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Enhance the Energy Absorption Capacity of

the Thin Walled Tubes
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Abstract— the current study describes and comparibaetween the
behavior of the thin wall rectangular tube crossecions modeled
by mild steel and aluminum alloy, subjected to dyma
compression load. We examine the reaction of thieet of various
thicknesses and materials (mild steel A36 and alomim alloy
AA6060), subjected to direct and oblique loadingheT study
investigates the behavior of the rectangular tubeith various
weights of various hollow aluminum foam. The choicé the best
design of tube parameter is based on the methodedamulti
criteria decision making (MCDM). The examined crifens are the
peak force, crush force efficiency (CFE), how alshe energy
absorption in case of oblique and direct load. Ttytimal choice of
the rectangular tube is the aluminium rectangulargfile of 3.4
mm thickness and hollow aluminium foam type (E= 62Kg),
under oblique load, with enhancement of the enegysorption of
11.2 %, an improvement of CFE by 42.3%, decreaspea#k force
by 30.7 %. In case the direct load, the enhancemafithe energy
absorption of 7.2 %, an improvement of CFE by 888&crease of
peak force by 39.7 %. The aim of using thinner tubad hollow
aluminium foam is to keep the final design the lest possible
weight, to improve the CFE and the energy absorbapacities in
order to attain higher passenger safety.

Index Terms— aluminum alloy, mild steel, dynamic
compression, thin wall, energy absorpticaluminum foam

[. INTRODUCTION

Crashworthiness has become one of the basic prepart
the protection of passengers and being so, no améaoore
its essential role while designing any kind of i This is
the feature that provides security by absorbingltrand

structural integrity which defends passengers
transforming the kinetic energy caused by quickease or
decrease of speed into other forms of energy. Rcte
metallic foams have been significantly developed #ris
has opened new opportunities in the impact enginger
Properties, like high energy absorption capabiityvery
lightweight, high specific rigidity, constant distion mode,
and good adaptation to the distortion, etc. provide
necessary features for their application [1, 2]eDa the
promising properties of these materials, thin-wdlle
structures filled with cells or foamed materialshgcted to
impact loads in the frontal longitudinal structurdsve
become subject of further researches [3-9]. Thagsne
absorption capability of the metallic foam mategidlas
been approved by the studies.
The complete numerical, and experimental research o
Hanssen et al. [10-14] regarding the thin-walladrahium
columns with foam filling, subjected to direct lgad
contributed to the better understanding of the @&ium
foam materials. The results confirmed that the asaf
foam-filler materials considerably increases notyathle
capacities of the thin wall profiles in absorbirg tenergy,
but also the crush force.
Hanssen et al. [14] solved a mass minimizatiorstjoe of

the foam material properties, including the energy
absorption capability, the force, and the stability the
aluminium columns of squared shape. They displayed
making use of a graphical analysis- the manifestabif the
various crashworthiness dimensions. Song et

by

al.

defending travelers at the moment of the acciddwa.T [15] similarly proved the relation between the gmaof

significance of the crashworthiness in both land air
transportation has been already recognized andrtairte

foam-filler materials in the thin-walled structuredaits
increased energy absorption capability. The resatdirm

emphasis to its further development has been givegai the filler materials and the geometry of thieet need to
Crashworthiness  basically means reducing damagg, (aken simultaneously in consideration in ordedetect
obtaining a higher degree of safety by absorbing thyg jgeal design. Chen [16] based empirical studiss on

unexpectedly, suddenly created energy. In orderctoeve
the protection of the passengers in the dangerausent of
a crash, vehicle has to be designed in a manngrowide
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the mass minimization in order to investigate the
crashworthiness features of the foam-filled tubdgexied

to huge twisting rotational load. Afterwards Clegral. [17]

— with the help of the curve fitting technique - éstigated
the bending crush, in order to find the lowest fass
weight with the required energy absorption captédiand
stiffness restrains.
The main purpose of the research of Nariman-Zadeh e
al. [18], was to obtain —with the usage of a mohjective
genetic algorithm- the lowest possible weight, amdhe

Abdulbasit Abdullah, Mechanical Engineer, Univirsiti of Tenaga same time the h|ghest possib|e energy absorptipacﬁ:ﬁes_

Nassional / College of Engineering / Kuala LumpMalaysia.
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Zarei and Kroger [19,20] also used the multi-desi design of the energy absorption (EA) and its caltboih.

optimization (MDO) for the geometric constraints the
profiles with foam filling, as base for their expeental
examination.The various researches focused maimlghe
improvement of the experiential models of the foidhae
structures and their crashworthiness propertiesjlewh
haven't been given attention to their design optation.
Moreover, based on the study of Nariman-Zadeh. efi8],

the above mentioned design optimization should b /

processed in a multi objective framework, focusomgythe
effect of the various crashworthiness indicators eath
other.The purpose of the current study is to optéarthe
rectangular, aluminium foam filled thin-walled tuimecase
of for single and multiple crashworthiness indicat@nd to
improve their crashworthiness capabilities.

IIl. DESIGN METHODOLOGY

The study examines and comparison the behaviotlreof
cross sectional, thin wall, rectangular mild stesld
aluminium alloy profile. The profile is long 350mrthick
1,1.2, 1.3 and 2 mm, in case of mild steel an¢]35and
3.4 mm, in case of aluminium alloy, with perimetefs300

Load,F

.
\ Peak Load, Fmax
hl
A f A A
/ . \ AAA / _ . Average crush force, Favg

/

/ Crush Zone (E ;s )

d crush

Fig .1. Force displacement characteristics [40]

b
EA = JP.dJ (1)

P stands for the direct crush fora®;id for the deformation
length of the crush, like in the calculation (1).

23]
mm. As a first step, we survey the crashworthines%A:Ip.do-: Pm(éb—d) 2)
0

properties of the cross sectional profiles, ands th
followed by the research of their improvement ploiisies
and the choice of the optimal design.The rectanquriafile
of various weights is filled with hollow aluminiufoam of
540kg/m3 density, and is subjected to direct ankiqob
(30 degrees) impact load. The simulation is basedrm
impact mass of the 25% of the total weight of tledicle;
with an initial speed of 54km/hr. Table 1 illustatthe
various profiles.

Table 1: Profile dimensions and geometry examined in
the current study

2] T —o O =
s %% 52328355 %2 %
= Fe 3 3@32¢9 3= 3
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A. Force max and Peak load

P is stands for the crushing loati;for the original length of
the crushing specimen. The ideal energy absarptance
reached it- should maintain the maximum force far whole
length of the deformation.

C. Crush Force Efficiency, CFE

The CFE is the main crush force (P mean) dividedhey
peak crush load (P peak) as follows

CFE = P e )3

Ppeak
Based on the crash force efficiency (CFE) we céimase the
energy absorption capacities [22]. The value of GBE
computed by dividing the average value of forcénwlie load-
displacement curve on the peak force at the momktite
impact [23]. The goal is to keep the CFE at a higle, as its
low value would mean high peak force and decreased
passenger safety. The CFE indicates the effectsgenéthe
passenger car's structure, in case of an impact [PHe
required high CFE and low peak load values cantteimmed
by using the trigger mechanism [25] or by the usafa
thicker wall of the tube.

[Il.  DYNAMIC ANALYSIS
The tests in the current study are performed bygdffievare

The maximum force means the supreme impact, and WeABAQUS/Explicit version 6.10, as finite elemenethod,
deformation that the members of the passenger aar ¢0 reproduce the profile’'s performance in case nérgy

absorb, maintaining the passenger cabin safe. dhé tg
achieve is to have vehicle members able to absbeb
low-energy and low-velocity mass loads without dans
deformation of the structure [21].

B. Energy Absorption
In Figure 1 the load-displacement curve illustrates

absorber members in the longitudinal frontal memludrthe
wvehicle in case of direct, and oblique dynamic load
The software program is appropriate to simulateiovar
procedures of computational fluid dynamics (CFD) or
standard/ electrical model and in the same tinsaves time,
energy, and investment comparing to the implicitirods. It
has the same abilities with the implicit methodsider to
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simulate identical circumstances of high speed ahyogand
impact load [26], and this makes it suitable torexe the
effects of direct and oblique loads, and of thergye
absorption capacity.

A. Finite Element Modeling
The below equation can be used in order to locaueirat
in a continuum:

o-ii+fi:p>2i (4)

or

ISSN: 2347-6389Volume-2, Issue-1, December 2014

order to evade artificial zero energy distortione™ize of
the shells and foam elements is 5 mm, to guaraatee
adequate mesh density to observe the distortiocegiare.
The “general contact algorithm” was chosen to sataul
contact interaction among the components, and adev
interpenetration of the tube wall. The computatldimae of
the current algorithm is less intensive. Connediamong
the empty and foam filled tube wall are modelediaite
sliding penalty based contact algorithm with haohtect
and contact pairs. The rate of the friction coeffitifor the
interfaces is 0.2 [29, 30, and 32]. The strikethwmpact
speed of 15 m/s (56 km/h), and with compactor log&75

o; stands for the stressf the density, fi for the body force kg, is modeled as a rigid body, having one trafstaf

andxi for the acceleration. Eq. (13) can be utilizedase of displacement, and in the same time the rest of

simulated work by the usage of the divergence tror

[PRaav+[g;a  dV~[ did dV-[tK dS=0  (5)
v v v s?

In terms of the matrix form:
| [ e ot = [ noan [ Fons [ N =0 ()
v % v A S

In the equitation n stands for the sum of compasientor
the stress column vector, N for the interpolaticatnix, a for
the nodal acceleration column vector, B for thaistmatrix,
b for the body load column vector, and F for #pplied
traction load (in case is applicable).

A more common explanation of this is shown below:

[M][ }[C][ }+[K]{u}=[F(t)]

M stands for mass matrix, C for damping matrix &ntbr
stiffness matrix.The calculation of the displacetseis
followed by the computation of contact forces, intd and
kinetic energies, and plastic strains. In case afilinear
dynamic issues, like the impact, is desired to hexgicit
finite element software providing central differemsethod.
The explicit method is able to separate the tatagth of
time in minor time periods, called time incrementhe
dynamic equilibrium calculation (see Equation 19
explained and variables are specified aiA{}+in base o
the time value they have at time

The explicit techniques provide the informatiortls time

()

period n+1 based on the preceding time period (9 a

without depending on the present time period, @wgtto
the implicit methods, where the time period n+Hépends
on the preceding, plus the present time period Ifnthe
current research, (FE) models illustrating the beef with

and without foam filling, has been used by ABAQUS

Explicit, in order to forecast the behaviour of tihén wall
structures in case of falling impinging mass.Thia thall
tube was modeled by the usage of 4 node shell maunti
(S4R) elements and with 5 integration points inlémgth of

the thickness way of the component. The foam has be

modeled by the usage of 8-noded continuum compsne

and diminished incorporation techniques,
volumetric locking, combined with the hourglass toh in

to evad

the

translational and rotations degree are stable (Fig.
2).
Mass = 275Kg 16“‘ X
Impact Speed= 15m/s 27 8%
Wgee®

'
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Fig.2. Design of frontal longitudinal members

The impact velocity is based on the New Car Assestm
Program (NCAP) with a mass of 25% of a vehicle (k).
All the energy absorbing tubes are of A36 steelenigat
which is supposed to absorb the kinetic energy6fi@) mass,
as in natural conditions the supreme energy abddripewo
tubes is minor than 50% [30]. The classificatiortted A36

f steel is based on the constitutive isotropic hardemodel of
t Johnson—-Cook, which considers the ratio of thersttects
and hardening, and is appropriate in cases wiily aalnge of

strain rate variety and temperature changes pradbgehe
thermal softening [33]. The above features are shiomEq.

(3) [34]:
/]

“[a+8les )] {1+c In ‘Zﬂ {1—(

orstands for the flow stress in dynamic circumstaygegsfor
the effects of the plastic straifite; for the effective plastic
strain rate, A, B, N, M and C for the physical doaisits and
Tmert fOr the melting temperature, whilg Tor the alteration
mperature. The typical temperature of it is 293-2K
3,35]. Table 3 shows the constraints of Johnso@ok(35].
The options of crushable aluminium foam and itslbaing

T-T,
Toae = To

®)
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possibilities in the usage of ABAQUS/Explicit soéive, are
used in orderto examine the plastic performance of theTable 3. Specific specifications of the aluminium foam
aluminium foam, follow the model of Dehspande ateck material [36]

[36]. The vyield condition of the model in questi® as

follows: Pt Sp a2
] kgm3) (MPay ¢ (MPa B v &
_ 9 :
F=0-y=<0 ®) 540 1256 212 1544 3.68 1 1.6206
Where
~ 1
_[1+(a/3)2] [af+aaf1] (10) Table 4 Specific specifications of the aluminium alloy

material. [41]

Table 2 Mechanical properties of steel A36 material [26]

pr (kg/m3) op(MPa) E (GPa) v (ratio)

Factors Value Details 2700 235 68.3 0.3
A 146.7 MPa Material factor ] N ]
= 896.9 MPa Material factor B. Interaction, Boundary Conditions and Loading
' Coefficient of the strain During the experimentation one end of the rectaargul
N 0.32 profile is fixed to the rigid body (plate) by ti@dnstraint, in
power ,
C 0.033 Material factor order to allow only a linear movement lengthwisee th
Power coefficient's displacement direction. The rotating motion of timeles on
M 0.323 A ; ;
temperature the rectangular profile is allowed. The role of thggd bodies
£0 1.0s-1 Reference strain value|  as plates is to ease the contact simulation. Orteeofigid
o 7850 kg/m3  Material density bodies is fixed in order to allow only the axial vament of
the compactor body. The mass is applied on onehef t
Temperature of P y PP
Tm 1773 K melting reference points in the centre of one moving platih

Cp 486 J/kg-1K  Specific heat defined velocity and mass compactor. The role d t

reference point, located in the edge of the tultbtha fixed
plate, is to record the response. Step time witbra@riate
dynamic load, explicit action, and time period, efhdepends
on the mesh dimension, and on the control and eleme
structure, are specified by the program. The exdnime
interval requires more time to show the result ardds to
have high CPU competency. The software ABAQUS/Expli
registers the interaction between all parts ofsthecture, like
the contact between the walls and the aluminiuimfdaed
2 _ 2(1- 2Up) (11) plate, and the pofile. The interaction is concludede the
9@+ Up) contact surface is specified and the "penalty" tbé
friction coefficient is assigned. During the expeentation,

In order to compute the strain hardening, the beIoWe rectangular tube is fixed from both ends toritiel body,

o Stands for the effective von Mises stressfor the mean
stress, and Y for the yield strength [3dstands for the form
of the yield surface, and is a task wf standing for the
contraction’s plastic constant, which is the rdt¢he plastic
poisons of the aluminium foam material, with agumed
zero value [38, 39] as follows:

calculation is integrated into the software: in order to obtain their movement like one bodyeThesh
extension of the rectangular tube, having deformmal&ngth
2 1 during the crush, was specified at 5mm size [24].[
Y=0,ty—+a,In|——— (12)
eD 1-(£/eD) IV. RESULT AND DISCUSSION

op, stands for the plateau stress,y, ep andp represent the Tables 5 and 6 show the results of the investigatlhe
material property constants, whité stands for the effective detailed description follows in the next seltions.

strain. ep, standing for the densification strain, can be

computed as below:

2
& =9+?6:In (Z—f] (13)
fo

pf stands for the foam density, grf@ for the base material’'s
density [32,33]. The specifications of foam filleaterials of
the dynamic model are illustrated in Table 4[38].
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Table 5: Result of crashworthiness factors in case o

rectangular model with various parameters (diredt@blique
load) at length deformation of 200 mm in case rstkekl

Direct Load Oblige Load

Indictors R- 300 R- 300

S 2 3 3 9 3

= -
1.0mm 129 0.27 7 80 032 514
1.2mm 155 0.32 995 96.7 0.36 7
1.3mm 168 0.33 11.3 106 0.39 8p

2 mm 267 0.38 209 163 0.52 16/9

ISSN: 2347-6389Volume-2, Issue-1, December 2014

300

R300-DIR- 1.2 mm
R300-OBL-1.2 mm
R300-DIR- 2.0 mm
R300-OBL-2.0 mm

250

200

Force (KN)
[
(o))
o

=
o
o

50

1 1 1
100 150 200 250

Displacement (mm)

Fig.3. Force VS displacement for R-300 in case dirand
oblique load to steel

Table 6: Result of crashworthiness factors in case of

rectangular model with various parameters (diredt@blique
load) at length deformation of 200 mm in case ahiuam
alloy

Direct Load Oblige Load

Indictors R- 300 R- 300

T m o m

s 9 3 3 9 3
1.5 mm 471' 0';3 364 33 038 26
2.0 mm 55' 043 507 475' 047 43
30mm 105 0';7 10.1 677' 065 8.82
34mm 126 05 12'6 7§' 07 109

A. Force displacement feature of different perimetemnc
thickness profile.

Figures 3 and 4 show the force displacement diagiEm

the profile with 300 mm of perimeter, and the reatbf the

different geometric profiles evoked by the direatl @blique

load. Table 5 illustrate one type of perimeter 30 and

four different thicknesses (1, 1.2, 1.3, and 2 mmgase mild
steelprofile. Table 6 illustrate one type of periane300 mm
and four different thicknesses (1.5, 2, 3,and 3) im case
aluminium profile. Based on the results, the qugrdgf the

absorbed energy is significantly higher in casgiriéct load.

This is caused by the fact that the oblique loaxitha force of
the axial compression and also of the bending madelted

by the progressive crush. The result of the forispldcement
demonstrates that the various parameters don't éffeet on

the folding process during the crush of the reatéargtube,

subjected to oblique and direct load. Both actioage same
kind of results during the progressive collapse.

R-300-DIR -2.0 mm
R-300-OBL-2.0 mm
R-300-DIR -3.4 mm
R-300-OBL-3.4 mm

N

120

©
o

Force (KN)

(2]
o
o~

AN

30

1 1 1
100 150 200 250

Displacement (mm)

0 50

Fig.4. Force VS displacement for R-300 in caseatflique
load to aluminium alloys

B. Energy Absorption

Figures 5 and 6 show the energy absorption capatitye
rectangular profile with 200 mm of deformation lémgand
with different thickness, subjected to various ictplads,
and without concentrating on the time factor. Aswn by
the figures, in every impact condition, by increasithe
thickness, proportionally increases the energy igbiem

capacity of the tube. Tables 5 and 6 show the gnerg

absorption capacity of profiles with various thielsses and
perimeter 300 mm, in case of the direct and obligad of 30
degrees. Based on the results, the tubes subjectulique
load, had reduced energy absorption with a diffeeenf 15 —
55 %. The optimal perimeter 300 mm and thicknesthef

tube need to be chosen based on the CFE, the energy

absorption capabilities, fabrication process, aréjht.
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25

R300-DIR -1.2 mm
R300-OBL -1.2 mm
R300-DIR - 2.0 mm
R-300-0BL-2.0 mm

20 F

Energy (KJ)
-
o
L

=
o
T

1 1 1
100 150 200

Displacement (mm)

50 250

Fig.5. Energy VS displacement for R-300 in caseettit and
oblique load to steel

16

R-300-DIR -2.0 mm
R-300-OBL-2.0 mm
R-300-DIR -3.4 mm
R-300-OBL-3.4 mm

12

Energy (KJ)
o
L}

1 1 1
100 150 200

Displacement (mm)

50 250

Fig.6. Energy VS displacement for R-300 in caseedit and
oblique load to aluminum alloy

C. Choice of the optimal profile

In this study the multi criteria decision making Q&M)
procedure is based on the complex proportioasgessment
method (COPRAS), which has the positive side @hd
convenient to handle. In case of the non-filledesjithe 300
mm in diameter rectangular tube has the highestggne
absorbing capability. In case of comparing thedlvith the
non-filled tubes, the rectangular profile of 300 mm
diameter filled with hollow aluminium foam has showhe
best result in energy absorption capacity and cfoste
efficiency.

D. Influence of hollow foam on the capacity of energy
absorption, peak force and CFE
The rectangular profile of 300 mm perimeter hashg®sen
for further examination regarding the wall thickeesf the
steel tube (Imm, 1.2mm, 1.3 mm and 2 mm) and &,28,
3.2, and 3.4 mm) in case aluminium alloy tube, tiedveight

of the hollow aluminium foam filling (A of 0.955kd of
0.9074kg, C of 0.841kg, D of 0.756kg, and E of Ql&)H.
Figures 7, 8, 9, 10, 11, 12, 13, and 14 illustratesv the use
of various weight of hollow aluminium foam, and liva
thickness increases the CFE and energy absorftionner
tube has been chosen in order to keep the fingnlas low
as possible, while increasing the absorber capalaitid the
CFE. As illustrated in Tables 7-10, in case variou|
thickness and 200 mm deformation length with hollow
aluminium foam type (E), in case both mild steeld an
aluminium alloy profiles the enhancement of the rgye
absorption capacity and CFE Will be discussed & ribxt

section.
25

1.0 mm with foam - E
1.2 mm with foam - E
1.3 mm with foam - E
1.2 mm without foam
2.0 mm without foam

20 F

Energy (KJ)
-
o
L

=
o
T

1 1 1
100 150 200

Displacement (mm)

50 250

Fig.7. Effect of aluminium foam usage on the energy
absorption under direct load of steel

25

1.0 mm with foam - E
1.2 mm with foam - E
1.3 mm with foam - E
1.2 mm without foam
2.0 mm without foam

20 F

Energy (KJ)
i
a1

=
o

I -
50

I - I -
100 150

Displacement (mm)

I - .
200

250

Fig.8. Effect of aluminium foam usage on the energy
absorption under oblique load of steel
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300 25
= 1.0 mm with foam - E = 2.0 mm with foam - E
1.2 mm with foam - E 2.4 mm with foam - E
1.3 mm with foam - E ————— 2.8 mm with foam - E
250 = 1.2 mm without foam 3.2 mm with foam - E
e 2.0 mm without foam 20| ——— 34mm with foam - E
= 3.4 mm without foam
200 |r
~ 5 15F
z <
> 5
ngO g
g W 10
100
5}
50
0 1 1 1 1
0 1 1 1 1 0 50 100 150 200 250
0 50 100 150 200 250

Displacement (mm)
Displacement (mm)

Fig.12. Influence of aluminium foam usage on the
capacity of energy absorption under oblique load dase of
aluminum alloy

Fig.9. Effect of aluminium foam usage on the peaérte
under direct load of steel

180
250
e 1.0 mm with foam - E
= 1.2 mm with foam - E ~————— 2.0 mm with foam - E
~—————— 1.3 mm with foam - E 2.4 mm with foam - E
150 ———— 1.2 mm without foam ———— 2.8 mm with foam - E
e 2.0 mm without foam 3.2 mm with foam - E
200 | ————— 3.4 mm with foam - E
= 3.4 mm without foam
=
4 =150
= z
o <
5 8
=
L S
L

=
(=]
o

50

0 50 100 150 200 250 0 1 1 - 1
0 50 100 150 200 250

Displacement (mm)

Displacement (mm)

Fig.10. Influence of aluminium foam usage on the ak Fig.13

force under oblique loading of steel . Effect of aluminium foam usage on the peéirce

under direct load of aluminum alloy

180
30
e 2.0 mm with foam - E
e 2,0 mm wiith foam - E 2.4 mm with foam - E
2.4 mm with foam - E —— 2.8 mm with foam - E
————— 2.8 mm with foam - E 150 | 3.2 mm with foam - E
25 H 3.2 mm with foam - E = 3.4 mm with foam - E
e 3.4 mm with foam - E e 3.4 mm without foam
= 3.4 mm without foam
ok 120
< <
& 15}F g 90
g S
g '
10} 60
5} 30
0 1 1 1 1 0 1 1 1 1
0 50 100 150 200 250 0 50 100 150 200 250
Displacement (mm) Displacement (mm)
Fig.11. Effect of aluminium foam usage on the engrg Fig.14. Influence of aluminium foam usage on the ak
absorption under direct load of aluminum alloy force when subjected to oblique load of aluminumag/
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E. Comprise between steel and aluminium alloy
1) Direct load

The simulations were based on the impact load egpb
the rectangular profile of steel or aluminium miktn case
direct load. The aluminium profile with hollow alimum
foam type (E) has a lower weight than the stediouit foam
or with foam with 2 mm and 1.2 mm of wall thicknegghe
steel respectively. The aluminium profile with 3mm

thickness and hollow aluminium foam has higher gyer

absorbing, peak force and CFE values, which areR2,161
KN and 0.72 respectively. The steel profile witt2 Inm
thickness and hollow aluminium foam of the type (s
more weight of the aluminium profile and less weighsteel
profile without foam. The steel profile with alumim foam
has lower energy absorbing, peak force and CFEcgaid
20.4 KJ, 156 KN and 0.67 respectively.The steelilgravith

2 mm thickness without aluminium foam has highduea
than the steel profile with foam, and lower valtlesn the
aluminium profile with foam. Its weight is highehhan the
steel and aluminium profile with hollow aluminiuwem. The
steel profile has energy absorbing, peak forceGHid values
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Fig.16. Shows the difference of peak force betwetsel
and aluminium alloy under direct impact load

250

2) Oblique load

The simulations were based on an oblique lot od&gree
applied to the rectangular profile of steel or ahiom
material, in case oblique load. The aluminium peofiith

of 20.9 KJ, 267 KN and 0.383 respectively.The optim hollow aluminium foam type (E) has a lower weigharn the

choice of rectangular tube is the aluminium rectdeng
profile of 3.4 mm thickness and hollow aluminiunafio type
(E), with enhancement of the energy absorption.®f%, an
improvement of CFE by 88%, decrease of peak foycgdh7

steel without foam or with foam with 2mm and 1.2 wiwvall
thickness of the steel respectively. The aluminiprofile
with 3.4 mm thickness and hollow aluminium foam hagher
energy absorbing, peak force and CFE values ofK8.913

% and keeping the weight of final design at thedstv KN and 0.87 respectively. The steel profile witl2 Inm

possible value. Figures 15 and 16, show the erayggrption
and peak force at the same deformation length 0fr2é for
both steel and aluminium profile.
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Fig.15. Show the difference of energy absorptiortdeen
steel and aluminium alloy under direct impact load

thickness and hollow aluminium foam of the type (&s
more weight of the aluminium profile and less weighsteel
profile without foam. The steel profile with alunum foam
has lower energy absorbing, peak force and CFEcsati
15.9 KJ, 113 KN and 0.74 respectively.The steelileraith
2 mm thickness without aluminium foam has highdues
than the steel profile with foam, and lower valtiesn the
aluminium profile with foam. Its weight is highemnan the
steel and aluminium profile with hollow aluminiuroam.
The steel profile has energy absorbing, peak farmt CFD
values of 17 KJ, 163 KN and 0.52 respectively.Th#noal
choice of rectangular tube is the aluminium rectdeng
profile of 3.4 mm thickness and hollow aluminiunafo type
(E), with enhancement of the energy absorptionla? %6, an
improvement of CFE by 42.3%, decrease of peak fosce
30.7 % and keeping the weight of final design at ltwest
possible value. Figure 17 and 18, show the endrggration
and peak force at the same deformation length @fi2 for
both steel and aluminium profile.
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Fig.17. Show the difference of energy absorptiortween

steel and aluminium alloy under oblique impact load
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improvement of CFE by 42.3%, decrease of peak fosce
30.7 % , in case the direct load, The optimal obodé
rectangular tube is the aluminium rectangular peodif 3.4
mm thickness and hollow aluminium foam type (E)thwi
enhancement of the energy absorption of 7.2 %,drgment
of CFE by 88%, decrease of peak force by 39.7 %, an
keeping the weight of final design at the lowessgible
value.The best result has been given by the 3.4thick
rectangular aluminium alloy profile filled with Holv
aluminium foam type E (0.652 kg), These profiles ¢
recognized as a potential energy absorber candidare
crashworthiness applications.

AL-Foam T=3.4 mm Al-Empty T=3.4mm

Force (KN)

50

1 1 1
100 150 200

Displacement (mm)
Fig.18. Shows the difference of peak force betweésel
and aluminium alloy under oblique impact load

0 50 250

V. CONCLUSION

Fig.19. Crashing deformation longitudinal member,sing
different tube thicknesses with hollow aluminum foes E
(0.652 Kg) for aluminum alloy under direct load

AL-Foam T= 3.4 mm

The current study examined and comparism between f{

Al-Empty T=3.4mm

oblique and the direct impact loads, and the effeftthe
impact on the rectangular tube of ductile matexiahild steel
(A36) and aluminium alloy (AA6060). The purposethé
research was to choose the best from the diffeesténgular
profiles with various thickness of tube and alummifoam.
The next step was to observe the behaviour of Husen
profile, filled with aluminium foam of various wedigs, and to
discover the best filling option in case of diractd impact
load. Another examined option of increasing thergye
absorption, and the CFE was the usage if the trigg
mechanism.The dynamic simulation was conducted thith
compact mass of 25% of the total weight (1100 kigjhe
passenger car, with impact speed of 15 m/s, ankl ath
direct, and oblique load on the rectangular proflased on
the crash performance indicators, cost and manufagt
practicality, The optimal choice of rectangular tuisethe
aluminium rectangular profile of 3.4 mm thicknessda
hollow aluminium foam type (E), under oblique loadth
enhancement of the energy absorption of 11.2

Fig.20. Crashing deformation longitudinal member,sing
different tube thicknesses with hollow aluminum foes E
(0.652 Kg) for aluminum alloy under oblique load

e

ST-Foam T=1.2 mm

ST-Empty T=2 mm

Fig.21. Crashing deformation longitudinal member,sing
hollow aluminum foams E (0.652 Kg) for mild steehder

0direct load

0,
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T T T

ST-Foam T= 1.2 mm ST-Empty T=2 mm

Fig.22. Crashing deformation longitudinal member,sing
hollow aluminum foams E (0.652 Kg) for mild steehder
oblique load

Table 7: Effect of using different aluminum foam thicknessl different tube thickness for R-300 subjectedirect loading,
in case aluminium alloy.

Foam weight
(Kg/mm?) A (0.955 Kg) B (0.9074 Kg) C (0.841 Kg) D (0.756 Kg) E (0.652 Kg)
O —~ T m ~ T m ~ T m ~ m ~T m
) = = (@) ’7? > = @] ’7? > = (@] ’75 > = @] ’75 > = (@] ’7? >
Thickn & 5§ meg 33 m E8 53 moEs ég mcs ég mES
ess Q < < < < <
2 mm 205 057 254 232 059 245 144 077 209 128 0.79 196 0.73 151
2.4 mm 274 0.6 28 212 0.69 26.3 169 08 239 152 0.73 211 11@72 16.6
2.8 mm X X X X X X 155 084 247 166 0.75 235 1320.74 18.9
3.2mm X X X X X X X X X X X X 153 0.71 213
3.4 mm X X X X X X X X X X X X 161 0.72 224
Empty aluminum Tube thickness = 3.4 mm , Weight36@ Kg 126 05 127

Note: X representthe design (tube + foam) which is above the intendeight.

Table 8: Effect of using different aluminum foam thicknemsd different tube thickness for R-300 subjectedlbque
loading, in case aluminium alloy.

Foam weight
(Kg/mm?) A (0.955 Kg) B (0.9074 Kg) C (0.841 Kg) D (0.756 Kg) E (0.652 Kg)
PO ~T <m =~T <m =~7T <m ~T <m ~T <m
= A a —~3> A a —~ 3 A @] —~ > A o —~ 3> A o —~ 3>
Thickn g 23 T Re Z3 T Re Z3 W Re Zz3I T Ra Z3 T Ra
z < m o= = m [ N m [ N m o= = m o=
ess E =g g =g g =g g =@ & =@
2 mm 824 085 123 799 085 116 784 084 11.0.17 0.82 113 67 0.81 104
2.4 mm 96.6 0.86 144 97 0.84 142 963 0.83 14.38.79 080 143 817 0.80 12
2.8 mm X X X X X X 117 080 16.6 113 0.78 16.6 96.0.78 144
3.2 mm X X X X X X X X X X X X 115 0.80 175
3.4 mm X X X X X X X X X X X X 113 0.87 18.9
Empty aluminum tube thickness = 3.4 mm , Weight36@ Kg 76.5 0i7 10.9

Note: X representthe design (tube + foam) which is above the intendeight.
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Table 9: Effect of using different aluminium foam thickness and tube thicknesses for R-300 subjected &ztdioad at
length deformation of 200 mm, in case steel.

Foam weight (Kg/mmz2) A (0.955 Kg) B (0.9074 Kg) @841 Kg) D (0.756 Kg) E (0.652 Kg)
Criteria ’72?5 EI?I ;5 ’72?5 Q‘l ;5 fé\g Q‘l ;5 fé\g gr)'l ;5 ’72?5 Er-)'l fx\g
Thickness =g M g g M g Tg M g =g Mmootz =@ m  £3
1 mm X X X X X X X X X 157 0.72 21.4 128 0.65 16.B
1.2 mm X X X X X X X X X 157 0.8 24.2 154 0.67 20.4
1.3 mm X X X X X X X X X 176 0.75 255 167 0.672 22
Empty steel tube thickness = 2 mm , Weight = 1.6§8 267 0.38 209

Note: X representthe design (tube + foam) which is above the intendeight.

Table 10: Effect of using different aluminium foam thicknessand tube thicknesses for R-300 subjected tquabload at
length deformation of 200 mm. , in case steel.

Foam weight (Kg/mm2) A (0.955 Kg) B (0.9074 Kg) C84a1 Kg) D (0.756 Kg) E (0.652 Kg)
cieia 35 9 23 23 9 23 23 @ 2% 23 9 73 23 9 7%
Thickness =g M g g M g vg M &5 ~vg M g5 g M &5
1mm X X X X X X X X X 98 0.75 14 59.7 0.7 115
1.2 mm X X X X X X X X X 113 0.72 158 102 0.76 ™M
1.3 mm X X X X X X X X X 138 0.7 183 113 0.74 159
Empty steel tube thickness = 2 mm , Weight = 1.688 163 052 17

Note: X representthe design (tube + foam) which is above the intendeight.
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