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ABSTRACT

The strengthening effect of foam filling and the effect of foam filling on the
crushing properties of the light weight foam filled circular tubes were investigated
through the polystyrene foam filled thin-walled Al tubes of 16 and 25 mm in diameter.
The empty tubes crushed progressively in asymmetric (diamond) mode. The foam
filling however turned the deformation mode into progressive axisymmetric
(concertina) mode in 25 mm Al tube, while the deformation mode in foam filled 16 mm
Al tube remained to be the same with that of the empty tube. The strengthening
cocfficients of foam-filling defined as the ratio between the increase in the average
crushing load of the filled tube with respect to empty tube and plateau load (load
corresponding to the plateau stress of the foam) were found to be 1.8 and 3.2 for the
concertina and diamond mode of deformation, respectively. The higher value of
strengthening in diamond mode of deformation was attributed to the filler deformation
beyond the densification region. This was also confirmed by the microscopic
observation of the partially crushed sections of the filled tubes. The interaction effect
between tube and filler was assessed by the compression testing of the partially foam
filled tubes. The effects of filler density, deformation rate (in the range between 0.001-
0.04 s') and the use of adhesive between the tube wall and filler on the average
crushing load, stroke efficiency and specific absorbed energy of the tubes were
determined. The specific absorbed energy of the filled tube was compared with that of
the empty tubes of wall thickening on the equal mass basis. Finally, two modes of
deformation modes were proposed for the crushing behavior of the foam filled thin-
walled Al tubes.
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Hafif kopiik malzeme doldurulmus silindirik tiiplerin ezilme &zellikleri
iizerindeki kopiik doldurma ve kopiikk doldurmadaki kuvvetlendirme etkileri 16 ve
25 mm ¢aph ince aliiminyum tiiplere polistiren k6piik doldurularak incelenmigtir. Bosg
tiipler devamli asimetrik (Elmas) modda ezilmislerdir. Ko&piik doldurulmug 25 mm
tiiplerde deformasyon modu devamli axisimetrik (Konsantrik) deformasyon moduna
dénmiig, fakat kopiikk doldurulmus 16 mm Al tiiplerin deformasyon modu bos olanlan
ile aym kalmigtir. Kopiik doldurmadaki kuvvetlendirme katsayilari, dolu tiiplerdeki
ortalama ezilme kuvveti artisinin bos tiiplere ve plato (koplik malzemelerin plato
stresine esit olan kuvvet) yiiklerine orani, konsantrik modu i¢in 1.8, elmas deformasyon
modu igin 3.2 olarak bulunmustur. Elmas deformasyon modundaki yiiksek
kuvvetlendirme degerleri tiip katlanmalarimin arasinda kalan k&piik malzemelerinin
yogunlagma bdlgesinin Gtesinde deformasyona ugramalari nedeni ile daha yiiksek
yiiklerin dolgu malzemesi tarafindan taginmasi ile agiklanmustir. Bu davrams dolu
tiiplerin kismi ezilmis bélimlerinin mikroskop altinda incelenmesi ile de
dogrulanmugtir. Tiip ve dolgu malzemesi arasindaki etkilesim etkisi yan dolu ttiplerin
test edilmesi ile tespit edilmistir. Dolgu malzemesi yogunlugunun, deformasyon oranin
(0.001-0.04 s'l) ve tlip ile dolgu malzemesi arasinda yapistirici kullamimimin ortalama
ezilme yiikleri, stroke verimleri ve spesifik absorbe enerjileri {izerine olan etkileri
belirlenmistir. Dolu tiipiin spesifik absorbe edilmis enerjisi ayn1 agirliktaki et kalinlig
degisik bos tliplerinkiler ile karsilagtinlmigtir. Son olarak képiik doldurulumus tliplerin

ezilme davramslari i¢in iki deformasyon modu 6nerilmistir.
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Chapter 1

INTRODUCTION

The collapse of Word Trade Center (WTC), whose main frame was made of
steel columns, has raised the questions whether or not the columnar structures can be
safely used in structural applications against the external treats that include impacts of
foreign objects and airplanes and whether or not it can be possible to increase the safety
limits of these structures without significantly increasing total mass. Recent numerical
study on the collapse of WTC (September 11, 2001) has clearly shown that these
structures were vulnerable to relatively high velocity impacts and only a small
percentage of the total impact energy of the Boeing 767 moving with a cruishing speed
of 240 m s was absorbed [1]. The crushing behavior of columnar structures including
rectangular and circular metal tubes was studied extensively over the 30 years. In the
last decade, the scientific interest shifted through filling the columnar structures with
light-weight foams because foam-filling results in an increase in the specific energy
absorption over the sum of the specific energy absorption of the foam alone and tube
alone. This is known as interaction effect and can potentially be used in many diverse
engineering applications including main frames of structural parts such as bridges,
buildings and large platforms and energy absorbing units such as packages and crush
boxes in automobiles.

The strengthening effect of foam filling in rectangular tubes were
experimentally and numerically studied and shown to be about 2 times of the foam
plateau load [2]. This was found to increase further when an adhesive was used to bond
filler to tube wall [3]. Many studies of foam-filled circular tubes were aimed at
determining the effect of foam filling on the specific energy absorption of the tube and
no systematic study has been performed on the strengthening of tubes with foam filling,
In designing with foam filled tubes, knowledge of upper and lower limits of the
strengthening is a prerequisite for the calculation of the specific absorbed energy for any
tube-foam combination. This study was therefore conducted in order to determine the
strengthening effect of foam filling in circular tubes folding with progressive
asymmetric (diamond) and progressive axisymmetric (concertina) modes.



Commercially available polystyrene foam in three different densities was chosen
for the filling of the Aluminum (Al) tubes in various tube wall thickness and diameter.
The effects of foam density, deformation rate and the use of adhesive on the crushing
properties of the tubes including average crushing load, stroke efficiency and specific
absorbed energy were determined. A novel experimental method based on the
compression testing of the partially foam-filled tubes was also performed aiming at
determining the interaction effect between filler and tube. The specific absorbed energy
in foam filled tubes was compared with those of empty tubes on equal mass basis by
means of simple analytical calculations of the wall thickening strengthening of the
empty tubes. Based on experimental results two models of foam-filled tube crushing

have been proposed.



Chapter 11
BACKGROUND
2.1 Foams: Structure and Compression Deformation Behavior

Foams are the light-weight materials made of groups of cells. Nature uses these
materials in many applications. The cellular structure of the wood is mechanical; that is
to support the tree and cancellous bone is to give animals a light and stiff frame.
Among many other purposes, the nature’s choice of foams is also for the optimization
of fluid transport and thermal insulation.

Synthetic man made foams are usually inspired from nature and they may be
considered in two groups in terms of cell structure; open and closed-cell foams (Figure
2.1) and in three groups in terms of mechanical behavior: elastomeric, elastic-plastic

and elastic-brittle foams (Figures 2.2(a), (b) and (c)).

r@ . /ccll edge
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Figure 2.1 Cubic models of a) open-cell and b) closed-cell foams [4].

Under compressive loads, foams show characteristic stress-strain behavior.
Compressive stress-strain curve consists of three consecutive regions: linear elastic,

plateau or collapse and densification (Figure 2.2) [4, 5].
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Figure 2.2 Compressive stress-strain curves of a) elastomeric, b) elastic-plastic and
c) elastic-brittle foam [4].

2.1.1 Linear Elasticity

Open cell foam of low relative densities (the ratio between foam density and
solid foam material density (p'/ps)), deforms primarily by cell wall bending [6]. With
increasing relative density (p"/ps>0.1), cell edge compression plays a significant role.
Fluid flow through open-cell foam contributes to the elastic moduli if the fluid has a
high viscosity or the strain rate is exceptionally high. Besides cell edge deformation,

the thin membranes of the closed cell foams, which form the cell faces, stretch normal



to the compression axis and therefore contribute to the modulus. If the membranes do
not rapture, the compression of the cell fluid trapped within the cells also increases the
modulus. Each of these mechanisms contributing to the linear-elastic response of the
foams is shown schematically in Figures 2.3(a) and (b) for open and closed-cell foams,

respectively.

"

O

L.

(@)

Figure 2.3 The mechanisms of foam deformation: a) open-cell foam, sequentially cell
wall bending, cell wall axial deformation and fluid flow between cells and b) closed-cell
foams, sequentially cell wall bending and contraction, membrane stretching and
enclosed gas pressure [4].

The simplest model of foam structure is the cubic model, which encompasses
cubic array of members of length 1 and square cross-section of side t (Figures 2.1(a) and
(b)). The structure and shape of the cells are actually more complex than those of the
cubic model. The deformation and failure mechanisms of the cubic model are however
quite similar to those of real foams and therefore it is very useful in predicting
mechanical properties.

The elastic modulus of the open cell foams (E), which is calculated from the
linear-elastic deflection of a beam of length 1 loaded at its mid point by a load F, is
given as [4];

Es- plk
—=C,| — 2.1
Z ¢[2] @

where s refers to the solid material from which the foam is made and C; is a constant.
The experimental elastic modulus of open-cell foams showed that C; is nearly equal to
unity. The experimental results have further showed that the Poisson ratio (v') was

around 0.3 [4].



In closed-cell foams, a fraction of the solid, represented by ¢, is contained in the
cell edges having a thickness of t, and the remaining fraction, (1-¢), is in the cell faces
of a thickness of tz. By including enclosed gas pressure, the Elastic modulus of closed-

cell foams of the cubic model is expressed as [4],

E_ = Cl(pz(p_} +C, (- (p)E__ + M 2.2)

Ps Ps g 1_P*
(%)

where P, is the initial pressure of the cell fluid and C; and C,’ are the constants. The
first, second and third terms of Equation 2.2 are the contribution of cell wall bending,

membrane stretching and enclosed gas pressure, respectively.

2.1.2 Elastic and Plastic Collapse

Linear elasticity is generally limited to small strains, 5% or less. Elastomeric
foams can be compressed much larger strains. Deformation is still recoverable, but
non-linear. In compression the stress-strain curve shows an extensive plateau at the
elastic collapse stress (6'¢)), see Figure 2.2(a). The elastic collapse stress of cubic cell

model is given as [4];

G#el p‘
= 0.05| — 2.3
2 - 002 @3
for open cell and,
s _ g8 2| 4 (Po = Pu) @2.4)
ES pS ES

for closed-cell foams, respectively. P, is atmospheric pressure (100 kpa).
Foams made from material that have a plastic yield point such as rigid polymers
and ductile metals collapse plastically when loaded beyond the linear-elastic region.

Plastic collapse gives a long horizontal plateau in the stress-strain curve similar to the



elastic buckling, but the strain is no longer recoverable. Both elastic buckling and
plastic failure are localized; a deformation band is usually formed transverse to the
loading axis and propagates through undeformed sections of the foam with increasing
strain until all the foam section is filled with the band [4].

The plastic collapse stress is predicted as [4],

* N\ 2
Se 0.3("—] 2.5)
Oy Ps
for open-cell foams and ,
¥* * 3/ 2 * P P
Sd . 0.3(([) p—J +(1-¢) 4" (2.6)
Gys s Ps Gys

for closed-cell foams. oy, is the yield stress of solid material.

2.1.3 Densification

Following the plateau region, at a critical strain, the cell walls start to touch each
other and, as a result the foam densifies. The stress in this region increases rapidly and

approaches to the strength of the solid foam material. The densification strain (gp,) is

related to relative density with following equation [4];

&, =1—1.4(g—J @2.7)
W
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2.1.4 Anisotropy

The anisotropy in cell shape measured by the ratio of the largest cell dimension
to the smallest is called the shape-anisotropy ratio (R). The value of R varies from 1 for
isotropic foam to 10 for very anisotropic foams [4]. The relation between the plateau

stress and R is calculated using cubic cell model as,

(o-pl)B = 2R
(ow) 1+ yR

2.8)

where 3 and 1 refer to the strongest and weakest directions, respectively. The strongest
direction in polymeric foams is usually the rise direction in the foam expansion process
and the transverse directions are relatively weaker. Cells are relatively longer in the rise
direction, giving rise to higher modulus and plateau stress in this direction. Figures
2.4(a) and (b) show the effect of foam directions on the load-displacement curves of

elastomeric and rigid plastic foams, respectively.
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Figure 2.4 Load-deflection curves measured parallel 10 the three principal axes a) an
elastomeric foam and b) a rigid plastic foam [4].



2.2 Tubes

The crushing behavior of thin (mean diameter(D)/ thickness(t) > 20 [7]) and thick-
walled tubes has been experimentally studied since 1960. In parallel with experimental
investigations, numeric and finite element analysis methods have been implemented and
experimental results were compared with those of numerical studies. As mentioned in
Chapter 1, the fall of the Word Trade Center reemerge scientific and engineering
interest on the columnar structures. The filling of tubes with a light-weight polymeric
and metallic foam has shown to be one of the effective way of increasing energy

absorption of the columnar structures on the specific energy basis [8-13].

2.2.1. Terminologies Used In Crush Analysis

In any crushing event of columnar structure (Figure 2.5), the total absorbed

energy (E) is the area under the load-displacement curve and is,

E(3)= sjp ds (2.8)

where & and P are the displacement and the load, respectively. The corresponding
average crushing load (P,) is calculated dividing the absorbed energy by the

displacement,

P, (8)=E—§3) 2.9)

The specific absorbed energy (SAE) shows the capability of a structure to
absorb the deformation energy. SAE can be formulated in several bases including per

unit mass and volume. SAE per unit mass is expressed as,

8
[P ds

SAE=2 (2.10)
my




where m; is the total mass of the deformation element.

The ratio between the average load P, and maximum load Py, both calculated

in the interval of {0,8}, is defined as the crush force efficiency (Ag):

_P.(® _ E(O)
P P (®) P, (8)8

(2.11)

Total efficiency (Tg) is the total absorbed energy divided by the products of
Pax(8) and total length of deformation element (/):

__E@)
Tg = )i (2.12)

The stroke efficiency is defined as the ratio between the point at which the total

efficiency has its maximum value (3m,x) and total length of the crushing element,
Sp =—T= (2.13)

The efficiency terms are directly related to the deformation capacity (D¢), which is the
displacement divided by the initial length of the element:

D. =

? 2.14)
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Figure 2.5 Terminologies used in the crush analysis of tubes.
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2.2,2 Crushing Behavior of Empty Tubes

The crushing behavior of collapsible structures has been recently reviewed in [7]
and briefly explained in this section. To our knowledge, the first analytical study on the
crushing behavior of circular tubes was due to Alexander [14]. He modeled the
concertina mode of deformation basing on the plastic work required for bending and
stretching of extensible thin cylinder. Alexander’s model of concertina mode of
deformation (Figure 2.6) gives the average crushing load as;

P, = 60,t(Dt)"” (2.15)
oy is the mean plastic flow stress;
4 =(E’_;"L) 2.16)

where oy, is proof stress and oy is the ultimate tensile stress of tube material.
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Figure 2.6 Alexander’s concertina mode of deformation model.
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Early studies were on the classification of the deformation modes as function of

tube material properties, geometry and geometrical parameters of the tubes and the first

systematic investigation on the classification of crushing types was due to Andrews et

al. in 1983 [15]. They performed crushing tests on tubes having large ranges of /D and

L/D ratios and classified the crushing modes of cylindrical tubes in 7 groups. These are;

Concertina: axisymmetric and sequential or progressive folding starting at
the end of the tube (Figures 2.7(a) and (b)).

Diamond: asymmetric but sequential folding accompanying a change in the
cross-section shape of the tube (Figure 2.8(a) and (b)).

Euler: bending of tube as a strut.

Concertina and 2 lobe and/or 3-lobe diamond (Mixed): Folding first in the
concertina mode changing to diamond configuration (Figure 2.9(a) and (b))
Axisymmetric/concertina: simultaneous collapse along the length of the tube,
axisymmetric single or multiple barreling of the tube (Figure 2.10(a) and (b)
and Figure 2.11(a) and (b)).

2-lobe diamond: Simultaneous collapse along the tube in the form of the 2-
lobe diamond configuration.

Tilting of tube axis: Shearing of tube on the platen surface in the form of the

2-lobe diamond configuration.

Four concertina folds

Load (kN)

0 5 A0 15 20 25 300 35
Displacement (mm)

(@) (b)

Figure 2.7 a) Concertina mode of deformation in 6063 Al tube (D=19.16 mm and
t=0.84 mm) and b) corresponding load-displacement curve with 4-fold [16].
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Figure2.8 a) Diamond deformation mode in 6063 Al tube (D=17.5 mm and t=1.31 mm)
and b) corresponding load-displacement curve with 3-fold [16].
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Figure 2.9 a) Mixed mode of deformation in 6063 Al tube (D=20.63 mm and t=1.48
mm) and b)corresponding load-displacement curve with 3-fold [16].
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Figure 2.10 a) Single barreling in 6063 Al tube (D=42.5 mm and =7.5 mm) and

b) corresponding load-displacement curve [16].
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Figure 2.11 a) Multiple barreling in 6063 Al tube (D=44.88mm and t=5.12mm) and

b)corresponding load-displacement curve [16].



Andrews et al. also formed a chart that indicated the dominant deformation
modes of HT30 Al alloy tube as functions of L/D and t/D (Figure 2.12). For the thin-
walled tubes with t/D ratio smaller than 0.013, the deformation mode was found to be
diamond and the number of folds increased with decreasing t/D ratio. It was also shown
in this study that although the average crushing load and absorbed energy were higher
in the concertina mode, the absorbed energy in the development of one complete fold

was higher in diamond mode [15].
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Figure 2.12 Classification of crushing mode of HT30 Al tubes as functions of D/t and
LA [15]:

Abramowicz and Jones modified Alexander’s model and proposed the average

crushing load equations in 1984 and 1985 for the concertina mode of deformation

[17, 18, 19] as,

Ot(G(Dt)}/Z +3.44t) @.17)



and

P =¢ té— vDt +3.44t (2.18)

* 7 0.86-0.57/UD

Wierzbicki et al. proposed an expression for the concertina mode of deformation

as [20];
1/2
. —7.933 ootz(%) @.19)

Singace and Elbosky experimentally studied concertina mode of deformation
[21]. They showed that concertina mode was composed of two characteristic
movements: outward and inward folding (Figure 2.13). During the axial deformation,
tube will be laid down partly to the inside and partly to the outside of the tube generator,
the total of which is defined by the folding length in concertina deformation mode [22].

Outward —

R

Figure 2.13 Concertina mode of circular tube deformation; inward and outward folding
[21].

Outward fold length over total length of deformation fold is called eccentricity.
The eccentricity factor was proposed to be 0.65, but experimentally determined values
of the eccentricity factor was shown to be less than this value [22]. It was proposed that

if continuous zone or curved elements were used to represent the folding elements, a

17



better agreement between the theory and the experimental results was expected [22].

Singace’s analytical approach of mean crushing force is,

%
Py ;22.27(2) +5.632 (2.20)
M, t

where M;=¢, t’ / 2./3 is the fully plastic bending moment per unit length [22].
By minimizing the total external work which is done by the total bending and
membrane energy during the deformation, Singace proposed following equation for the

mean crush load of diamond mode of deformation [23],

P 2
& ;—EN+2itan(l)9 @221)

where N is the number of the circumferential folds.
Alexander, assuming the energy was dissipated at the plastic hinges during the

folding process of diamond mode of deformation, proposed following equation [14],
P, = 2.286n%c,t’ @23)

where n is the number of diamonds formed.

Pugsley and Macaulay investigated the diamond mode of deformation of thin
cylindrical columns having large D/t ratios [24]. The deformation energy was assumed
to be absorbed by plastic bending and shear of the diamond pattern and following

equation was proposed for the average crushing load of diamond mode of deformation,

P, = 5,t(10.05t + 0.38D) (2.24)
Wierzbicki gives an approximate expression for diamond mode of deformation as [10];

P, =18.150,t*(D/t)% (2.25)
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For diamond mode of deformation, Abramowicz and Jones developed an

expression for the mean crush force as [17]
033
TVIP_E_ = 86&4(2) (2.26)

In a recent study of Bardi et al. [25] the concertina mode of deformation in
circular tubes was experimentally and numerically analyzed. Results of numeric model
using ABAQUS were found to be close to those of experiments. The experimental
results were also compared with the plastic hinge models of Alexander (Equation 2.15),
Singace et al. (Equation 2.20) and Wierzbicki ef al. (Equation 2.19). Although
Wierzbicki et al. plastic hinge model predicted the load values in the range 81-91% of
the measured values, predictions of the wavelength of the folds were generally poor for
all three models.

H. Abbas et al. used the curved fold model for the analysis of concertina mode
of deformation [26]. The curved fold model used was different from the previous
studies of plastic hinge models of Alexander [14], Singace et al. [21] and Wierzbicki et
al. [20] in a way that the straight portion of the fold was also included in the analysis.
Three cases inside, outside and partly inside-outside folding, were investigated. It was
found that when the accepted length of straight portion decreased, analytical load
deformation curve become closer to the experimental curve in all cases. Analytical
results of mean crushing load values and size of folds were also found to decrease with
increasing the accepted length of straight portion but the results were still far from those
of the experiments. The aim of their study was to show how mean crushing and energy
absorption changed with folding parameter; m (ratio of inside fold to total fold length),
as well with the parameter r (the ratio of yield stress values of the tube material in
compression and tension).

Grupta and Abbas investigated the effect of thickness change in concertina
folding of metallic round tubes [27]. They showed that by including thickness change,
the calculated m values come closer to experimental values. Calculated average
crushing loads, however, for different values of r (the ratio of the yield stress values of
the tube material in compression and tension) were found to be lower than those of

experiments. This was explained as fallows: since the next fold started even before the

19



complete crushing of previous fold, the crushing load observed in experiments started to
rise before vertical crushing reached two times the size of the fold. The average
crushing load was also found to increase with the increasing the value of r and reached
to the experimental values [26]. They concluded that thickness change had mno
significant effect on the average crushing load.

Wierzbicki and Abramowicz [28, 29] developed average crushing load

equations for square and hexagonal cross-sections as,

P .37
J: = 4&64(% )“ 2.27)
for square column and
P .4
(S 80.92(t/ 2.28
8 4l (2.28)

for hexagonal column, where b is the length of the cross-section..

2.2.3. Crushing Behavior of Foam-Filled Tubes

Axial compression behavior of aluminum honeycomb filled square steel tubes
was experimentally and numerically investigated by Seitzberger ez al. [30]. It was
shown that filling the steel tubes with aluminum foam increased both the deformation
loads and specific absorbed energy over the sum of those of the foam alone plus tube
alone. Finite element model and experimental results showed that measured and
simulated behaviors were well agreed.

Crushing behavior of aluminum honeycomb and foam-filled box columns was
numerically and experimentally investigated by Sanatoza and Wierzbicki [2, 3]. It was
shown that the effect of filling on the tube crushing load was similar when the strong
axis of the honeycomb through and normal to the compression axis, which was proving
that both axial and lateral strength of the filler are effective in rising the crushing load of
the tube. It was shown that aluminum foam filling had highest average crushing load

and absorbed energy. In honeycomb filling, 2-D lateral and unidirectional
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strengthening for axial compression direction were found to have the same effect on the
crushing properties of tubes.
Santosa and Wierzbicki [31], based on FEM study, proposed following

empirical equation for the average crushing load of foam-filled square tubes of length b,

B, =B +0sp (2.29)

where P,s, P, and o, are the average crushing loads of the filled and empty tubes and
plateau stress of the filler, respectively. The constant C in Equation 2.29 is considered
strengthening coefficient of the foam filling. The values of C were numerically and
experimentally shown to be 1.8 and 2.8 for foam filled square tubes with and without
adhesive, respectively [31]. It was also shown by the same authors that there was a
critical mass of the foam filled tube (or foam density) above which the foam filling was
more efficient than tube wall thickening based on specific absorbed energy per unit
mass.

Hannsen ef al. studied static and dynamic crushing behavior of aluminum foam
filled square aluminum extrusions [32, 33]. They showed that foam filled tubes formed
more deformation folds as compared with empty tubes in both static and dynamic tests.
This was explained as the stiffness effect of aluminum foam on sidewalls of
deformation element, which decreased the buckling length of the sidewalls. It was also
found that the average crush load of the filled tubes was higher than that of the sum of
the crushing loads of the tube alone and foam alone, which is known as interaction
effect. They also showed that stroke efficiency decreased with foam filling as
compared with empty tubes.

They also modeled average crushing load of foam filled columns by including
contributions of the average crushing force of empty tube, foam plateau stress and
interaction effect. The model was found to be well agreed with experimental results and

is given as

Pa,f = Pa i prz + Cavg chobh (230)

where Cyyg is a dimensionless constant which is directly related to the interaction effect.
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Chapter III

MATERIALS AND MATERIALS CHARACTERIZATION

3.1 Polystyrene Foam Filler

As-received extruded polystyrene foam sheets with dimensions of 5x60x120 cm
were manufactured by Izocam Company of Turkey using a process that produces partly
oriented closed-cell foams with smooth continuous skins. The foam sheets investigated
were supplied in three different densities with a trade name given to each of them as: i)
Foamboard® 1500, ii) Foamboard® 2500 and iii) Foamboard® 3500. The densities of
the foams, hereafter coded as F1500, F2500 and F3500, were determined by dividing
the mass of the cubic foam sample (5x5x5 cm) by its volume and found to be 21.7+ 1,
27.842 and 32.1%2 kg m? for F1500, F2500 and F3500, respectively. The
corresponding mean relative densities; 0.0207, 0.0265 and 0.0305, were calculated by
dividing the foam density to the dense polystyrene density (1050 kg m>).

The cell distribution in each as-received foam sheet was examined through three
different planes (Figure 3.1); Extrusion-Width (E-W), Rise-Width (R-W) and
Extrusion-Rise (E-R) and are sequentially shown in Figures 3.2(a), (b) and (c) for
F1500, F2500 and F3500. The cell sizes decreases with increasing foam density as seen
in Figure 3.2. Tt is also noted in Figure 3.2 cells are preferentially elongated through the
R direction, but the cell sizes through the W and E directions are very similar (Figures
3.2(a), (b) and (c)). The foam samples show typical closed cell foam structure
composing of 14-sided (tetrakaidecahedral) closed cells and each cell is composed of
cell faces, edges and vertices (Figures 3.3(a) and (b)). Cell faces are the thin
membranes that separate two adjacent cells; cell edges are relatively thick struts of
intersection of three neighboring cells and cell vertices are the intersection of four
neighboring cell edges. Ina tetrakaidecahedral cell, there are 14 faces, 36 edges and 24
vertices and of 14 of cell faces are 8 regular hexagons and 4 squares. Figure 3.3(c)
shows the SEM (Scaning Electron Microscopy) micrographs of cross-sections of the
cells and Figure 3.3(d) is a magnified SEM micrograph near to the cell edge. The

average cell face and edge thicknesses of each foams in E-W, R-W and R-E planes were
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calculated using SEM micrographs taken from each specific planes and tabulated in

Table 3.1.

Figure 3.1 Schematic of as-received foam sheet showing R, W and E-directions and

planes.

Table 3.1 Cell face and cell edge thickness through 3 planes.

Cell edge thickness(pum)

Cell face thickness (um)
Foam
E-W R-W R-E E-W R-W R-W
F1500 1.8 0.6 1 5.0 4.0 T
F2500 1.3 1.0 25 5.8 4.8 8.9
F3500 1:3 1.1 2.6 8.0 5.5 8.1
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Figure 3.2 Inverted transmission optical microscope micrographs of cell structure in E-
W R-W and E-R planes; a) F1500, b) F2500 and ¢) F3500.
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Figure 3.3 a) Tetrakaidecahedral foam model, b) transmitted optic and ¢) SEM
micrographs of the cell wall and edges and vertices and d) SEM micrograph of the cell
wall and edge.

In order to determine foam crushing behavior, compression tests were conducted
on cubic samples (5x5x5 cm) prepared in accordance with ASTM D1621-91 [34]
(Figure 3.4). Compression tests were conducted through (parallel) R-direction with
cross-head speeds of 2.5, 8, 25 and 100 mm min”', corresponding to the strain rates of
8.33x10%, 2.66x107, 8.33x107 and 333x107 s, using a computer controlled
SHIMADZU AG-I testing machine. In order to see the effect of cell anisotropy,
compression tests at 8.33x 10, 8.33x10™ and 1.66x10™" s™" were also conducted through
the W and E-direction. Besides conventional compression tests (Figure 3.5(a)),
reloading and strain rate jumps test were also performed. The former was to determine
the permanent strain and the later was to show the effect of strain rate on a deforming
single foam sample by using cyclic test method. Number of the compression cycle is
one and tests were stopped when the compression load reached the zero. In strain rate
jump tests, initial strain rate was increased from 8.33x10 s 10 3.33x107s™" in order to
investigate deformation rate cffect. Few foam samples were tested through the R-

direction inside a water-filled container in order to identify cell face and/or cell edge
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tearing during deformation (Figure 3.5(b)). The deformation of the individual cells
were observed in-situ under the transmission optical microscope on miniature
compression test samples (5x5x5 mm), compressed with a micrometer until various
strains (Figure 3.5(c)). Compression tests results were digitally recorded as load vs.
displacement data, which were then converted into nominal stress vs. strain data. In few

tests. the deformation sequence was also recorded using a video camera.

5x5x5mm Test Sample

[ ]

Compression K x x x|
Test Plates : 3% BB Water

I

Micrometer
(a) (b) (©)

Figure 3.5 Compression test methods a) conventional, b) in-water and ¢) in-situ.

Scanning Electron Microscopy (SEM) samples of the deformed and undeformed
foam specimens were prepared with a sharp blade following by inserting them inside a
Nitrogen bath for few minutes. By this way, the extensive shearing of the cells, which
prevented clear appearance of the cells under SEM, were avoided. SEM observations

were conducted on the gold plated samples to reduce charging effect.
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3.2 Cylindrical Empty and Foam-Filled Aluminum Tubes

Two different Al-tubes; 99.7% Al and 6063 Al, varying in diameter and
thickness were investigated. Deep-drawn Al tubes were produced by METALUM
Company of Turkey and received in two diameters, 16 and 25 mm, but nearly having
the same wall thickness (0.22 and 0.29 mm). Commercially available 6063 Al tubes
had an outer diameter of 19.8 mm and a wall thickness of 0.88 mm. In order to
investigate the effect of wall thickness, the outer diameter of the tube was machined
down to 0.5 and 0.3 mm.

The selection of the tube wall thickness and diameters are not arbitrary. Al
empty tubes deformed in diamond, while foam-filled 25 mm diameter Al tube deformed
in concertina and 16 mm diameter tube in diamond mode. Therefore, the strengthening
effect of foam filling in both modes could be analyzed. 6063 Al empty tube of 0.88 mm
thick deformed in concertina mode while 0.3 and 0.5 mm thick empty and filled-tubes
deformed in diamond mode. These tubes were only tested in empty condition. The
average crushing loads of these empty tubes were used for the fitting of the average
crushing load of the Al-tubes as function of the D/t ratio. The geometrical parameters
of the tubes are tabulated in Table 3.2.

The yield and ultimate strength of the tube materials were determined by
uniaxial tensile tests conducted at a cross-head speed of 2.5 mm min”'. Tension test
specimens (Figure 3.6) were prepared according to ASTM B557M [35] (Appendix A).
Since, the Al tubes of 16 and 25 mm diameter didn’t have enough length to meet the
required length of ASTM B557M standard, tension test specimens of these tubes were
prepared in a quarter size of ASTM standard. Al thick sheets were bonded to the grip

sections of these specimens in order to prevent the grip section from sliding.

Table 3.2 Tested tubes geometrical parameters.

Tube Outer Thickness Length D/t
Material Diameter (mm) (mm) (mm) ratio
%99.7 Al 25.0 0.29 40 85
%99.7 Al 16.0 0.22 40 72,

6063 Al 19.8 0.88 40 21
6063Al 19.0 0.5 40 37
6063 Al 18.6 0.3 40 61
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Figure 3.6 Tension test specimen (6063 Al).

The stress (S) in tension test is calculated by dividing the load (P) by the cross-

sectional area (Ay),

3.1

and the strain is calculated by dividing the elongation of the gage length of the

specimen, AL, by its original length (Lo);

(3.2)

where, L is the final length of test specimen.

The Vickers hardness tests were also conducted to the cross-sections of the
tubes. The test samples with length of 10 mm were cut from as-received tubes and
mounted inside the polyester. The mounted samples were polished down to 1pm
(Figure 3.7). Vickers Hardness tests were conducted using a Zwick/Roell ZHU 2.5 type

Universal Hardness tester under 20 N load.
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Figure 3.7 Metallographically prepared hardness test sample (6063 Al).

Preliminary compression tests were conducted on the empty tubes whether or
not the length of the tube changed the deformation mode. Tubes with length of 10, 20,
30, 40 and 50 mm were tested and no change in deformation modes had been observed.
However the shorter tubes formed only few folds. Since the thickness of the foam
sheets were 50 mm, the length of empty tubes was chosen 40 mm so that maximum
number folds were formed on the tube section. Tubes were machined to 40 mm in
length using a diamond saw. Special cutting apparatus designed and machined in house
was used to core-drill cylindrical foam samples that fitted tightly inside the tubes. The
circular tubes with the lower edge sharpened was connected to the drilling machine by
means of a mount as shown in Figure 3.8. Drilling was performed with a speed of 1400
turns per min. The outer diameter of the drilled foam samples was approximately equal
{o the inner diameter of the tubes; therefore, core-drilled samples were tightly fitted into

the tubes.

Before foam filling, tubes were kept inside an acetone bath for ten minutes to
clean the inner surface of the tubes. A Bison Styrabondw polystyrene adhesive was used
to bind the foam filler to the tube wall. The adhesive was spread on the tube wall and
then the foam filler was inserted. The excessive adhesive was removed after filler
insertion. Foam filled tubes with adhesive were kept 48 hours at room temperature
before they were compressed. Most of the filled tubes were compressed with adhesive
while Timited numbers of tests were conducted without adhesive in order to see the
effect of the adhesive. Few filled samples with an epoxy-based adhesive were also
compressed to analyze the effect of adhesive strength on the crushing behavior of the

filled tubes.
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Figure 3.8 Apparatus used to core-drill cylindrical foam filler.

Empty and foam filled tubes were compressed with four different cross-head
speeds; 2.5, 8, 25 and 100 mm min”'. The corresponding deformation rates, which is
defined as the cross-head speed divided by the initial length of the tube, were 1.04x107,
3.33x107, 1.04x10” and 4.16x10™" s™'. The compression tests were conducted between
the tool steel plates (Figure 3.9) with a lubricant between tube ends and compression

plates.

Figure 3.9 View of an empty Al tube between the compression test plates.



Chapter 1V

RESULTS

4.1 Compression Behavior of the Filler

Tested foam samples showed a typical stress-strain behavior of cellular
structures. The stress-strain curve consisted of three distinct regions; linear elastic,
plateau and densification region, as depicted in Figure 4.1. In elastic region, stress
increased linearly with the strain until a peak or maximum stress, which was followed
by a plateau region. The peak stress, referred as to collapse stress, was found in all
tested samples. The plateau region continued until the densification strain and
thereafter stress increased sharply. In all tested samples, there was a certain level of

permanent strain, proving the elasto-plastic nature of the foams.

700 | | | v
600 =
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= 400 =5
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Figure 4.1 Typical stress-strain curve of the tested foam (F3500, 8.33x10™s™) showing

three distinct deformation regions and unloading behavior.

Typical compressive stress-strain curves of the foams tested through the R, E
and W-direction at 8.33x10™s are shown sequentially in Figures 4.2(a), (b) and (c) for
F1500, F2500 and F3500. Although, compression behavior through the E and W-
direction are very similar for each foam density, the foam shows higher compressive

stresses through the R-direction. The difference in the compressive stress between R
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and W or E-direction is also noted to increase with increasing foam density, while it

decreases with increasing strain.
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Figure 4.2 Stress-strain curves of the foam tested through R, E and W-direction at
8.33x10™s™; a) F1500, b) F2500 and c) F3500.
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The effect of foam density on the compression behavior in each test direction is

sequentially shown in Figures 4.

3(a), (b) and (c) for R, W and E-direction.
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Figure 4.3 Effect of foam density on the stress-strain curves of the foam tested through
a) R, b) W and c) E-direction at 8.33x10"s™.
The studied foam compression stress-strain curves are strain rate sensitive as

shown in Figures 4.4(a), (b) and (c) sequentially for F1500, F2500 and F3500 at various

quasi-static strain rates.
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Figure 4.4 Effect of strain rate on the stress-strain curves of the foams tested through
the R-direction a) F1500, b) F2500 and c) F3500.

The strain rate sensitivity of the foams was also confirmed by strain rate jump

tests. In a typical jump test strain rate was increased to a higher value in the plateau and

or in the densification regions as shown in Figures 4.5(a) and (b).
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Figure 4.5 Strain rate jump tests; a) F3500 and b) F2500 and F1500, 1: plateau region,
2: densification region.

Figures 4.6(a) and (b) show the variation of the plateau and collapse stresses at
8.33x10™s™" as function of foam relative density through R, W and E-direction. The

data in these figures were fitted with following power-law type hardening relation,

o= K(p—‘] 4.1)

*

where o and P are the stress (plateau (o) or collapse (oc)) and foam relative density

pS

respectively and K and n are the constants. It is noted that the value of the n in the R
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direction (1.6) is greater than those in W and E-directions (1 and 1.2), showing a more

pronounced density dependence of the plateau and collapse stresses in the R-direction.
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Figure 4.6 Variation of the foam a) plateau and b) collapse stress with the foam
relative density at 8. 33x10™s™
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The variation of the plateau stress as function of strain rate in R and W-direction
are shown sequentially in Figures 4.7(a) and (b). The strain rate sensitivity of the foams
(k) was found by fitting the plateau stress data with the following power-law type

hardening equation,

L] L] k
o(e)=o0¢ 4.2)

where & and ¢ are the stress at reference strain rate (1 s™) and strain rate, respectively.
The strain rate sensitivity parameter of the foam within the studies quasi-static strain
rate regime is found to be independent of the foam density and the testing direction and

equals to nearly 0.04.
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Figure 4.7 Plateau stress as function of strain rate, a) R and b) W-directions.
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The elasto-plastic foam stress-strain behavior is usually fitted with the gas-

pressure hardening equation [36, 37],

=0, +—2 (4.3)

where P, is the initial gas pressure of the foam cells. In all foam samples tested, the
compressive stress versus gas pressure strain ratio (1-e—P 4 ) curves showed two

linear regions but with different slopes as shown in Figures 4.8(a), (b) and (c) for the
foams tested normal to the R-direction. In the first linear region the slope is lower than
100 kPa (initial air pressure), while in the second region it is higher than the initial air
pressure. Since a linear relationship between stress and gas pressure strain ratio existed,
the stress-strain curve corresponding to the lowest strain rate (8.33x10™ s'l) were fitted

with the following equations corresponding regions 1, 2 and 3:

O<g<g o=Ee 4.9
€1 <€<8€) 0=0, +SI;_ (4.5)
Ll

pS

) <£<085 =0, +SZ;, (4.6)
1-e-£
Ps

where S and S, are the slopes of the linear curves in region 2 and 3, respectively.
Equation 4.4 is for the elastic response of the foam. The parameters of the Equations
4.4, 4.5 and 4.6 were first determined for the compression stress-curve at the lowest
strain rate (8.33x10* s™) and then using Equation 4.2, the parameters were determined

for the reference strain rate (1s™).
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Figure 4.8 Stress vs. gas pressure strain ratio at 8.33x10™s™, a) F1500, b) F2500 and
c) F3500.



The parameters of the Equations 4.4, 4.5 and 4.6 for reference strain ratc are
tabulated in Table 4.1 and 4.2 for R and W-direction, respectively. The stress-strain
curves of the foams were then predicted at any strain rate interested within the studied

strain rate regime.

Table 4.1 Parameters of Equations 4.4, 4.5 and 4.6 at reference strain rate of 1s™ for the
foam tested through the R-direction.

Foam & € E Gt Go2 S, Sz K
(kPa)  (kPa) (kPa) (kPa) (kPa)

F1500  0.033 030 7790 254.83 203.69 69.332 188.79 0.0443

F2500  0.033 0.41 10925 358.03 271.23 56.276 173.79 0.0414

F3500  0.033 045 12791 417.90 292.56 66.051 21425 0.0422

Table 4.2 Parameters of Equations 4.4, 4.5 and 4.6 at reference strain rate of s for the
foam tested through the W-direction.

Foam £ € E Ool Co2 S S K
(kPa)  (kPa) (kPa) (kPa) (kPa)

F1500 0.05 02 2813 158 129.73  39.467 107.47 0.038
F2500 0.04 02 4643 195 169.67 41289 127.51 0.046
F3500 01031 102 47921 238 191.74 42.805 138.85 0.041

Figure 4.9(a) shows the predicted and experimental stress-strain curves of the
F3500 and F1500 foams in the R-direction at various strain rates. Also Figure 4.9(b)
shows the predicted stress-strain curves at 8.33x10™ and 3.33x102% s and experimental
strain rate jump tests in the W-direction. Note that in the calculations, a strain rate
sensitivity parameter independent of the strain was assumed. This gave small
discrepancy between predicted and experimental stress-strain values at relatively lower

and higher strains (>70%).
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Figure 4.9 Comparison of experimental and predicted stress-strain curves of foam
tested through the a) R and b) W-direction.

4.2  Deformation Mechanism of the Filler

All tested foam samples formed deformation band, usually triggered in the mid-
section of the cubic sample. This was attributed to the variation in the cell-edge length
and thickness and cell face thickness of the foam through the thickness of the as-
received foam plates. Since the foam was extruded normal to its thickness, higher
compressive stresses were likely to form near the skin, resulting in shorter but thicker
cell edges and cell faces. In few samples, the skin layers, which was assumed to be lcm
thick, were removed and compression tests on these samples showed insignificant

differences in the plateau regions of the stress-strain curves between with and without
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skin layer samples (Figure 4.10). Following the plateau region, the stress raised more
steeply in the samples with skin layer, especially in F3500 and F2500, proving that cell
morphology was relatively more homogenous in F1500 as compared with F3500 and
F2500. The effect of skin, however in the W and E directions was found to be
significant and therefore, the skin layer was removed in these samples before
compression testing.

The micrographs of in-water compressed tests samples until about 0.1, 0.2, 0.5
and 0.8 strains are shown sequentially in Figures 4.11(a), (b) and (c) for the F1500,
F2500 and F3500 through the R-direction. It was observed that as soon as deformation
band initiated in the mid-section, the air bubbles formed and escaped from the surface
of the deformation band, proving the tearing of the cell-faces and/or cell edges. The
deformation band started only after 0.1 strain in F1500, between 0.05 and 0.1 in F3500
and F2500. As the strain increased the deformation band proceeded to the plastically
undeformed regions of the sample. The intensity of air bubble formation was observed

to decline as the band proceeded through the skin of the foam sample.
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Figure 4.10 The effect skin layer on the stress-strain curves of F1500 and F3500.
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Figure 4.11 Deformation micrographs of in-water compressed foam samples test at
various strains; a) F1500, b) F2500 and ¢) F3500.

Figures 4.12(a-d) are the micrographs of the F1500 miniature test sample
compressed between 0-30% strain. As the sample compressed, cell edges started to
buckle, see cell A in Figure 4.12(b). Cell edge buckling was observed to occur at
relatively thin cell edges. Further deformation resulted in folding of the cell edge
(Figure 4.12(d)) and cell face as well (marked by arrow in Figure 4.12(d)). The
deformation band development sequence in F2500 sample is shown in Figures 4.13(a-
c¢). It was found that local cell edge buckling lead to formation of the deformation band,
which propagated through undeformed sections. The deformation within the band was

assumed to reach the densification strain.
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Figure 4.12 In-situ micrographs of F1500 deformation, a) 0%, b) 7% ,c) 22% and
d) 29% strains.

s . : Yl i °

Figure 4.13 Development of deformation band in F2500 a) 0%, b) 16%, and c) 29%
strains.

Figures 4.14(a) and (b) show two distinct deformation modes in the F3500
sample. In the mid-section the cell faces were folded with no significant cell stretching
through the normal to the compression axis (Figure 4.14(a)). In contrast to this, the
cells near to the skin were mostly stretched normal to the compression axis (Figure
4.14(b)). This was in consistent with the observations of the air evolution in-water

compressed foam samples; the air evolution was faster in the mid-section, while its
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evolution was reduced as the deformation proceeded through the skin layer. It is
proposed that in mid-section the cell faces were torn and therefore the cells did not
stretched normal to the compression axis. But as the band moves from the mid-section

cell stretching become dominant deformation mode because of the thicker cell faces.

(a) (b)

Figure 4.14 SEM micrographs of deformed F3500 showing a) cell face folds inside the
cells and b) cell stretching through the normal to the compression axis near to the skin
layer.
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4.3 Tensile Properties of the Tube Materials

The tensile stress-strain curves of the Al and 6063 Al tube materials are shown
in Figure 4.15. The ultimate tensile stress (UTS), ou, 0.2% proof strength, ooz, and
Vickers hardness number of the tube materials are listed in Table 4.3. 6063 Al has
higher UTS and 0.2% proof strength and hardness number than 99.7% Al.

——6063 Al
-------- 99.7% Al

Engineering stress (Mpa)

H 1 L 1 (e L EFETIETET RS G
0 0.01 0.02 0.03 0.04 0.05 0.06
Engineering strain

Figure 4.15 Tensile stress-strain curves of 6063 Al and 99.7% Al tube material.

Table 4.3 Mechanical properties of 6063 Al and 99.7% Al (average of at least 3 tests).

i . 6o Vickers
Materials (+10 MPa) (+10 MPa) (S0a+5u) hardness
2 number
99.7% Al 170 105 137.5 58
6063 Al 241 205 223 80
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4.4 Compression Deformation Behavior of the Empty And Foam Filled
Tubes
4.4.1 Crushing Behavior of the Empty And Foam Filled Al Tubes

Empty Al tubes, both 16 and 25 mm, deformed in diamond mode. ~Typical
load-displacement curves of the tubes are shown in Figure 4.16. The distance between
the peaks loads numbered in Figure 4.16, is the fold length and the total number of
peaks corresponds to the number of the folds formed in the tubes. The total number of
the folds is 9-10 and 7-8 in 16 and 25 mm tube, respectively. The densification of
tubes, the sudden rise in load values, starts after 32 mm displacement, corresponding to
about 80% of the initial tube length. The higher load values in 25 mm diameter tube is

due to the larger diameter and thicker tube wall.

3 T T ! ! )
25 — Altube (25 mm)
2f < Al-tube (16 mm)

Load (kN)

0. [y

0" 50182025 30 35
Displacement (mm)

Figure 4.16 Typical load vs. displacement curves of the empty Al tubes at 2.5 mm min™.

The progression of the diamond folding in 16 mm Al tube is shown sequentially
in Figures 4.17(a), (b) and (c) for the displacements of 5, 10 and 20 mm. Inward and
outward folds seen in this figure prove the complex deformation mode of the Al tubes.
The number of folds can be however counted easily; for example Figure 4.17(a) shows
2 diamond folds, Figure 4.17(b) 4 folds and Figure 4.17(c) 6 folds. The top and bottom
views of the partially crushed 16mm tube sample are shown in Figures 4.18(a) and (b).
The folds are six-cornered as numbered in Figure 4.18(a). The six-corner diamond
folding geometry, given by S. R. Guillow et al. [38] and schematically shown in Figure

4.18(c), consists of 3 circumferential folds.

48



(a) (b) ©

Figure 4.17 Cross-sections of the deformed 16 mm diameter Al-tube (2.5 mm min™)
displacements: a)5 mm (2-diamond folds), b)10 mm (4-diamond folds) and ¢)20 mm (6-
diamond folds).

(a) (b) (©)

Figure 4.18 a) Top and b)bottom views of the crushed 16 mm Al tube and c)schematic
view of the diamond collapse mode with 3 circumferential lobes (only figure
4.18(c),[38]).

Although the first fold formation in 25 mm tube was axisymmetric, the
deformation proceeded in diamond mode with 8 corners per fold (Figures 4.19(a), (b)
and (c). A similar deformation behavior was also previously observed in empty Al

tubes and it was due to the influence of the axisymmetric trigger on the first fold [39].

2
g
: O
_ N=4
(a) (b) (c)

Figure 4.19 a) Top and b) bottom views of the crushed 25 mm Al tube and c) schematic
of the diamond collapse mode with 4 circumferential lobes (only figure 4.19(c),[38]).
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Few of the samples also deformed in mixed mode. In these samples the first couple of
the folds formed in axisymmetric mode then the deformation was turned into diamond
mode. Typical load-displacement curves the samples deformed in mixed mode and the
photographs of the samples deformed in diamond and mixed mode are shown

sequentially in Figures 4.20 (a) and (b).

T

T —
Three axisy:1meiric folds
Four diamond folds

Load (kN)

AN et P

(ot e b Lo L Lo g
0 5 10 15 20 25 30 35
Displacement (mm)

(a)

diamond mixed
(b)

Figure 4.20 a) Load-displacement curve of the 25 mm tube deformed in mixed mode
and b) side views of the samples deformed in diamond and mixed mode.

6063 Al empty tubes of 0.3 and 0.5 mm thick deformed in diamond mode (N=3)
while 0.88 mm thick tube in concertina mode. The load-displacement curves of the
tubes are shown in Figure 421. In 0.3 mm thick tube, totally 6-7 diamond folds
formed. but as the thickness increased to 0.5mm the number of folds decreased to 5-6.
It was also observed that in 0.5 mm thick tube the first fold formed in axisymmetric

mode. In 0.88 mm thick tube the number of folds was found 4-5.
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Figure 4.21 Load-displacement curves of the 6063 Al tubes (2.5 mm min™).

The deformation mode of the foam-filled 16 mm Al tube remained to be the
same with that of the empty tube. Figure 4.22 shows the typical load-displacement
curves of the foam-filled and empty tube and the effect of foam filling on the
deformation behavior of 16 mm tube. Foam filling increased the load values, reduced
the fold length; hence, increased the number of folds formed and resulted in shifting of
the densification region to lower values of the displacement. The effect of increasing
foam density was to increase the load values and lower the densification point (Figure

4.22).

16 mm Altube

— F3500 foam-filled
— F1500 foam-filled

Load (kN)

| Lo By bl 1 ]
0 5 10 15 20 25 30 35
Displacement (mm)

Figure 4.22 Load-displacement curves of the foam-filled and empty Al-tube (16 mm) at
2.5 mm min™.
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ten diamond

first fold
(axisymmetric)

(@) (b)
Figure 4.23 a) Side-view of F1500 filled and b) interior of F3500 filled 16 mm Al tube
(2.5 mm min™).

In foam-filled 16 mm tubes, the first fold usually formed in axisymmetric mode,
but the deformation proceeded in diamond mode and totally 10-12 folds are formed in
foam filled tube regardless of the foam density (Figure 4.23(a)). It was also noted that
the elastic recovery of the foam filler was prevented by the tube wall due to the entrance

of the foam in between the folds (Figure 4.23(b)).

For the studied foam densities, the foam filling of 25 mm Al tube resulted in
change of deformation from diamond to concertina mode, see Figure 4.24(a) and (b).
Few of the F1500 foam filled tube samples also deformed in mixed mode (Figures
4.25(a) and (b)). In concertina mode of deformation the foam filler elastically
recovered after crushing; part of the foam remained to be attached to crushed tube wall,
resulting in tearing of the filler (Figure 4.24(a)). But, in mixed mode, the recovery of
the foam again prevented by the tube wall, because of the foam entrance in between the

folds as shown in Figure 4.25(b).

(a) (b)

Figure 4.24 Crushed F3500 foam-filled 25 mm Al tube (2.5 mm min™), a)side and
b) interior.



(a) (b)

Figure 4.25 Mixed deformation mode in 25 mm F1500 foam-filled Al tube, a) side and
b) interior, near to the tube wall (2.5 mm min").

The effect of foam filling on the load-displacement behavior of 25 mm Al tube,
as in the case of 16 mm tube, was to increase of the load values, reduce fold length;
hence, increase the number of the folds and lower the densification point (Figure 4.26).
Increasing foam density increases the load values but also slightly lowers the

densification point.

3_vwv R = TR
i 25 mm Al tube
2.5 —— F3500 foam-filled ]
- F2500 foam filled

Empty tube

Load (kN)

o510 15 20 25 30 35
Displacement (mm)

Figure 4.26 Load-displacement curves of the foam-filled and empty Al-tube (25 mm) at
2.5 mm min ",

Figure 4.27 shows the comparison of the load-displacement curves of the
concertina and mixed mode of deformation in foam filled 25 mm Al tube. Compared to
concertina mode, the fold length increases and hence number of folds decreases in the
mixed mode. It is also noted in Figure 4.27, in both modes densification starts at the

same displacement.
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Figure 4.27 Load-displacement curves of the concertina and mixed mode of
deformation in F1500 foam-filled 25 mm Al tube at 2.5 mm min™".

The effect of deformation or crushing rate, which is expressed as the
displacement rate divided by the initial tube length, on the load-displacement curves of
the empty and foam filled tubes are shown in Figures 4.28(a)-(d) for 16mm Al tube.
There is a slight or negligible effect of deformation rate on the crushing load of empty
tube. In foam filled tube, the effect of increasing deformation rate is to rise the load
values, mainly due to the strain rate dependent compressive flow stress of the filler. A
similar effect of deformation rate on the load-displacement behavior of the 25 mm

empty and foam-filled Al tube was also found.

15 T T T T T 15 T T T T T T
16 mm Al tube F1500 foam-filled 16 mm Al tu;e
~100 mm min"' ——100 mm min"!
2 Lo H
= 1F S z 1 = 2.5 mm min”' it 3
i T 25mmmin” i ;
© °
o ©
] °
b} =05
0 L 1 1 L 1 1 o 1 L 1 1 1 1
5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Displacement (mm) Displacement (mm)
(a) (b)

54



1.5

—100 mm min”

F2500 foam-filled 16 mm Al tube

2.5 mmmin™'

Load (kN)

| TR

|

Load (kN)

F3500 foam-filled 16 mm Al tybe

—100 mm min"'

P 1 il
0 5 10 15 20 25 30
Displacement (mm)

©

35 05 1015 20 25 30 35

Displacement (mm)

@

Figure 4.28 Effect of deformation rate on the load-displacement curves of the 16 mm
Al tube; a) empty and b) F1500, ¢) F2500 and d) F3500 filled tubes.

4.4.2 Effect Of Foam Filling On the Average Crushing Load, Stroke

Efficiency And Specific Absorbed Energy

The average crushing load values of the empty and foam filled tubes showed

initially a maximum and then reached almost a constant load value as the displacement

increased. Foam filling increased the average crushing load of the tubes (Figure 4.29).
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Figure 4.29 Effect of foam filling on the average crushing load of the Al tubes at

25 mm min™.
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Figures 4.30(a) and (b) show the variation of the average crushing load (at 50%
deformation) with the deformation rate for 16 and 25 mm Al tubes, respectively. A
small effect of deformation rate on the average crushing load values of the filled tubes is
seen in these curves. Each datum given in Figures 4.30(a) and (b) is the average value

of the at least three tests and details of the tests are given in Appendix B.
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Figure 4.30 Average crushing load vs. deformation rate; a) 16 and b) 25 mm Al tubes.

Although foam filling increased the average load values, it decreased the stroke
efficiency. Figure 4.31(a) and (b) show the variation of stoke efficiency in the tubes as

function of deformation rate. Despite the small dependence on the deformation rate,
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stroke efficiency decreased as the foam density increased in tubes and the dependency
of stroke efficiency on the foam density is relatively smaller in 25 mm Al tube (Figure

432).
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Figure 4.31 Effect of deformation rate on the stroke efficiency; a) 16 and b) 25 mm Al
tubes.
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Figure 4.32 Effect of foam density on the stroke efficiency (deformation rate 0.001 s™).

The effect of deformation rate on the SAE at displacements corresponding to
stroke efficiency of the empty and foam-filled tubes is shown sequentially for 16 and
25 mm Al tube in Figure 4.33(a) and (b). Although SAE increased with increasing
foam filling in 16 mm Al tube, almost no significant effect of foam filling was found in

25 mm Al tube.
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Figure 4.33 SAE vs. deformation rate; a) 16 and b) 25 mm tubes.

4.4.3 Effect of Adhesive

The effect of adhesive in 16 mm Al foam filled tubes was to increase the
average crushing load slightly especially at low displacements (Figure 4.34(a)). On the
other hand, no significant effect of the adhesive was found in foam-filled 25 mm Al
tube. The foam filled tubes with and without adhesive deformed until various
displacements were sectioned and examined. In 16 mm Al tubes without adhesive, it
was found that after compression testing, the foam filler partially recovered (Figure
4.35), but foam fillers with adhesive showed no recovery after compression (Figure
4.36). In 25 mm tubes, the bonding between tube wall and filler broke down after the

formation of the first couple of folds.
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Figure 4.34 Effect of adhesive on the load and average crushing load of the foam-filled

tubes a) 16 and b) 25 mm Al tubes.

35

Figure 4.35 Side and cross-sections of the foam-filled 16 mm Al tube without adhesive.
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Figure 4.36 Side and cross-sections of the foam-filled 16 mm Al tube with adhesive.

4.4.4 Partially Filled Tubes

In partially filled 16 mm Al tube with adhesive, folding either started at the
filled (sample A, Figure 4.37(a)) or empty (sample B, Figure 4.37(b)) end of the tube.
The effect of partial foam filling in samples A, is the increase of the load values (Figure
4.38(a)) and reduction of the fold length as compared with empty tube, but the fold
length almost remained to be the same with that of filled tube. In samples B, the fold
length and load values are however similar to those of empty tubes until the point a,
Figure 4.38(b), at which folding starts to proceed in the filled section. Thereafter, the
fold length and the peak loads of samples B reach the level of the sample A. In partially
foam-filled tubes, without adhesive the load-displacement curves were found to be

similar to that of the filled tube with adhesive.
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Figure 4.37 Compressed partially filled 16 mm Al tubes; folding started at a) the filled
end and b) empty end.
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Figure 4.38 Load-displacement curves of the empty, partially filled and filled tubes:
a) sample A and b) sample B.

The load-displacement curves of the 25 mm Al empty and partially filled and
filled tubes without and with adhesive shown in Figures 4.39(a-c). In partially filled
tube without adhesive, folding similarly started either at the filled (sample A, Figure
4.40(a)) or empty (sample B, Figure 4.40(b)) end of the tube. The effect of foam filling
in samples A, is the reduction of the fold length and increase of the load values (Figure
4.39(b)). In samples B, the fold length and load values are however the same with those
of empty tubes until the point a of Figure 4.39(c), at which folding starts to proceed in
the filled section. Thereafter, the fold length and the peak loads of samples B reach the
level of the sample A (point b in Figure 4.39(c)). In partially filled tube with adhesive,
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the deformation mode changes into concertina mode (Figure 4.40(c)), if the folding

starts at the filled end, else the deformation mode is the same with that of empty tube.

As shown in Figure 4.40(b) the concertina folding of the partially filled tube with

adhesive shows a very similar load-displacement curve with the foam filled tube, except

the magnitude of the load values are higher in the filled tube.
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Figure 4.39 Load-displacement curves of 25 mm Al empty, partially filled and filled
tubes; a) without adhesive sample A, b) with adhesive sample A and c) without
adhesive sample B.
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(a) (b) (c)

Figure 4.40 Cross-sections of deformed partially filled tubes a) sample A, b) sample B
and c¢) sample A with adhesive.

In Tables 4.4 and 4.5 the crushing parameters of the partially filled 16 and 25
mm Al tubes are tabulated, respectively. In the same tables, the crushing parameters of
the empty and filled tubes are also given for comparison. The effect of partial foam
filling on the crushing behavior the Al tubes was the same with the full foam filling;
decrease of fold length and increase of the average crushing load. It is also noted that
the fold length of the partially and filled Al tubes are the same. This is also true for 25

mm Al tube when the partially filled tube deforms in concertina mode.

Table 4.4 Crushing parameters of empty, partially F3500 filled 16 mm Al tubes
(average of 5 tests at 2.5 mm min )

16 mm Al tube P, AP, Number Fold Def. Mode
(kN) | (P,-P.) of Length
(kN) folds (mm)
Empty 0.43 0 9-10 3.4-3.8 diamond
Partially filled (adhesive) | 0.53 0.1 2223 diamond
Filled 0.65 0.22 10-11 2.2-2.5 diamond

Table 4.5 Crushing parameters of empty, partially F3500 filled 25 mm Al tubes
(average of 5 tests at 2.5 mm min")

25 mm Al tube P AP, Number Fold Def. Mode
(kN) | (P,-P) of Length
(kN) folds (mm)
Empty 0.93 0 7-8 4.1-4.5 diamond
Partially filled 1.04 0.12 3.9-4 diamond
Partially filled (adhesive) 1.08 0.15 3.2-35 concertina
| Filled 1.23 0.3 9-10 3.2-3.5 concertina
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Chapter V

ANALYSIS OF RESULTS AND DISCUSSION

5.1 Average Crushing Loads of the Empty Tubes

The average crushing loads of the tested empty tubes were fitted with previously
proposed equations for the average crushing loads of diamond and concertina
deformation modes and the results are shown in Figures 5.1(a) and (b) as function of
D/i. The experimentally determined average crushing loads in these figures
corresponds to 50% deformation and it was also found that average crushing loads at 40

and 60% deformation were very similar to that of 50% deformation.
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Figure 5.1 Fitting of the experimental average crushing load with previously proposed
equations for a) concertina and b) diamond deformation modes.

For both concertina and diamond mode, results are well fitted with empirical
equations of Wierzbicki et al.[20] for concertina mode of deformation (Equation 2.19)
within the studied D/t ratios (Figure 5.1(a)). Predicted values are in the range of 86- 99
9% of the measured experimental values. Their empirical relationship for diamond mode
(Equation 2.25) [10] predicts the average crushing load values in the range of 70-98%
of the measured ones for diamond mode (Figure 5.1(b)). Above the D/t ratio of 60, this
relationship were found to predict the average crushing loads in the range of 82-98% of

the measured data.
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As shown in Figure 5.1(b), Singace’s empirical relationship [23] for diamond
deformation mode with N=3 (Equation 2.21) gives good correlation between predicted
and experimentally found average crushing loads in the D/t range between 60-80.
Predicted values are in the range of 93.5 - 99 % of the measured experimental values for
diamond mode. In this D/t ratio range the tested empty tubes deformed in diamond
mode with 3 circumferential lobes, except 25 mm Al tube. Singace’s empirical
relationship for concertina deformation mode (Equation 2.20) [22] predicted lower and
less accurate average crushing loads than that of the tested tubes results (Figure 5.1(a)).

Values of empirical relationship of Abramowicz et al. for concertina mode
(Equation 2.18) [18], are higher than experimental oncs until the D/t ratios reaches
value of 80. Results of relationship of Abramowicz et al. [17] for diamond mode
(Equation 2.26) is higher than experimental results. It was found that measured values

are in the range of 65- 85 % of the predicted values for diamond mode.

5.2 Strengthening Coefficient of the Foam Filling

The simplest approach for predicting average crushing load of foam-filled tubes
is to add the foam crushing load, which is usually taken as the load corresponding to the
plateau stress, to the empty tube average crushing load. In the model, also called

additive model, foam filler and tube are assumed to be deform independently.

F3500 foam-filled 16 mm Altube |
(2.5 mm min™")
[ ®-- Foam
~ AF ———Emply |
z ¥ memes Foam+Tube
o .
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3 e oo o _Exporimental -
- P L AdditiveModel .
e
e @ PRI S .
0 02 = 1 i | Il il 1 L
o 5 10 15 20 25 30 35

Displacement (mm)
Figure 5.2 Loads and average crushing loads of the foam (alone), empty tube, empty
tube+foam (alone) and foam filled tube .

Generally, the additive model gives the load and average crushing load values

lower than experimental values for the reason of the interaction effect between the tube
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wall and the filler. The interaction effect is also found in the tested polystyrene foam
filled Al tubes (Figure 5.2).
The strengthening coefficient of foam filling can be expressed by modifying

Equation 2.29 for circular tubes as;

B.—P
T el B G.1)
c,mR B

where P; is the foam load corresponding to the plateau stress. The interaction between
the filler and the tube was determined experimentally by avoiding the axial compression
of the filler. In this case, the interaction load (Pin) and interaction coefficient (I) are

expressed as,

Py =P, -P; (5.2)
P.

1= D 53
. (53)

where Py, is the average crushing loads of the foam-filled tube without axial
compression of the foam.

In order to find the strengthening coefficient of the polystyrene foam filling, the
average crushing loads of the empty tubes were subtracted from those of the filled tubes
and the results were divided by the foam load corresponding to the plateau stress. The
calculations were made between the tests at the same deformation rates. Two different
foam loads were used in the calculations: load corresponding to the plateau stress in the
R direction and load corresponding to the sum of the plateau stresses in the R and W-
directions. The results are shown sequentially in Figures 5.3(a) and (b) for foam load of
R and R+W. Note also the slopes of the curves in Figures 5.3(a) and (b) correspond to
the strengthening coefficient given in Equation 5.1. For the foam load of R direction,
the 16 mm filled tube crushing load is about 3.2 times of the foam R-load, while a
smaller strengthening coefficient is found for 25 mm tube, 1.82. For the foam load of
R+W, the strengthening coefficients are about 1.8 and 1 for 16 and 25 mm tubes,

respectively.
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Figure 5.3 Increase in average crushing loads of Al tubes as function of the foam
plateau loads a) R and b) R+W.

In the filled tubes, the interaction effect is partly due to the resistance of the
filler to the inward and/or outward folding of the tube and partly due the interfacial
friction stress between foam and tube wall [40]. Numerical studies of Al foam-filled
tubes have shown a negligible effect of interfacial frictional stress on the crushing
strength of tubes [31]. Figure 5.4 shows the stress-strain curve of the F3500 samples
compressed inside the 25 mm Al tube (confined test) and unconfined F3500 samples
(5x5x5 cm). Although the plateau stresses are the same, confined sample shows a
higher densification strain. This tended to confirm that foam compression inside tubes

showed the similar stress-strain behavior with the unconfined sample. This also partly
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proved an insignificant effect of interfacial frictional stresses between the foam and the
tube wall.
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Figure 5.4 Comparison of the stress-strain curves of F3500 samples compressed inside
25 mm Al tube and unconfined sample (5cm cube).

The use of adhesive can contribute to the specific absorbed energy of the tube by
two mechanisms, namely, increased load transfer from tube wall to the foam core and
peeling of the adhesive [3, 31]. The latter mechanism occurs mainly due to the outward
folding of the tube. In Al-foam filled tubes with an epoxy bonding layer between filler
and the tube, the strengthening coefficient was numerically and experimentally found to
be 2.8 for square tubes, which is higher than that of the foam filling without adhesive
(1.8) [31].

The use of adhesive not only increases the strengthening coefficient but also
changes the triggering position of the first fold. Figure 5.5 (a) and (b) show the
axisymmetric folding of an Al tube; in empty tube folding started at the end of the tube,

while it started in the mid-section of the tube in the case of aluminum foam filling.

A LAY

Figure 5.5 Axisymmetric folding in a) empty and b) Al-foam filled Al tubes [41].
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This is basically due to the effect of local inhomogeneity of the foam, which forms a
favorable side for fold formation on the tube. In polystyrene foam filled tubes, folding
started at the end of the tube in all tested filled tube samples, proving the relatively
homogenous cell size distribution of the foam used.

The deformation cross-sections of the 16 mm Al foam filled tubes with and without
adhesive are shown in Figures 5.6(a) and (b), respectively.  In both tubes, tube and
filler deformation started at the end of the tube. This is in contrast to the foam alone
deformation in which the deformation band forms in the mid sections. Itis also noted in
this figure, the filler deformation is localized in the fold region of the tubes. The
separation of the tube wall from the filler during outward folding is clearly seen in

Figure 5.6(b) for the without adhesive sample.

(a) (b)

Figure 5.6 F3500 foam filled 16 mm Al tubes; a) with adhesive and b) without
adhesive.

Since the foam deformation started in the fold region, the axial strain in the foam
may be assumed to scale with the fold length. The fold length can be roughly calculated

using following relation:

H, = (5.4)

where Hy is the fold length and N is the number of folds. Nearly 11 folds were formed in
the foam filled 16 mm tube, corresponding to the fold length of 2.74 mm. Assuming the
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folds moved until the faces touch to each other, the strain of the foam in the fold region

is,

g =2t 5.5

This gives a compression strain of the filler nearly equal to 0.75. Replacing foam R
load at 0.75 strain with plateau load in Figure 5.3 (b) gives a strengthening coefficient
of 1 for the tested 16 mm foam filled Al tube (Figure 5.7).
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Figure 5.7 Increase in average crushing loads of foam filled 16 mm Al tubes as
function of the foam load of R at 0.75 strain + W.

A close inspection of the crushed 16 mm Al foam filled tube also confirms the
foam axial deformation in the fold area (Figures 5.8 (a) and (b)). Close inspection of
the 25 mm foam filled tubes cross-sections showed that, foam and tube deformed
independently in most part of deformation (Figure 5.9). In the filled tubes with
adhesive, it was observed that the filler peeled off completely and/or partially from the
tube wall after the first fold; therefore, the use of adhesive become ineffective. Mainly
due to this effect, the load-displacement curves of the filled tubes with and without
adhesive were found to be the same. In order to see the effect of adhesive clearly,
compression tests using a stronger adhesive, epoxy, were performed. The insignificant

difference between the adhesives in the load-displacement curve and average crushing
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loads of the filled tubes tented to confirm the inefficiency of the adhesive in the filled 25
mm Al tubes (Figure 5.10).

(a) (b)

Figure 5.8 Crushed F3500 foam filled 16 mm Al tubes; a) with adhesive and b) without
adhesive.

Figure 5.9 Partially crushed F3500 foam filled 25 mm Al tubes with adhesive.
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Figure 5.10 Load vs. displacement curves of 3500 filled 25 mm Al tube with Styrabond
and epoxy.

The axial deformation of the filler in the fold region of 16 mm Al tube was also
seen in the deformed cross-section of the partially filled tubes with and without
adhesive, see Figures 5.11(a) and (b). In these tests as the tube compressed the foam

length decreased due to the axial deformation in the fold region.

(a) (b)

Figure 5.11 F3500 partially filled 16mm Al tubes; a) with adhesive and b) without
adhesive.

Figures 5.12 (a) and (b) show the partially foam filled 25 mm Al tube cross
sections. Although no axial deformation of the foam is seen in the cross-section of the
sample without adhesive (diamond), local axial deformation of the foam in sample with

adhesive (concertina) is clearly seen. Therefore, it was found that partially filled tube
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with adhesive showed a higher average crushing load as compared with that of the

partially filled tube without adhesive.

(a) (b)

Figure 5.12 F3500 partially filled 25 mm Al tubes; a) with adhesive and b) without
adhesive.

The increase in the average crushing loads of the partially foam-filled tube
(without adhesive) with respect to the empty tube is due to the resistance of the foam
filler to the inward folding of the thin-walled tube, leading to shorter fold lengths and
hence increased crushing loads. The interaction effect for the 16 mm Al tube with and
without adhesive was higher than 1. In 25 mm Al tubes without adhesive it was found
that the interaction effect was nearly 1 and with adhesive it was again greater than 1
(Figure 5.13). The strengthening coefficient of the polystyrene foam filling of the
present study was also compared with those of the previous experimental studies on Al
and polyurethane foam-filled Al cylindrical tubes [38, 39]. The comparison is shown in
Figure 5.14, in which the strengthening coefficient is plotted as function of foam/tube

load ratio.
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Figure 5.13 Increase in the average crushing loads of partially filled Al tubes as
function of the foam plateau load of W.

Three distinct regions designated as 1, 2 and 3, are shown in Figure 5.14. In
region 1, foam filling does not change the deformation mode: both empty and filled
tubes deform in diamond or mixed mode. As the foam load increases, the deformation
changes into mixed or concertina mode and in the third region, it is predominantly
concertina. The highest strengthening coefficients, ranging between 2-4, are found in
Region 1, where the foam load is relatively low as compared with the tube crushing
load and foam filling does not change the deformation mode. In region 2, the foam
filling switched deformation mode from diamond into mixed or concertina and the
strengthening coefficient in this region fluctuates around 2. In the last region, the
deformation mode is predominantly concertina and the strengthening coefficient is

below 2 but higher than 1.

75



T |

|

Al foam

2 4 (%, ©  Alfoam-dynamic -
é 3 A Polurethane
@ kv A Polystyrene-16 mm
R 1 — -
IS ¥ Polystyrene-25 mm

=) p % O 1 = ;
) & o o :
s e S o %h 0 oL 0 @ Lo
o & OoOO
5 1 o Q N e A
S
7]

0 |

0 0.5 1 1.5

Foam/tube load ratio

Figure 5.14 Comparison of strengthening coefficients polystyrene foam filling with
those of previous studies of polyurethane and Al-foam filling.

The polystyrene foam filling of the present study shows good agreements with
previous studies. For 16 mm tubes, in which the empty and foam-filled tubes deform in
diamond mode shows strengthening coefficients higher than 2. The strengthening
coefficient of the foam-filled 25 mm tubes, in which the deformation mode shifted to

concertina is around 2.

5.3 Specific Absorbed Energy (SAE)

For cfficient foam filling, the specific energy absorption of the foam filled tube
should be higher than that of the empty tube at equal mass basis. The SAE of the foam
filling is therefore should be compared with that of the wall thickening of the empty
tube. This was done by assuming empty tubes average crushing loads followed the

Equations 2.19 and 2.21. The details of the analysis is given in Appendix C.

In Figures 5.15 (a) and (b), variation of SAE with the total mass of the tubes are

shown for 16 and 25mm Al tube, respectively. Foam filling in 16 mm Al tube is seen
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to be advantages over the empty tube for the diamond mode of deformation. Note that

in Figure 5.15 (a) there exists a critical mass (shown by arrows in Figure 5.15 (a)) and

hence a critical foam density, after which the foam filling becomes more efficient than

wall thickening. The critical mass decreases as the deformation rate increases and

increases as the strengthening coefficient decreases. In 25 mm Al tube since the filled

tube deformed in concertina mode the comparison is rather difficult. It is assumed that

filled tube obeys the concertina mode and this gives a relatively lower SAE than empty

tube (diamond) when the filler mass is zero (Figure 5.15 (b)). The low strengthening

coefficient (1.82) in these tubes is the main reason for the inefficient foam filling when

compared with wall thickening. But, again with increasing deformation rate the filling

becomes more efficient.

SAE(kJ/kg)

SAE(kJ/Kg)

Figure 5.15 SAE vs.
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It is also noted that the SAE of the empty tubes are very similar, but foam filling
makes the 16 mm Al tube more efficient, mainly due to the higher strengthening
coefficient. Within the studied foam densities the increase in the SAE of the 16mm Al
tube is as much as 15% and higher foam densities will be expected to increase SAE
further.

One of the critical issues of foam filling is the reduction of the SE with the foam
filling, which was more pronounced for the foam filled 16 mm Al tubes. At higher
foam densities, the analysis showed that the reduction in SE overcome the increase in
the average crushing force and therefore this resulted in a maximum in SAE-total mass
curves as shown in Figure 5.15 (a). The critical foam density for 16mm Al tube is
calculated 150 kg m™ and after this density SAE decreases with foam filling. It should
be noted that the analysis assumes a parabolic reduction in SE with the increasing foam
density and any deviation from parabolic relation and change in deformation mode will

change the predicted critical foam density.

5.4 Two Models of Foam Filled Tube Deformation

Based on experimental results and microscopic observation, two models of
polystyrene foam filled thin-walled Al tube deformation are proposed. The first model
is shown schematically in Figure 5.16(a) and features the axial deformation of the foam
filler in between the folds. In this model, tube folding and filler axial deformation occur
together. Therefore, the foam deformation in this model is determined by the amount of
axial deformation of the folds and may be above the critical strain for densification;
hence, the foam load may be well above the load of plateau stress. This model
corresponds to the diamond mode of deformation of the polystyrene foam filled 16mm
tubes in this study. The second model is based on independent deformation of the tube
and filler and shown in Figure 5.16(b). Hence the foam deformation is independent
from tube, the localized deformation of the foam and tube occurs in different regions of
the tube. In this case, the foam deforms as if it were unconfined and this is proposed for
the concertina mode of deformation in polystyrene foam filled Al tubes. The proposed
models are also consistent with the previous studies shown in Figure 5.14, in which the

diamond mode of deformation resulted in higher strengthening.
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The reduction in the fold length was proved to be a result of filler resistance to
inward folding of the tubes in partially filled tubes. This effect should also be clarified
further by testing filled tubes with varying lateral resistance similar to the tests done in

[29] with Al honeycomb filling.

01 02 03 04 05 06 0.7 0.8
Engineering strain

(a)

1000 T T T T T

Engineerihg stress (Mpa)

O ! 1 1 1 !
0 01 02 03 04 05 06 0.7 08

Engineering strain

(b)

Figure 5.16 Schematic of the proposed two models of foam filled tube deformation; a)
tube and filler deform together, b) tube and filler deform independently. '
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Chapter VI

CONCLUSIONS

The crushing behavior of the polystyrene foam filled Al-tubes have been
investigated through compression testing of the filled and partially filled tubes at
varying deformation rates. The effect of foam density, adhesive and deformation rate
on the load-displacement, average crushing load and specific absorbed energy have
been determined for two different modes of deformation: diamond and concertina. The
specific energy absorption behavior of the empty and filled tubes was analyzed on the

basis of the equal mass. Followings may be concluded

1. The foam filling changed the deformation mode of the 25 mm Al tube from
diamond into concertina due to the thickening effect of the foam filling.

2. The effect of foam filling was to increase the average crushing load over that
of the tube alone +foam alone, known as interaction effect. The foam filling,
on the other hand, decreased fold length and the stroke efficiency.

3. The tests conducted on partially filled tubes have clearly shown that filler
axial deformation triggered at a place at which folding started in diamond
mode (16 mm Al), while filler and tube deformed independently in 25 mm
Al tube (concertina).

4. No significant effect of adhesive use was found for the filled tubes. In
16 mm Al tube, the foam deformed in between the folds with and without
adhesive. This was also confirmed by the microscopy of the compressed
partially filled tubes. In 25 mm Al tube, the adhesive was presumed to be
separated from the tube wall at the early stage of the folding, mainly due to
the localized deformation of the filler in the mid sections. In partially filled
tubes, it was found that the use of adhesive became effective and resulted in
axial deformation of the filler in the fold region.

5. The deformation of the filler between the folds was likely to exceed the
plateau stress of the foam, giving a higher strengthening coefficient in foam
filled 16 mm Al tube as compared with 25 mm Al tube. The similarities

between the strengthening coefficients of the present and previous studies
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tended to conclude that diamond mode of deformation resulted in higher

strengthening coefficient.

. The results have also shown that there should be a critical foam density (or

mass) before which the foam filling was not efficient in terms of SAE at
equal mass basis. For the studied strain rate dependent polystyrene foam,
the increasing deformation rate decreased the critical foam density and also

increased the SAE.

. The effect of reduction in the stroke efficiency with foam filling was found

to result in a maximum in SAE in foam filled tubes.
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APPENDIX A

ASTM B557M Tension Test Standart

iilh B s57M

]
"t ) T
T

-
e}

! i+

¢

Dimensions mm

Standard Specimen Shect TSP Subsize Specimen 6 mm Wide

G-Gage length 30.00 + 0.10 25.00 = 0.10
- Width (Notes | and 2) 12.50  0.05 6.00+ 0.05
7—Thickness (Note 3) thickness of material thickness of material
R—Radius of fillet, min 125 6
L—Over-all length, mia (Note 4) 200 100
A—Length of reduced section, min 51 32
B—Length of grip section, min (Note ) 50 30
C—Width of grip section, approximate (Notes 2 20 10

and 6)

Figure A.1 Rectangular tension test specimens

NOTE 1—The ends of the reduced section shall not differ in width by more than 0.06mm
for the 50.00 mm gage length specimen or 0.025 mm for the 25.00 mm gage length specimen.
There may be a gradual taper in width from the ends of the reduced section to the center, but
the width at each end shall not be more than 1% greater than the width at the center.

NOTE 2—For each of the specimens, narrower widths (W and C) may be used when
necessary. In such cases the width of the reduced section should be as large as the width of the
material being tested permits: however, unless stated specifically, the requirements for
elongation in a product specification shall not apply when these narrower specimens are used.
If the width of the material is less than W, the sides may be parallel throughout the length of
the specimen.

NOTE 3—The dimension T is the thickness of the test specimen as stated in the
applicable material specifications. Maximum nominal thicknesses of 12.5 mm and 6mm wide

specimens shall be 12.5 mm and 6 mm, respectively.

Al



NOTE 4—To aid in obtaining axial loading during testing of 6 mm wide specimens, the
over-all length should be as large as the material will permit, up to 200 mm.

NOTE 5—1t is desirable, if possible, to make the length of the grip section large enough
to allow the specimen to extend into the grips a distance equal to two thirds or more of the
length of the grips. If the thickness of 12.5 mm wide specimens is over 9 mm longer grips and
correspondingly longer grip sections of the specimens may be necessary to prevent failure in
the grip section.

NOTE 6—The ends of the specimen shall be symmetrical with the center line of the

reduced section within 0.2 mm and 0.1 mm, respectively.
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APPENDIX B

Experimental Results for Empty and Faom Filled
Tubes
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APPENDIX C

Constitute Model of Specific Absorbed Energy

Figure C.1 Tube geometry
Specific absorbed energy calculations are formulated based on the tube

geometry given in Figure C.1. The tube cross section area (A) and the mass (mype) of

the tube geometry of Figure C.1 are;

4= n[(R A 1)2 = (R s l” —2Rin C.1)
2 2

and
Mype= pJA = p 2Rt (C.2)

The filler area (Ar) and mass (my) are;

2 2
= n(R a %) = n[Rz —Rt+ %j (C3)
t2
mg= p‘h{R2 - Rt + :J (C4)

C1



Combining Equations C.2 and C.4 gives the following relation for the total mass of the

filled tube,
: t?
m,= p.2Rtr +p 11:(RZ - Rt + Z] (C.5)

Specific absorbed energy of the empty and filled tubes at the deformation length

corresponding to stroke efficiency are expressed as,

S APy = ;—ﬂsgl (C.6)

t
and

B+ P

SAEmlcd == Shl (C7)

The Sg values of the empty tubes are taken as the average of all experiments. However,
the Sg values for filled tubes are expressed as a parabolic function of foam relative

density, see Fig. 4.32.

C.4.1 Empty Tubes
C.4.1.2 Equation 2.18(Concertina mode - Wierzbicki et al.)

Inserting Equation 2.18 into Equation C.6 yields,

AR
Bl s Ao 3)

m,

Rearranging Equation C.4 gives the thickness of the empty tube in terms of total mass

and radius as,

c2



g b T (C.9)
pcl2n R

Substituting Equation C.9 into Equation C.8 yields,

SABempy = 3493.6 V4 Sm /% (C.10)
Values of the parameters given in Equation C.10 are as follows: pc= 2700 kg/m>, 1=40
mm, co=137.5 MPa, Sg (16 mm)= 0.838 and Sg(25 mm)= 0.8211. Using these values,

following equations are derived for the SEA of 16 and 25 mm empty tubes as function

of the total mass,

SAEcmpy = 371.05m /% (C.11)
and

SAEempy = 232.18m,% (C.12)

C.4.2 Equation 2.20 (Diamond mode - Singace et al.)

Using Equation 2.20 gives sequentially following equations for the SAE of 16

and 25 mm empty Al tubes deforming in diamond mode;

SAEcmpy = — 50456.066m, + 12641.598 (€.13)

and

SAEempy = —1.262 *10°m, +12901.789 (C.14)

C3



C.4.2.1 Foam Filled Tubes
C.4.2.1.1 Equation 2.18 (Concertina mode - Wierzbicki et al.)

The average crushing load of the filled tube (concertina mode) is given by the

following equation ,

*\1 2
P, +P, = 11.220,t"R% + CK[D—] n{RZ B %J (C.15)

s

Substitution of Equations C.15 and C. 5 into Equation C.7 gives the following equation
for the SAE of the filled tube,

* n 2
11.220,t7%R% + CK[p—) n[R2 PRt 4 tz)
SAEfiied = by Sil

. ; (C.16)
p.I2Rtr + p"lﬂ{R2 - Rt + %J

Inserting the values of the parameters of the Equation C.16 gives sequentially following

SAE of'the filled 16 and 25 mm tubes as function of the foam density as;

SAEq = 9.233.- 10"4; 3128',21403; 0TS (GG =
0.001014p" — 45178 -107p"") (C.17)
and
SAEqe = 1.006- 1010;516‘;‘1%5. 100" r—
0.0036945p" +5.897 - 10~°p"") (C.18)

C4



C.4.2.2.2 Equation 2.20 (Diamond mode - Singace et al.)

Substution of Equation 2.20 and foam load into Equation C.7 gives sequentially

following relations for SAE of the 16 and 25 mm Al tubes deforming in diamond mode

of deformation:

o 5 #1579
SAEqm = 2227 104;31;'214; 100 (083816 -

0.001014p" — 4.5178 - 10°p"")

and

1010 1065
S A= 1.101-10™ + 14.4365 10°p (0.83799 —
6.56910

0.0036945p" + 5.897 -10°p"*)

(C.19)

(C.20)
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