the tested beams so far were tested with a sgtnmloading and the first fracture
in all quasi static tests were located at the spos#ion in the beams. The quality of
the material in the junctions compared to othetspaf the beam was not known and
the main fracture mechanisms were not determingdadtling an asymmetric load
distribution probably another fracture location lwthke place. Therefore, an
asymmetric test was performed. The test was peribmosi statically, since it was
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then easier to control the test situation and abtaeasurements without much
disturbances, compared to a dynamically perforrast t

5.3.1 Test results

Beam 18 was tested in an asymmetric test set ughwan be seen in Figure 38. The
first fracture in the beam occurred at the junct@nthe rear side, opposite to the
point where the beam was loaded, see Figure 3®datplacement of 22.7 mm and a
force of 19.6 kN. The beam was then just loadedtdubiher before the test was
interrupted.

Figure 38. The test set up where beam 18 is asynualgtrioaded.

Figure 39. The tested beam just after the fractureich occurred on the rear side,
opposite from the loading point. The picture isetakrom the film.
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5.3.2 Material tests and models

After the test the material in beam 18 was testedha material from the previous
tested beams, described in detail in Section 5Th2. main results from the material
tests on beam 18 can be seen in Table 6. In Appéndiomplete results can be seen
in Table A. 5 and stress versus strain curves froen3 mm/min tensile tests to
fracture can be seen in Figure A. 6.

Table 6. The results from materials tests made @b 18. The values are mean
values and the standard deviations are given wigldirenthesises.

El,ext E5 Etan,5 GF

Beam | 15pq] [GPa] [GPa] MPa] (%] [Wi%]

18 | 45(0.8) | 3.2(0.3) | 1.4(0.1) | 80(11) | 5.5(1.3) | 16.8 (1.6)

From the properties obtained, a set of parameterthé bilinear material model was

established for the simulations. The parametersbeaiseen in Table 7. For these
parameters the ratio between the tangent moduldghrenmodulus of elasticity was

used together with the modulus of elasticity oledifrom the measurements with the
extensometer to calculate the tangent modulusyraké previous tested beams.

Table 7. The material used in the simulations efnbd.8.

Eian Density

Yy
Name TYPe |1GPa] | [GPa] | [GPa]| [kg/mm?]

Beam 18 |MAT_24| 4.5 | 0.03 | 1.9 | 0.00000145

5.3.3 Simulation and correlation of the asymmetric test

In the simulation of the asymmetric test, the dacimpactor was displaced 223 mm
to the right from the centre position. Apart fronat, the simulation was performed as
the simulation of the quasi static test describe&ection 5.2.3. Due to the lack of
symmetry, the simulation was performed on a coreddeam model.

The applied force versus displacement curves froen aeymmetric test and the
corresponding simulation can be seen in Figure #& beam was studied at a
displacement of 22.5 mm and the contour plot ofrtfeglified principal strain can be

seen in Figure 41. The largest values were obtandtie front side of the beam, just
under the impactor. The maximum value was 3.4 %. Wbeking on the rear side,

opposite to the impactor, where the fracture itetla the highest values were in the
range from 2.0 to 2.6 %. When using the effectivais in Equation (5.1), the values
instead were in the range up to 2.4 %. The maximuntipal stress was obtained on
the rear side, in the fracture region, and was FK&R2.
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Figure 40. The applied force versus displacementam 18 from the test and the
simulation.

Figure 41. A contour plot of the modified princiggttain in the simulation of the
asymmetric test on beam 18 at a displacement &fi2g.
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5.4 Testing with adhesive steel reinforcements

The bumper beam was originally reinforced with swelthe front and rear side in
order to increase the stiffness of the structusedescribed in Section 1.1. These
reinforcements where fastened to the beam throngidaesive joint. To investigate
how the steel and adhesive joints affect the catitei between tests and simulations,
an experiment including these was performed. A bemk with this test set up was
that it is hard to tell whether possible differendeetween the test results and the
simulations are due to the quality of the adhegug, the properties of the adhesive
or uncertainties due to other parameters. The qiasc behaviour of the beam can
be simulated rather well in the tests performethsan the project. Assuming that the
given properties of the steel are valid, it shoblel possible to determine the
uncertainties due to the properties of the adhesitke quality of the adhesive joints.

Beam 30 was used in the test and the steel regroents were 0.5 and 1 mm for the
front and rear side respectively. The adhesive we=asl over the surface of the beam
by hand in a thin and as even as possible layer dy-worker from Henkel, which is
the company producing the adhesive. No adhesiveapaléed on the outer corners of
the beam since it was considered hard to obtaiadiresive joint of good quality
there. The steel sheets were then fastened with s@ayl clamps, in order to get a
similar pressure over the entire sheets. The adhesas cured in an oven at 160 °C
for about an hour. According to the experience fribia previous project, a rather
long curing time, about an hour, results in bepeperties of the adhesive than if a
shorter during time is used. Beam 30 with the stei@forcements can be seen in the
test set up in Figure 42.

5.4.1 Testresults

The first fracture occurred on the front side, jiestthe left from the impactor at a
displacement of 21.8 mm and an applied force ob 88l, see Figure 43. Prior to the
fracture in the beam material, the adhesive onfittet side of the beam, in the
location where the fracture later occurred, stattedetach. The detachment increased
when the fracture in the beam occurred. The ciraatgactor was further displaced
and at a displacement of 42.7 mm, half of the steilforcement on the rear side
detached instantaneously. The applied force atpbiatt was 13.2 kKN. Note that the
applied force drastically decreased after theahitiacture. The applied force versus
displacement curve can be seen in Figure 44.
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Figure 42. The test set up for beam 30 with the sigthesteel reinforcements.

Figure 43. The fracture in the steel reinforced be#me picture is taken from the film
of the test.
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5.4.2 Material tests and models

After the test, the material in beam 30 was testethe same ways as the material
from the previous tested beams, as described ildetSection 5.1.2. The main

results from the material tests can be seen in Talle Appendix A, more results can
be seen in Table A. 6 as well as the stress vetsais €urves from the 5 mm/min

tensile tests to fracture in Figure A. 7.

Table 8. The results from materials tests made @b 30. The values are mean
values and the standard deviations are given wigl@irenthesises.

El,ext E5 Etan,5 GF

Beam | 15pq] [GPa] [GPa] MPa] (%] [Wi%]

30 | 88(13) | 49(15) | 2.2(0.2) | 125(21) | 5.0(0.8) | 30.5(0.5)

From the properties obtained, a set of parameterthé bilinear material model was
established. The parameters can be seen in Tablee9sarhe assumption regarding
the calculation of the tangent modulus, as forpitexious tested beams, was made.

Table 9. The material used in the simulations efinb&0.

Eian Density

Yy
Name TYPe |1GPa] | [GPa] | [GPa]| [kg/mm?]

Beam 30 |MAT_24| 88 | 0.03 | 4.4 |0.000001565

The actual material properties of neither the steelthe adhesive were tested within
this project. The HyTens 1200 stainless steel natbas a high yield stress and a
relatively high ductility. The steel was modelledtiwa material of model MAT 24,
piecewise linear plasticity, with load curves irdihg some strain rate hardening.

The adhesive Terokal 508% a structural adhesive with a base of epoxynresith
high peel and impact peel resistance. In theselations, the adhesive layer was
modelled with a layer of cohesive elements with thle@hesive material model
MAT _185. The mechanical behaviour of adhesives ignofiescribed through a
stress-deformation relation. A typical relation tbris material model and a further
description can be found in Appendix C.

5.4.3 Simulation and correlation of test

The test with adhesive steel reinforcements waslabedl as the previous quasi static
test with circular impactor. The impactor and thdl\aad supports were modelled in
rigid material. The impactor deformed the beam wihdeformation rate of
0.3 mm/ms. The contacts between the impactor anstéie reinforcement in front of

® Terokal 5089 has replaced Terokal 5087.
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the beam as well as the supporting wall and thenb&are modelled as automatic
surface to surface. The steel sheets were modeNad shell element of
corresponding thicknesses. Between the solid elsmienthe beam and the shell
elements in the steel sheets a layer of solid, stelbeslements were used in order to
model the adhesive. For these elements, an intesittiact was used, in order to avoid
elements with negative volumes when subjected rigel@eformations. The interior
contact prevents further deformation when the elgnme deformed to a certain
fraction of the original thickness. Additional, anoding single surface contact was
used, on a set including the beam, the steel anddhesive, in order to handle the
situation where the steel touches the beam aféecdhesive elements have failed due
to too large stresses.

When the beam was tested with the adhesive staaforeements, several
uncertainties could not be avoided. All the prioccertainties, such as the material
quality, the assumed isotropy of the material dratilinear material model, were of
course still present. Additional, the propertiesh# adhesive were not validated and
the quality of the adhesive joint could not be asduln the simulations of the test,
the uncertainties due to modelling of the adhesieee added. As for the previous
tests, the contact force as a function of displargnwas studied. However in
addition, it was also of great importance to captilne behaviour of the adhesive, in
terms of where and when it detached.

First, a simulation of the test was made whereptioperties of the adhesive defined
in the previous project were used, see simulationn 1Figure 44. The steel
reinforcement in the simulation did only detachthe ends of the on the rear side of
the beam and the first detachment seen in theotesite front side could not be seen
at all in the simulation. Based on this, severalwdations were made with different
parameters for the adhesive in order to see howellebehaviour of the adhesive in
the test could be captured. However, the respoinstee simulations were too stiff
and the force versus displacement curves did noelede well. The adhesive in the
simulations did detach much later than in the &st the detachment did not initiate
in the same region as in the test. Despite varyiveg parameters in the cohesive
model, the accurate behaviour could not be simdlate

The adhesive seemed most loaded on the outer sidbe oear side of the beam, and
therefore detached there before it detached ofrdhe side in all simulations. Due to
this, another approach was chosen. Since the aghesithe front side left from the
impactor detached early in the test, in an areaevtiee loading probably was not that
high, the assumption was made that the adhesiwve tiéght have been of poor
quality. A simulation was made, where the adhesiwgply was removed from that
area. It resulted in a less stiff response of tenib and the force versus displacement
curve did correlate better with the curve from test. The sudden decrease in force
seen in the simulation and at almost the same dgnia the test, was however due to
two different reasons. The decrease in the testmaisly due to the fact that the
beam fractured on the front side and probablypastly due to that the detachment of
the adhesive grew a bit. Still no fracture critariwas used in the material in the
simulation, so the entire decrease in force inctimge from the simulation was due to
further detachment of the adhesive on the frorg sidthe beam. At the point in the
simulation where the beam was supposed to fraettoerding to the test, the material
in the beam was studied. The material in the beamne& highly loaded. The levels
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of the modified maximum principal strain did notlicate any fractures and crazing
was not likely to occur on the front side of theaiveat all at this displacement.

Figure 44. The applied force versus displacementfam 30, tested with adhesive
steel reinforcements. In simulation 1, the adhedias its original
properties and were assumed to be equal spread foort and rear
side. In simulation 2, the adhesive joint was assiito be poor on the
front side to the left and the adhesive was remavéigiat area.

The aim has been to distinguish the source of theeledion problem. It has been
possible to some extent, but it was unfortunatelydhto draw conclusions on the
behaviour of the adhesive from this test and cpoeding simulation.
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6 Updated simulations of previous crash tests

The material properties in the physical beam appegraliffer a lot from what was

expected when designing the beam. It is of intetieshvestigate to what extent the
correlation problems were caused by that. The aith #iis section is not a new,
complete analysis of the crash tests made in tle®iqus project, but rather to
estimate how the correlation problems could beeedwith a more accurate material
model. This is done by performing some updated strars. The influence from

boundary conditions will also be investigated bgluiling a larger part of the car in a
simulation for comparison.

6.1 Crash test simulations with updated material model

A linear elastic material model, with the propestigom designing the beam, was
used in the simulations of the crash tests in ttevipus project. The modulus of
elasticity was 10 GPa in those simulations. Somsiletests, performed on the beam
material prior to this project, indicated a modubfselasticity around 6.7 GPa. To
establish an updated material model with propeniese likely to be valid, the
material model was changed to a bilinear materiadieh The properties were based
on the mean of the properties of beam 26, 27 and’ 28 modulus of elasticity was
6.7 GPa, the yield stress 35 MPa and the tangedulu® 3.0 GPa. The density was
left unchanged, since the mass of the beam waknwotn. No failure criterion was
used in the material model.

According to the test standards for CMVSS215, thests are performed in a series.
Two tests with an offset pendulum are performed acheside of the beam, one in a
high (20”) and one in a low (16”) position. The ldsst is one with a full width
barrier. In all tests the velocity is 8 km/h. Inetgimulations of the two pendulum
tests, the entire beam is modelled in the simulatitue to the lack of symmetry. In
the barrier test, the symmetry is used and onlyodehof half the beam is used, see
Figure 45. In all three simulations, the beam s&edaed with four bolts through each
crash box, which are simulated to be fixed in spadbe ends. The simulations were
performed in LS-DYNA, version Is971s, since it dandle the cohesive elements
used for the adhesive joints.

The force as a function of deformation from the lerests and the simulations for the
three different tests are shown in Figure 46 taufgg48. Also, the results from the
simulations in the previous project are includeddomparison.
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Figure 45. The model used for the barrier test seeANSA. Boundary constraints
are indicated with blue arrows.

Figure 46. The force versus displacement curve fthencrash test with the low
pendulum, fptl6_16, together with the correspondingves from the
old and updated simulations.
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Figure 47. The force versus displacement curve fthencrash test with the high
pendulum, fptl6_20, together with the correspondingves from the
old and updated simulations.

Figure 48. The force versus displacement curve fitoencrash test with the barrier,
fls15, together with the corresponding curves fiibuin old and updated
simulations.

When comparing the updated simulations with the otgs, from the previous

project, the slope of the force versus displacemantes is lower. For the crash tests
with the low pendulum and the barrier, the corietatbetween the new simulations
and the test data is better than between the &stahd the old simulations. For the
high pendulum test, the shapes of the force ved@macement curves do not have
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the same shape as the curve from the test data.nfight be an effect of the bumper
beam foam used. The foam is not vertical symmetnd when the pendulum is
placed in the high position the beam might notdaeled as intended.

6.2 Simulation including a larger part of the car

In the simulations of the crash tests, the beameinwds fastened with modelled bolts
through the crash boxes. The ends of the bolts werdelled as fixed in space, as
described in the previous subsection. In orderew® lsow these simplified boundary
conditions, affected the results, the barrier ves$ simulated once more including a
larger part of the car, see Figure 49. The endhetide beams were simulated to be
fixed in space, indicated with arrows in the figusen for this simulation, the new
bilinear material model was used. In the simulatiom barrier hit the car, instead of
the opposite. The mass of the barrier was 1382 kg;hwshould correspond to about
85 % of the mass of the car and its initial velpeias 2.222 mm/ms, i.e. 8 km/h. The
simulation was performed in LS-DYNA, version Is97d&h a model where no
symmetry was used. The simulations were terminatedn 70 ms of the crash
situation had been simulated.

Figure 49. The simulation model including a largeripof the car seen in Ansa. The
ends of the side beams were fixed in space andrtbe/s indicate the
boundary constraints.
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Figure 50. The force versus displacement of theibaourves from the simulations of
the barrier test with the simplified boundary cammhs and with a
larger part of the car included, respectively.

The stress distributions in the beams in the twaukitions were similar, but with
slightly higher stress levels in beam in the sirata with simplified boundary
conditions. In Figure 50, the contact force betwdenbarrier and the bumper beam
foam is plotted versus displacement of the barfiem the simulation with the
simplified boundary conditions and a larger partted car, respectively. The contact
force from the simulation with the simplified bowargl conditions was larger than the
force obtained when a larger part of the car wakided. The maximum difference
throughout the displacement was 4.33 kN, which vediser small compared to the
obtained stress levels. When studying the corpelaproblems from the previous
project, the response from the simulations wasdtifbt Even though most of this
stiffness can be assumed to be caused by the aigiesperties, some part of it was
probably caused by the simplified boundary condgioSince the difference due to
the different boundary conditions in the simulasiovas rather small in comparison to
the force levels, the simplification of the fastancan be justified in order to decrease
the computational effort. One should be aware o 8iiffening effect when
comparing simulations with the simplified boundamynditions and the actual test
results performed on a complete car. The influerfcecluding the complete car in
the simulations has not been investigated.
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7 Material specific investigation

In order be able to predict the behaviour of congpds made of short fibre reinforced
polyamide 6, it is essential to know how the malefehaves under certain
conditions. Further investigation on material pmbigs and quality has been included
in the project, since reliable results could notobgained from only the rather small
number of physical experiments performed on beadditional tests on specimens
out of beam material were performed. In this secttbe influence from moisture is
presented, followed by the influence from straiterand temperature. Finally, the
material quality in the beams is described.

7.1 Influence from moisture on the modulus of elasticit

It is known that moisture works as a softener ityg@mide, see Section 4.4. It is
however unknown how large impact the moisture aunteas on the mechanical
properties of the material. The absorption and getgor of moisture are rather slow
processes. Even though the beams were not ealy, dee Section 5.1, the moisture
can still be the reason to part of the correlagwoblem in the previous project.
Relative long time went by between the materialtings where the material
parameters for designing the beams were determametithe actual crash tests. There
is reason to believe that the moisture contentha rmaterial varied between these
different occasions.

Tensile tests were made in order to determine h@awmbdulus of elasticity varies
with moisture content. Four specimens from a ctashfrom beam 27 were used for
the tests. The modulus of elasticity for each of $pecimens was measured in a
tensile test with an extensometer at a strain citd mm/min for four different
moisture contents. The two lowest moisture contlmteach specimen were obtained
by drying the specimens at 150 C for 3 and 9 haespectively. The highest
moisture content was obtained by placing the spewcsmn water for 12 hours. The
intermediate moisture content, just above 1%, whs moisture content
corresponding to equilibrium with the surroundirig@m temperature. The modulus
was calculated between forces of 100 and 200 Ng¢lwhorrespond to low strains.
The specimens were not pulled further to fractuk @uld therefore be tested again.
The main advantage of testing the same specimeregsasdimes is that the fibre
content and fibre orientation are kept constantdifferent moisture contents. One
disadvantage is the risk of damage in the specindengsg the tensile tests, which
could affect the performance in the upcoming te&tsother drawback is that the
tensile strength and strain at fracture will notde¢ermined, even though they are of
interest. However, the impact on the modulus ofteldy may indicate the magnitude
of relevance of the moisture content and the ndddrther investigation including
tensile strength and strain at fracture. The modwiu®lasticity versus moisture
content can be seen in Figure 51. As expected thulus decreases with increasing
moisture content. An increase in moisture contemifaround 0.05 % to just above
2.15 % leads to a decrease in modulus of elasti€ibetween 0.7 and 1.2 GPa.
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Figure 51. The modulus of elasticity as a functidnthee moisture content in the
specimens. Each of the series corresponds to arepaci

7.2 Influence from strain rate and temperature on the
modulus of elasticity

According to some literature, (Mouhmid et al., 2)G6e strain rate dependence for
short glass fibre reinforced PA66 at low strairesas small. This was also the case in
the tests made in the previous project, where timeper beam was developed. Tests
were then performed at two strain rates, 5 and d@@min, but both were low
compared to the actual crash test situation. Howemethe performed tests in this
project, a stiffening effect can be seen, see &e&i2. In order to try to determine the
strain rate dependence of the material, addititeradile tests at different strain rates
were performed at AdManus Materialteknik. Also, diém tests for different
temperatures were performed.

The modulus of elasticity was measured with an esdaereter for four different

specimens from a crash box from beam 27. The moduls measured between
forces of 100 and 200 N, which corresponds to lowairss, in each tensile test. Only
the modulus of elasticity was determined, so thexspens were not tested to fracture
and could be tested several times. This was desirex® it assures that the fibre
content and fibre orientation were the same fothaldifferent strain rates, as for the
tests with different moisture contents describeth@previous subsection. It would be
desirable to determine the tensile strength arainsat fracture as well, but as for the
moisture content, the modulus of elasticity is assd to indicate the magnitude of the
impact from strain rate and temperature. First, dpecimens were tested in tensile
tests with six different deformation velocities,nmely 100, 10, 1, 0.1, 0.01 and
0.001 mm/min which correspond to strain rates ffbf21 to 0.00000021's Second,

the same specimens were tested tempered to fderedif temperatures, namely -5,
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10, 23 and 45 C, at a deformation rate of 1 mm/niihe strain was measured
between the grips, due to the difficulties fastgnihe extensometer when trying to
isolate the specimens to prevent a temperaturegeh&@onstant moisture content can
not be assured with the available equipment, beitékts are performed in a series so
there is reason to believe that the moisture comsenore or less constant.

The strain measurements from the tensile tests dorlee two highest strain rates
seem to be uncertain, see Figure 52. In order tairola reasonable modulus of
elasticity, the slope of a linear least squarerdime in a stress versus strain plot from
the test was used.

Figure 52. A stress versus strain curve for the Sgtcimen tested at a strain rate of
100 mm/min with a solid line indicating the tremmdrh the test. The
stress is in GPa for direct calculation of the madgubf elasticity.

The measurements from the four lowest rates weterlsatd the modulus of elasticity
could be calculated as intended between forces06f dand 200 N without large
uncertainties. For the four lowest rates, the maslubf elasticity increases with
increased strain rate, as expected, see SectiomHde3increase in modulus is linear
when the modulus is plotted versus the logarithrthefstrain rate, see Figure 53. For
strain rates above 1 mm/min, the modulus does e®ngo further increase with the
strain rate. It seems reasonable, that there mea goint in the curve, above which the
modulus does not increase as much with increasaih sate as below. The thin line
in Figure 53, is an extrapolation of the linearrease seen for lower strain rates. The
extrapolation is done up to strain rates correspondo the ones present in the
dynamic testing of the bumper beam, around*2Ifsthis trend would be valid, the
modulus of elasticity would be so high that therbegould respond extremely stiff at
high strain rates, which has not been observetienperformed tests. However, one
should be aware of the uncertainties in the stna@asurements at the higher strain
rate tensile tests performed here. There may stidit @ small hardening effect for
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strain rates above 1 mm/min, even though the maedsd@ms to not increase further
in these tests.

Figure 53. The modulus of elasticity versus the fitlgan of strain rate. The mean
value of the modulus of the four specimens is asehch strain rate.
The thin line indicates the linear relation fourmt fower strain rates
extrapolated to higher strain rates.

The results from the tensile tests with temperedispgEns can be seen in Figure 54.
Note that the rather low values of the moduluslastecity are due to the fact that the
strain was measured over the entire specimen,aithsié with an extensometer. The
tests at different temperatures are however stithgarable and should indicate the
temperature dependence. As expected, the moduluslasticity decreases with
increased temperature. The results from the testerpeed at specimens with a
temperature of 10 C are not following the expedtedd. The specimens were tested
once again at this temperature, but similar resudtse obtained once more.

It is known that the strain rate dependence oflgnper is different below and above
its glass temperature, see Section 4.3. The glagsetature of PA6 is between 50 and
60 C, but may be lowered due to the moisture gantdccording to the coupling
between temperature and strain rate, if the kné® popresent when the modulus of
elasticity is plotted versus temperature, that mighicate that there exists a knee
point on the modulus versus strain rate curve ds we

58 CHALMERS, Applied MechanicsMaster’s Thesis 2010:52



Figure 54. The modulus of elasticity as a functidntemperature. Each series
corresponds to a specimen. The relative low modoifledasticity is due
to the fact that the strain was measured betweergtlps, not with an
extensometer, but the trend should be represestativ

7.3 Material quality

The fibre orientation in the bumper beam is of ies¢rsince it was not clear whether
the compression moulding induced a layered stractlihe fibre orientation was
investigated at AdManus Materialteknik and was, eapected, not completely
random. Some fibre orientation could be seen irdifferent parts of the beam. Since
it is not known how the melt filled the form, it it possible to draw any further
conclusions on the relation between the fibre d¢aton and mould filling. In Figure
A. 15, the fibre orientation in the surface of digfted piece from the front side of a
bumper beam can be seen. The fibre orientation sé®re more or less random.
This does not necessary indicate a random orient#timughout the thickness of the
wall. A random orientated skin layer is also prégeninjection moulded part due to
the rapid cooling when the melt reaches the madd,Section 4.2.

The fibre length distribution is of importance inder to know how efficient the
reinforcement can be, see Section 4.1.2. The féargth distribution in the beams has
been unknown, since the manufacturing includedimgilthe fibres. The original
length of the fibres was 12 mm. The fibre lengthtribation in some parts of the
beams has been investigated at AdManus Materialkekibres with lengths very
close to zero were neglected, since they were mamyy and do hardly contribute to
the reinforcement. The fibre length distributionghe front side, the rear side and the
crash boxes can be seen in Figure A. 12 to Figurg&dAin Appendix A. The main
fraction of the fibres was less than 1 mm and amlfew fibres were longer than
1 mm. The distribution was similar in the front sidear side and the crash boxes.
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These results were expected and the distributionsivagar to a typical fibre length
distribution in short fibre reinforced injection mded parts, (Hull, Clyne, 1996).

One of the major issues concerning the materigbgntees in this project is the knee
point in the stress-stain curves obtained in tmsike tests until fracture. It is not
clarified whether yielding occurs or not. The yiatless for neat PA6, of the kind
used in the beams, is normally 90 MPa in the dayestFor the conditioned polymer,
it is instead 45 MPa. The stress levels where tlee&roccur in the tensile tests are
low compared to these values. When the polymerixnatra short fibore composite
reaches its yield stress, the load can not beferaed to the fibres in an efficient way.
After yielding, the polymer undergoes large defaiores. Since the composite
material was quite stiff also after the knee poihg following deformation was not
very large. Another possible reason to the kneatpsithat the fibre-matrix bonding
is not strong enough, i.e. it can correspond toiatpvhere some fibres debond from
the matrix.

Defects, such as pores and unwetted fibres, afsztathe final properties of the
material. The quality has been investigated at AdMaklaterialteknik. Pores were
present in the material, see Figure A. 16 in Apperd In the thicker walls of the
beam, more pores were present compared to theethimmes. One can note the
difference when comparing cross sections from dfie parts of the beam. The crash
boxes have the thickest walls and they contain mosgs. The front side wall is of
intermediate thickness and the rear side has thadst wall. The difference in pore
content is expected, since larger dimensions, &ed thereby larger volume of
material, gives more shrinkage when the material down after the manufacturing.
When the surface regions solidify faster than tiveer parts, pores may form in the
interior region, see the bottom three picturesigufe A. 16 in Appendix A.
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8 Results

The quasi static behaviour of the beams, withow s&nforcements, adhesive joints
and bumper beam foam and with well defined loading boundary conditions, could
be simulated satisfactory by assuming isotropicemet A bilinear material model
was used in order to capture the material behaviouhe tensile tests made on
specimens from the tested beams.

No failure criterion was used in the material modeice the fracture mechanisms of
the material were not known in detail. Instead, thaterial at the location where
fracture was expected from the test was studiedritical strain was used, based on
the maximum principal strain and tension in the ariat, see Section 4.1.1 and
Equation (5.1), and turned out to give a reasonfthlgure prediction. The critical
strain at fracture was a little less than 2 % feain 10, 29, 27 and 26. For beam 18,
the critical strain was 2.6 %, but that seems meaisie due to the fact that the glass
fibre fraction was lower in that beam.

When performing two tests where the aim was to lakparameters but the strain
rate constant, a stiffening effect could be seeth@impact test. This indicated that
the material is strain rate dependent. The stifigeiffiect is estimated from comparing
the force versus displacement curves from the gstasic and the impact test, see
Figure 33. The actual effect can be assumed to be kigger, since the material in
the beam in the impact test turned out to havenedaonodulus of elasticity than the
beam in the quasi static test.

In order to determine the strain rate dependendbeobeam material, tensile tests at
different strain rates were performed. Since naprgant for high strain rate testing
was available, only strain rates low compared ®dhes in the actual dynamic tests
were used. A strain rate hardening could be seem.niddulus of elasticity increased
linearly with the logarithm of the strain rate fatrain rates below 0.0002%.sA knee
point is present in the curve and the modulus a$tadity is more or less constant
above that point. In addition tensile test at fadifferent temperatures where
performed and as expected the modulus of elastictyeased with decreasing
temperature. The results from tests performed at’GOwere unfortunately not
following the trend of the other results. The reasothis could not be clarified within
this project.

The simulations of the test performed on a beam adtesive steel reinforcements,
did not correlate well to the actual test. The duatif the adhesive joint and the

properties of the adhesive could not be assured fil@teletachment of the adhesive
did not occur in the same region in the simulatowl the test. The adhesive on the
front side of the beam detaches near the circolgactor quite early in the tests. The
quality of the adhesive joint may be poor theresidulation where the adhesive was
removed in that area gave better correlation betwbe force versus displacement
curves from test and simulations.

The updated simulations of the crash tests in tle®igus project with the lower

pendulum and the barrier with a bilinear materiaddel, gave better correlation
between the force versus displacement curves flamest data and the simulations.
The more accurate material properties used in tidated simulations, improved the
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correlation much. The forces versus displacementesufrom the simulations of the
high pendulum test do not correlate with the tegadThe curves do not have the
same shape. However, the curve from the updatedlation is located nearer the
actual test data.

When a larger part of the car was modelled in timukations, instead of just
modelling the ends of the bolts through the craskeb as fixed in space, the result
was a less stiff response. The larger part of théscabetter model of the actual crash
test, where a complete car was tested. The respornke simulations of crash tests,
where the simplified boundary conditions are useah therefore be assumed to be a
bit too stiff.

The glass fibre fraction of the beams turned oub@éomuch lower than prescribed.

Instead of 37 or 45 wt% glass fibre the beams destethis project had glass fibre

contents in the range from 16.8 to 32.8 wt%. Tentabkts performed on specimens
with different moisture content showed that the mod of elasticity decreased with

increasing moisture content. A increase in moistumetent from just above zero to

around 2 wt% lead to an decrease of the modulusetieen 0.7 and 1.2 GPa, see
Figure 51.

The fibre orientation was not completely random.sAime locations some directions
had an increased fibre orientation; these couldeatlated to the mould filling since
it is unknown how the melt fills the mould. A sonteat layered structure could be
seen and a random surface skin could be seen drotiteside of a beam. The fibre
length distribution turned out to be similar in tinent side, the rear side and the crash
boxes. A large fraction of the glass fibres in bleams are less than 1 mm and many
have a length very close to zero.
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9 Conclusions

The main part of the differences obtained betweercthsh tests and the simulations
in the previous project was due to invalid matepiperties. The material used when
designing the beam and in the simulations was mstiffer than the actual material in
the produced and tested beams. After further imyesstn of the material quality, it
turned out that the actual glass fibre fractionthe beams was much lower than
expected. When studying the glass fibre fractiod tre stiffness of the material, it
can be concluded that a larger fraction do not ywarrespond to a higher modulus
of elasticity. There is reason to believe that tkesion between the matrix and the
fibres not always is of good quality. Pores anceottefects were also present in the
beams. It is of big importance for the correlatlmgtween the tests and simulations
that the material quality is trustworthy, which wast the case for the bumper beam
prototypes.

When using a bilinear material model, with propestvalid for the specific beam, the
assumption of isotropic material behaviour givessimulation which shows a
satisfactory correlation with the test. Even thodlga material is not isotropic, the
orientation effects in the beams seemed to be semdugh to be neglected.
According to literature, see Section 4.2, the fibrientation effects, due to injection
moulding, are small for thick components and lowedtion velocities. The

thicknesses of the bumper beam are large compardtiet usual dimensions of
injection moulded parts. Also, the velocity of theelt as it fills the mould is low

compared to the injection velocities used for itit moulding.

The short fibre reinforced PAG6 in the bumper beaasdome strain rate dependence.
This gives a stiffening effect when loading the bedymamically. This effect is
estimated to be between 20 to 30 % from the fosreus displacement curves from
tests performed on bumper beams. Tensile tests radugastrain rates show a
hardening effect when the strain rate is increamdlow strain rates. The increase
seems to decline at a strain rate around 0.00021Dse to uncertainties in the
measurements, only limited conclusions can be drabout the magnitude of the
strain rate dependence above that level. The derlirstrain rate sensitivity seems
reasonable when studying the principal illustrattdmodulus as a function of strain
rate, see Figure 12 (note that strain increasdbhedeft). Since the glass transition
temperature varies with moisture content, it was kmmwn whether the material in
the specimens was above or under the glass tams@imperature at the test occasion.
The strain rate dependence is larger under the gkasstion temperature than above,
see Section 4.3. It is not likely that there exiatdransition from isothermal to
adiabatic behaviour in this material under theistrate corresponding to low speed
crashes, see Section 4.3.

The stiffness of the material also increases witteled temperature, as expected. In
the principal illustration of the variation of tleodulus of elasticity with temperature
in Figure 12, it can be seen in the range arouadjthss transition temperature is the
temperature range where the temperature sensitsviygest. In Figure A. 17, curves
for the neat PAG6 of the type used in the beamsfared. The range with a large
sensitivity can be seen to shift towards lower terajures for the conditioned state
compared to the dry. It could not be determinedctyxahow the glass transition
temperature varies with the moisture content bsegms reasonable that the tested
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temperature range is located under the glass timmdiemperature. The resulting
curves should then correspond to the first convaax @f the principal illustration, see
Figure 12. In some of the studied literature, (Wangl., 2002), (Mouhmid et al.,
2006), the modulus of elasticity seemed to contibmeincrease with decreased
temperature and no decline in the sensitivity cdagdseem. No temperatures under
20 C were tested and the resulting curves do rikedly correspond to the concave
second part of the principal illustration. It idenéant to note that the moisture in the
bumper beam may lower the glass transition tempexaf hat may result in that the
beam will be used in the temperature range arobadiransition temperature. The
behaviour of the beam can then be affected togetaxtent.

The moisture content does not only change the gtassition temperature but the
stiffness of the material. It is of importance mwestigate under which circumstances
the material is supposed to be used before thalgutmameters of the material can be
determined. One also has to note that the polyamidey when newly manufactured.

One of the major concerns in order to predict thkufe of the bumper beams is a
valid failure criterion. A quite simple, and podgilalso adequate, measure used here
is the critical strain, at which crazing may occtihe critical strain is found to be
somewhat dependent on the glass fibre contentdomaily in the range from a little
less than 2 up to 2.6 %. The maximum principal stvaas used for the evaluation,
but if the effective strain was used instead, thmes trend was present but with
somewhat lower values. If the maximum principa¢sses from the fracture locations
are compared to the tensile strengths from theléetests to fracture, the obtained
stress levels in the beams are much lower, exggpgbdam 18. The tensile tests are
performed at specimens from the walls and mostudras occur in junctions, where
the material properties may be different. One nbestaware that crazing must not
occur prior to the fracture in short fibre compesitand that other fracture
mechanisms may be critical.
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10 Discussion and recommendations

The main reasons for the correlation problems inghevious project have been
investigated and conclusions of their importance lba drawn, but there are some
drawbacks concerning the testing within this projednly a few beams were

available for testing, leading to a very limitednmher of tests. More tests with

corresponding simulations, especially dynamic omesyld have been preferable to
obtain reliable results. Additional measurementsewaade to verify the stiffness of

the test rig used for the quasi static experiméertg. uncertainties due to the fact that
the rig is not completely stiff are very small ipngparison to other uncertainties
within the project and can therefore be neglectesl Appendix E. The tracking of

points in the films from the tests did unfortungtabt give any useful information.

The reason is however not known, see Appendix E.

There are unfortunately some sources of error camggthe material testing. Only 6

or 8 specimens were taken from each beam for tisleetests and a large variation
was obtained. The material quality may vary a fotrf specimen to specimen. The
large variation was handled by using a mean vatuestablish properties for the

material model. A safety factor or a value whiclage fraction of the test results
exceeds should instead have been used, if the amdvhave been to design a new
component or determine if a structure will standcextain load situation. The

specimens were sawed out from the beam so it wagssible to make them all equal
and of such good quality as one could wish. Spetsmemuld only be taken in the

front and rear side of the beam and in the crasie$and not in the locations where
fracture several times did occur, like the juncsiobetween the walls and the
supporting walls. An investigation on the fractumechanisms of the material is also
necessary to establish a reliable fracture criterio

The influence of the moisture content on the glagssition temperature must be
further investigated as well as the material probpgiat different temperatures. This is
of great importance since it is crucial to prediee properties in application, at the
level of moisture content and temperature pregdsat, the behaviour of the material
at high strain rates should be further tested widjin strain rate tensile test equipment.

Further investigation of the fibre orientation ab&d due to the compression
moulding is of great importance, both in order tify the assumption of isotropic
material behaviour as well as to learn more abawt khe material fractures with
respect to the fibre orientation. Simulation sofegafor compression moulding would
be a great aid and would make it possible to retime simulations with local

properties according to the fibre distribution.

The main reason to the unsatisfactory correlatiotwden experiments and
simulations for the bumper beam has been that titerral did not have the expected
properties. This was mainly due to the manufactuoinigpe beams. For future work in
similar projects, it is strongly recommended touassthe material properties and
quality in the prototypes. Further investigation dhe influence from the
manufacturing process on the material propertiessecommended in order to make
sure that the properties of the components canrédigbed. It is also important to
assure that the manufacturing process gives thee sasult time after time. In
compression moulding, it includes a precise pomigmnd placement of the charge.
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For the bumper beam concept, short glass fibrédaieed PA6 might not be the right

choice before the above mentioned tasks has béesdsdhe adhesive joints should

be reconsidered since it caused further complinatidhere are other possible ways
to reinforce polymers, such as steel wires moutdgdther with the component.
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Appendix A — Material data

In this appendix, more information relevant for thaterial in the beams is presented.
In Table A. 1 to Table A. 6 more detailed data fribra tensile and glass fibre fraction
tests for each beam, performed at AdManus Matekialk, are found. Specific data
for each tested specimen together with mean vdMgsnd standard deviation (SD)
are given. Based on the results, a plot with theuhes of elasticity versus glass fibre
fraction is established, see Figure A. 1. Also,lat pf the relation between the
modulus of elasticity based on strain measured exstensometer and between the
grips, respectively, can be seen in Figure A. 2Figure A. 3 to Figure A. 7 the
curves from the tensile tests at 5 mm/min to frecttan be found. The specimens
from beam 27 can be seen before and after thent€ggure A. 8 and Figure A. 9. The
tensile test equipment at AdManus Materialteknii ba seen in Figure A. 10 and the
specimen attachment and the extensometer in Figurdl. The fibre length
distributions in different parts of the beams arespnted in Figure A. 12 to Figure A.
14. The fibre orientation on the front side of arhezan be seen in Figure A. 15. In
Figure A. 16, the pores in cross sections at diffedocations of the beam can be
found. The behaviour of the modulus of elasticityaaiinction temperature for the
neat polyamide of the type used in the beams caede in Figure A. 17.

Table A. 1. Material test data for beam 10, test$gumed 38" April 2010. Specimen
1 and 2 were taken from the front side of the beamand 4 from the
rear side and 5 and 6 from the crash boxes.

# El,ext ES ES/El,ext Etan,S Etan,S/ES u,5 f5 GF
[GPal] [GPa] [GPa] [GPa] [GPa] [GPa] [%] [Wt%6]
1 | 11.019 4.92 0.447 1.82 0.370 | 150.059 | 6.556 32
2 9.378 4.81 0.513 2.06 0428 | 106.316 | 4.817 33
3 7.239 4.15 0.573 1.83 0441 | 113.432 | 5.196 33
4 | 7.296 4.24 0.581 1.71 0403 | 103.176 | 4.674 33
5 6.797 3.97 0.584 1.69 0.426 90.461 4.631 32
6 6.877 3.14 0.457 1.17 0.373 92.621 6.319 34
M | 8101 4.205 0.526 1.713 0.407 | 109.344 | 5.366 32.8
SD | 1717 0.644 0.063 0.297 0.030 21.716 0.857 0.8
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Table A. 2. Material test data for beam 2, testdqrened 30th April 2010. Specimen
1 and 2 were taken from the front side of the be&mnd 4 from the

rear side and 5 and 6 from the crash boxes.

4 Elext Es Es/E1 ext Eans Etan s/Es us t5 GF
[GPa] [GPa] [GPa] [GPa] [GPa] [GPa] [%] [Wt%)]
1 8.436 3.52 0.417 1.19 0.338 114.743 6.697 32
2 9.460 3.97 0.420 2.00 0.504 126.594 5.942 31
3 6.048 3.03 0.501 1.32 0.436 105.149 7.461 32
4 7.159 3.71 0.518 1.54 0.415 103.229 5.079 32
5 9.333 4.48 0.480 2.71 0.605 148.91 5.681 32
6 10.484 5.07 0.484 2.75 0.542 137.312 5.290 32
M 8.487 3.963 0.470 1.918 0.473 122.656 6.025 31.8
SD 1.635 0.724 0.042 0.687 0.096 18.254 0.903 0.6
Table A. 3. Material test data for beam 26, testsfgpmed 14th June 2010.
Specimens 1-4 were taken from the crash boxesgd % drom the rear
side and 7 and 8 from the front side.
4 Elext Es Es/E1 ext Eans Etan,s/Es us t5 GF
[GPa] [GPa] [GPa] [GPa] [GPa] [GPa] [%] [Wt%)]
1 7.040 4.35 0.591 1.87 0.430 116.427 5.142 24
2 6.379 4.17 0.642 1.93 0.463 107.659 4.829 24
3 5.682 3.59 0.618 1.77 0.493 105.088 5.280 23
4 6.049 4.22 0.662 1.88 0.445 103.147 4.135 24
5 3.753 2.99 0.839 0.93 0.311 78.916 6.676 23
6 4.161 3.11 0.753 1.23 0.395 75.969 5.803 24
7 5.421 3.86 0.679 1.67 0.433 101.869 4.188 22
8 5.117 3.48 0.641 1.43 0.411 87.854 4.193 22
M 5.450 3.721 0.678 1.589 0.423 97.116 5.031 23.3
SD 1.099 0.514 0.081 0.360 0.054 14.495 0.897 0.9
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Table A. 4. Material test data for beam 27, testsqpmed 14" June 2010. Specimens
1-4 were taken from the crash boxes, 5 and 6 flwrear side and 7

and 8 on the front side.

4 Ex ox Es Eo/Eq o Ens Eqans/Es us 5 GF

[GPal] [GPa] [GPa] [GPa] [GPa] [GPa] [%] [Wt%6]
1 7.261 4.17 0.574 1.87 0448 | 111.282 | 4.642 22
2 7.245 4.97 0.686 2.09 0421 | 124.163 | 4.386 22
3 6.995 4.71 0.673 2.74 0.582 | 101.518 | 3.850 22
4 | 6877 4.87 0.708 2.21 0454 | 111.304 | 3.554 22
5 | 4.846 3.64 0.751 1.16 0.319 87.105 4.688 21
6 | 4.800 3.34 0.696 1.50 0.449 86.091 4.402 22
7 5.765 4.02 0.697 2.04 0.507 | 104.181 | 4.060 22
8 | 4.806 3.84 0.799 1.48 0.385 99.850 4.845 22

M | 6.074 4.195 0.698 1.886 0.446 | 103.187 | 4.303 21.9
sD | 1141 0.600 0.065 0.499 0.078 12.746 0.447 0.4

Table A. 5. Material test data for beam 18, test$qomed 7' July 2010. Specimen 1
and 2 were taken from the front side, 3 and 4 ftbenrear side and 5
and 6 from the crash boxes.

4 Ex ox Es Eo/Eq o Ens Eqans/Es us s GF

[GPa] [GPa] [GPa] [GPa] [GPa] [GPa] [%] [Wt%6]
1 | 4751 3.52 0.741 1.44 0.409 89.103 5.249 17
2 | 4730 3.33 0.704 1.41 0.423 84.070 4.844 16
3 3.465 2.75 0.794 1.27 0.462 69.478 7.959 16
4 | 3.498 2.93 0.838 1.15 0.392 67.566 5.276 16
5 | 4.967 3.22 0.648 1.42 0.441 75.055 4.380 16
6 5.574 3.57 0.640 1.55 0.434 92.758 5.535 20

M | 4.498 3.220 0.727 1.373 0.427 79.672 5.540 16.8
SD | 0.844 0.325 0.079 0.141 0.024 10.501 1.252 1.6

CHALMERS, Applied MechanicsMaster’s Thesis 2010:52




Table A. 6. Material test data for beam 30, test$qomed 7' July 2010. Specimen 1
and 2 were taken from the front side, 3 and 4 ftbenrear side and 5
and 6 from the crash boxes.

4 Ex ox Es Eo/Eq o Ens Eqans/Es us 5 GF

[GPal] [GPa] [GPa] [GPa] [GPa] [GPa] [%] [Wt%6]
1 8.480 4.41 0.520 2.05 0.465 99.145 4.575 30
2 9.259 6.20 0.670 2.65 0427 | 141.113 | 4.413 31
3 9.001 2.09 0.232 1.97 0.943 | 110.357 | 5.950 30
4 | 6582 5.54 0.842 2.05 0.370 | 110.269 | 3.986 31
5 9.348 5.73 0.613 2.18 0.380 | 151.539 | 5.680 31
6 | 10.388 5.45 0.525 2.09 0.383 | 136.524 | 5.198 30

M | 8843 4.903 0.567 2.165 0495 | 124.824 | 4.967 30.5
sD | 1271 1.498 0.202 0.247 0.222 20.959 0.768 05

Figure A. 1. The modulus of elasticity, & versus the weight fraction glass fibre in

each tested specimen.
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Figure A. 2. The modulus of elasticity measured atnd/min with an extensometer,
E1exs Versus the modulus of elasticity measured intémsile test to
fracture at 5 mm/min, &£

Figure A. 3. The stress versus strain curves fromtémsile tests to fracture at
5 mm/min for specimens from beam 29. The strainmeasured over
the entire specimen.
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Figure A. 4. The stress versus strain curves fromtémsile tests to fracture at
5 mm/min for specimens from beam 26. The strainmeassured over
the entire specimen.

Figure A. 5. The stress versus strain curves fromtémsile tests to fracture at
5 mm/min for specimens from beam 27. The strainmeassured over
the entire specimen.
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Figure A. 6. The stress versus strain curves fromtémsile tests to fracture at
5 mm/min for specimens from beam 18. The strainmeasured over
the entire specimen.

Figure A. 7. The stress versus strain curves fromtémsile tests to fracture at
5 mm/min for specimens from beam 30. The strainmeasured over
the entire specimen.

CHALMERS, Applied MechanicsMaster’s Thesis 2010:52 7



Figure A. 8. The specimens from beam 27 before tisdedests.

Figure A. 9. The specimens from beam 27 after thel¢etests. It is desirable that the
probes fracture in the middle of the specimen, iwigdhe case only for
the 8" specimen.
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Figure A. 10. The tensile test equipment at AdManuehddteknik.

Figure A. 11. The specimen attachment in the gripft)(land the extensometer
mounted on the specimen (right). The measuringanlist for the
extensometer is 25 mm.
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Fibre length [mm]

Figure A. 12. The fibre length distribution in therit side of the bumper beam. The
fibres of lengths very close to zero are neglected

Fibre length [mm]

Figure A. 13. Fibre length distribution in the reardsi of the bumper beam,
(AdManus Materialteknik, 2010)
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Fibre length [mm]

Figure A. 14. The fibre length distribution in theash box of the bumper beam,
(AdManus Materialteknik, 2010)

Figure A. 15. The fibre orientation on the front s@fea bumper beam. The surface is
polished and studied in a microscope. (AdManus Malteknik, 2010)
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Figure A. 16. Pores in cross sections from differecations in beam A2; front side
(first row), rear side (second row, left), middl@livsecond row, right)
and crash box (third and fourth row), (AdManus Maéeknik, 2010).
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Figure A. 17. The modulus of elasticity versus teatpee for neat PA6 of the kind
used in the beams, Ultramid® B3S, for the dry si@é&) and the
conditioned state at 50 % RH (right), (Campus Plastk010).

Table A. 7. Some properties for neat PA6 of the kgetlun the beams, Ultramid®

B3S, for the dry state and conditioned state, a#b®H, (Campus
Plastics, 2010).

Dry Cond.
Modulus of elasticity [GPa] 3.4 1.2
Yield stress [MPa] 90 45
Melting temperature [ C] 220
Glass transition temperature [ C] 60
Density 1130

Table A. 8. Some properties for typical E-glassefih(Piggott, 2002).

Modulus of elasticity [GPa] 72
Tensile strength [MPa] 3400
Diameter [ m] 5-25

Maximum operation temperature [ C] 550
Density [kg/m’] 2540
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Appendix B — List of manufactured beams

In this appendix, a complete list of the manufaatiiibeams in the previous project is
given. Some beams were not kept after manufactuamd) all beams could not be
found at the time for this Master’s Thesis. The teahperature is given for upper and
lower mould part. The glass fibre fraction is theemmded fraction in the production.

Table B. 1. A list of the manufactured prototype teamthe previous project. The

beams in bold style are the ones tested withingirogect.

# | Weight | Pressure | Glass fibre | Tool temp. | Thickness Comments
(9] [bar] [wt%] [C] [mm]

Al Tested, part of the beam is
analyzed. Is at Ad Manus.

A2 Tested, part of the beam is
analyzed. Is at Ad Manus.

A3 In the tool when it broke, is at
Ljungby Komposit.

1 4398 150 37 50/60 Scraped after manufacturing.

2 4330 150 37 50/60 Scraped after manufacturing.

3 4480 150 37 50/60 Scraped after manufacturing.

4 4240 150 37 50/60 Scraped after manufacturing.

5 4334 150 37 50/60 Scraped after manufacturing.

6 4008 150 37 50/60 Scraped after manufacturing.

7 3832 150 37 50/60 Scraped after manufacturing.

8 3570 150 37 70/60 Scraped after manufacturing.

9 3726 150 37 70/60 Not tested, no adhesive/steel.
Is at Hovas Komposit.

10 3822 150 37 70/60 Tested in this project, 10042 8

11 3368 150 37 70/60 One of the crash boxes
removed and tested.

12 | 3412 150 37 70/60 89.9 Missing

13 | 3676 150 37 70/60 90.4 Missing

14 3492 150 37 70/60 90.2 Tested in previous project

15 3442 150 37 70/60 90.6 Tested in previous project
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16 3704 150 45 70/60 91.0 Tested in this project, 1 00426
17 3668 150 45 70/60 90.5

18 3496 150 45 70/70 90.6 Tested in this project, 1 00702
19 3738 150 45 70/70 90.5 Tested in previous project

20 3986 150 45 70/70 91.5 Scraped after manufacturing.
21 3824 150 45 70/70 91.4 Scraped after manufacturing.
22 3702 150 45 70/70 90.6 Missing

23 3748 150 45 70/70 91.0 Missing

24 3726 150 45 70/70 91.4 Scraped after manufacturing.
25 3554 150 45 70/70 90.0 Scraped after manufacturing.
26 3538 150 45 70/70 90.5 Tested in this project, 1 00528
27 3506 150 45 70/70 90.6 Tested in this project, 1 00519
28 3790 150 45 70/70 90.4 Missing

29 3766 150 45 70/70 89.9 Tested in this project, 1 00428
30 3772 150 45 70/70 90.0 Tested in this project, 1 00702
31 3656 150 45 70/70 90.5 Missing
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Appendix C — Material models in LS-DYNA

The LS- DYNA material models used for the simulasionf the performed
experiments are briefly described in this appendbS-DYNA Keyword User’s
Manual, Version 971, Volume II, 2007).

MAT_001 *MAT_ELASTIC

The material model of type 1 is a model for an ot elastic material. It can be
used for beam, shell and solid elements.

MAT_020 *MAT_RIGID

The material model of type 20 is a model of a rigidterial. Parts made of this
material are considered to belong to a rigid body.

MAT_024  *MAT_PIECEWISE_LINEAR_ELASTISITY

The material model of type 24 is a model for elgdastic materials with arbitrary
stress versus strain curves. A load curve or @ tafith up to 8 stress and strain values
can be defined to describe the behaviour. It issiptes to establish a bilinear stress
versus strain curve by defining a modulus of etétgti yield stress and a tangent
modulus. Also strain rate dependence can be defined

MAT 185 *MAT_COHESIVE_TH

The material model of type 185 is a cohesive mdter@del which can be used on
solid element types 19 and 20. A dimensionless raipa measure| , is used
together with a trilinear traction-separation latfl,). The loading and unloading
follows the same path. To describe the behavioua aohesive material, a peak
traction,smax Must be defined. Additional, maximum separat@mgths in the normal
and tangential directions are defined. The shaptheftraction versus deformation
curve is described with scaled distances to pesdtiom, 1, beginning of softening,

2, and failure, iy, see Figure C. 1. The behaviour in the normal amgential
direction is different just due to the maximum gegian lengths, NLS and TLS in the
normal and tangential direction respectively. Affaotm that the behaviour follows
the same curve.
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Figure C. 1. A typical traction, £, versus deformation/, plot for an adhesive
material. The notation corresponds to MAT_COHESIVE_TH
LS-DYNA, (LS-DYNA Keyword User’'s Manual, Version, ¥&ume II,
2007).
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Appendix D — Notations for beam parts

In this appendix, the notation of different partshee beam used throughout the report
Is clarified.

Joints
Front side \
7 TN _ Supporting walls
/ N Rear side
/ \\
/ < .
| = \\ Middle walls
| |
\\ |
\ /
\ /
\ ,/
\
N vt Crash box

Figure D. 1. The notation of different parts of tseam used in the report.
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Appendix E — Uncertainties in simulations and tests

In this appendix the dynamic effects in the FE-dations of the quasi static tests are
discussed. Also, the investigations concerningutheertainties in the physical quasi
static tests are presented.

Dynamic effects in simulations of quasi static test

Due to the time needed for the computations insineulations, one want to use a
rather high velocity for the prescribed motionstle quasi static tests. In order to
make sure that the prescribed motion of the baamel the circular impactor did not
give rise to any dynamic effects in the simulatjsismulations with different velocity
of the impactors were made. These simulations weréomned with the circular
impactor but should be applicable for the simuladiovith the barrier as well. It can
be seen in Figure E. 1, that the force versus displ@nt curve for the velocity
0.3 mm/ms coincide with the curve from the simuwlatiwith the velocity
0.03 mm/ms. This shows that there are no effecthathigher velocity used in the
simulations of the quasi static tests. A simulatwith a velocity of 3 mm/ms was
made and it can be seen that the result still iddldhe same mean value, but that
some oscillations were induced in the simulation.

Figure E. 1. The influence of displacement rate om fitrce versus displacement
curves from the simulations of the quasi stati¢ tesh the circular
impactor. The simulation with the impact rate @3mm/ms was just
performed until a deformation of 30 mm, due to libvey simulation
time.
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Uncertainties concerning the testing

The displacements of the barrier and impactor ptedeihroughout Section 5 are the
measured displacements of the piston pushing théebar impactor forward during
the test. A built in sensor is used for this, narG¢d349.

Stiffness of the rig for quasi static tests

In order to see how stiff the rig is and how stiffs fastened into the ground, some
additional measurements were included at the égstsession, where beam 18 and 30
were tested. A principal illustration of the adalital measurements can be seen in
Figure E. 2. In a perfectly stiff set up, GL-601 mahual GL-349 and GL-602 and
GL-603 will equal zero.

Figure E. 2. A principal illustration of the test selfp with the additional
measurements to determine the stiffness of the Tl positive
direction for each displacement is indicated withoavs.

Once, the impactor was displaced without a beam nteolu in the rig. The

measurements from GL-601 and GL-349 were compddedng the movement of

the impactor, GL-601 shows a larger displacemenn t&L-349. The difference

increases with time and reaches its maximum, 1.124 at the end of the movement.
If the difference between GL-601 and GL-349 at etate were divided with the

corresponding displacement measured in GL-349¢ti@ was less than 2.5 % after
some initial oscillations. Both GL-602 and GL-608ctuated around zero, with a
maximum absolute value of 0.12 mm.

When beam 30 was tested, the displacement measu®d-349 is larger than the

one measure in GL-601 until the first fracture oced and then GL-601 showed the
larger displacement. The absolute value of the miffee between GL-601 and
GL-349 was increasing with increasing applied foidee difference between the two
measurements for each time was divided with theesponding displacement
measured with GL-349, and the error seemed todsethan 4 %.

In the test on beam 30, the displacements in GLv&&2 negative, corresponding to
the wall moving towards the beam and the impacidre displacement was not
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proportional to the force; it first increased tdigplacement of 0.5 mm in the negative
direction, where it seemed to stabilize, with ongmall fluctuations. The
displacements measured in GL-603 were positiveresponding to that the test
machine moved a bit backwards, which seems reakorHie displacement seemed
to be a function of the applied force. At a forde36 kN the displacement was less
than 0.7 mm. Assuming a worst case scenario, wtinereerrors from GL-602 and
GL-603 sum up, the error is still in the magnituofe5 % of the total measured
displacement measured with GL-349.

Film tracking

To be able to analyze the tests more in detaildbts twere filmed. Prior to the tests,
the beams were painted light gray to make cracksemesible. They were also
provided with black and white tracking points taable tracking in the film. All the
junctions of the beam were tracked for all teststavPost, version 6.3.1, was used for
the tracking. Also the barrier or the impactor acle test was tracked. The time from
first contact between the beam and the impactortia@aorresponding displacement
in the films, were compared to the measurements fite test occasion. There were
uncertainties in these comparisons, due to the tfeadt it was not always obvious
when the first contact occurred, neither in thekeal data from the film nor in the
measurements. The contact time in the tracked éatet to be about 95 % of the
contact time in the measurements. It is howevenawk how exact the frame rate
was after compression of the films. The displacenfiemh first contact to fracture
was shorter in the tracked data than in the test, ddout 80 %. As a consequence of
these differences, also the displacement velociigbe barrier and impactor in the
guasi static tests as well as the velocity of the m the dynamic test were lower in
the tracked films than in the test data.

The reason for the differences between the trackéa @hd the measured data is not
known. For the correlation analyses the measuréal fdam the test occasions were
used, since it was assumed to be more accurataspicson is that the camera was
not placed far enough away from the beam were istartes were tracked. Also,
there is a risk that the right pixel was not foledvin the traction, so that an adjacent
pixel is tracked. Such an error could lead to fertbincertainties, but they should be
small.
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