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ABSTRACT
Experimental testing was conducted to study the mechanical behaviour and energy absorption
characteristics of single- and bi-layer cups under axial quasi-static compressive loading. Bi-layer
plates were fabricated by explosive welding or joined by adhesive and were formed by a deep
drawing process to produce the cup . The tests were performed at a rate of 10 mm/min. The effect
of geometric parameters and other apparatus parameters were considered in this study. Results
from the experimental tests showed that the layer order of the bi-layer cup significantly influences
energy absorption capacities of the cup such that the structures with stainless steel as the outer
layer has total absorbed energy and mean crush force 8% and 14% higher, respectively, than those
of cups with the aluminium outer layer. Furthermore, it was observed that cups fabricated by
explosive welding displayed mean crush force and specific energy absorption 1.5 times greater
than those fabricated with adhesive.
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1. Introduction

To design the most appropriate and safest energy
absorbing structure is a fundamental challenge in the
field of thin-walled structures. Extensive studies have
been performed on the energy absorption capabilities of
various geometries under quasi-static and impact/
dynamic compression loading. Thin-walled tubes are
among the most widely used structural elements in
impact energy absorption due to their low cost [1], excel-
lent energy absorption [2], obtainability [3], high
strength and stiffness [4], and high loading–carrying
efficiency [5]. Additionally, they absorb kinetic energy in
a controllable manner [6] through plastic deformation
by means of a progressive crushing mode with a long
stroke, stable loading and high specific absorption capac-
ity [5]. These dominant characteristics are favourable in
an appropriate energy absorber in different applications
such as automotive bumpers [7], road vehicles, railway
coaches [8,9], aircraft, ships, machinery, arrestors at the
base of lift shafts [10], helicopter skids and space capsu-
les [11], among others.

Although thin-walled tubes have several advantages
in energy absorption applications, they display an
extremely high initial peak load when dissipating energy.
The high initial peak load can lead to a large deceleration
and increases the probability of serious damage and/or

human injuries and fatalities. To avoid or reduce this
shortcoming, several methods have been proposed by
researchers such as utilising discontinuities [12], origami
patterns [13,14], grooves or dents [15,16] and corruga-
tion methods [1,17,18]. Owing to high energy absorption
capacity [19], more stable crush response, and lower ini-
tial peak load [20], hemispherical or dome shells are
alternative thin-walled structures that are widely used as
energy absorbers in nose-cones of aircraft, spacecraft,
automobiles and nuclear reactors [21,22]. As a result of
these superior properties with respect to thin-walled
tubes, specifically the low initial peak load, some recent
studies have focused on the energy absorption behaviour
of combined geometry shells. These shells possess a
hemispherical cap and a tubular wall; they are used in
the aerospace, automotive and marine industries includ-
ing the nose-cones of aircraft and projectiles [9,23,24].

Gupta et al. [25] investigated the collapse mecha-
nisms of thin-walled structures consisting of spherical
shells merging into conical frusta of various geometries
experimentally and numerically. To investigate the influ-
ence of the shell geometry, sheet thickness and the load-
ing rate on the deformation behaviour, Bin Khalil et al.
[26] studied the energy absorption behaviour of flat top
and hemispherical shells fabricated by press forming.
They demonstrated that the energy absorption efficiency
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was highest for the case of the flat top shells. Similarly,
an investigation was performed by Yamashita and Bin
Khalil [27] on deformation behaviour and energy
absorbing performance of the press-formed aluminium
alloy 5052 shells. They discovered that axisymmetric
plastic buckling deformation for an in-plane axisymmet-
ric compressive stress field was effective for increasing
buckling resistance. Tasdemirci et al. [28] experimentally
investigated the quasi-static and dynamic crushing
responses and the energy absorption characteristics of
combined geometry shells composed of a hemispherical
cap and a cylindrical segment. They reported that
increasing thickness leads to increasing the mean crush
force and specific energy absorption (SEA). Similarly, an
investigation was performed by Tasdemirci et al. [29] on
dynamic crushing and energy absorption characteristics
of sandwich structures with combined geometry shell
cores to study the effect of strain rate on the crushing
behaviour at quasi-static, intermediate and high strain
rate regimes. They concluded that the absorbed energy
increased with increasing impact velocity. Moreover,
their results showed that the average forces obtained in
the direct impact experiments were higher than those of
quasi-static and low-velocity experiments due to inertial
effects arising from higher impact velocities. Tsukamoto
[30] studied the dynamic compressive behaviour of
deep-drawn cups consisting of aluminium/duralumin
multi-layered graded structures and revealed that the
deep-drawn cups consisting of six-layered clad struc-
tures had superior impact compressive characteristics
such as high energy absorption, high maximum force
and low maximum displacement.

Through selection of a suitable combination of geo-
metrical shape and crushing behaviour of the constituent
materials, the energy absorption of combined geometry
shells can be customised [9]. For this purpose, the focus
of this research is to investigate the mechanical response,
identify deformation mechanisms and assess the energy
absorption characteristics of single- and bi-layer cups as
the combined geometric shells under quasi-static axial

compression loading. To this end the effect of geometric
and other parameters (material, quantity and stacking of
layers, and adhesive type), on the energy absorption cri-
teria of these combined geometry shells (SEA, mean
crush force, stroke efficiency, crush force efficiency, total
and specific total efficiencies) are investigated. Geomet-
ric parameters included wall length, base and top corner
radiuses, thickness, diameter of cup and clearance.

2. Experiment testing procedure

2.1. Materials and preparation process

The plates considered in this research were commer-
cially available 1050 aluminium and 304 L stainless steel
alloys with nominal thicknesses of 0.5 and 1 mm. Prior
to processing, in order to enhance the formability, the
aluminium plates were annealed at 400 C for 1 hour and
afterwards the furnace was turned off and both the
specimens and furnace cooled to room temperature over
a period of 24 hours. Following the annealing process,
both plates were carefully cleaned by polishing and
degreaser. To manufacture the bi-layer cups, two meth-
ods were utilised: explosive welding and use of adhesive.
In the explosive welding method, aluminium and stain-
less steel plates were implemented as the flyer and the
base plates, respectively. The plates were explosively
welded with the same thickness of 1 mm and distance of
3 mm. The explosive material was AMATOL powder
type (TNT 10% and ammonium nitrate 90%), with a
thickness of 12 mm, generating a velocity of the detona-
tion products equal to 2300 m/s. Figure 1 shows a sche-
matic of the experimental set-up of the explosive
welding process.

Akfix® two component epoxy was used as the adhe-
sive. The plates were bonded together and placed under
a press for 1 hour. After preparation of the plates in both
ways, the plates were cut in the circular blanks of
140 mm diameter by laser machine and formed by a 60-
ton hydraulic press and a die-punch set with blank

Figure 1. Schematic view of experimental set-up of the explosive welding process.
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holder as shown in Figure 2. The blank holder force was
provided by using eight B/32/051 springs with free
length and stiffness of 50 mm and 134 N/m, respectively,
installed equally around the blank holder surface. The
drawing speed of the press was 540 mm/min and no
lubrication was used during the experiments. Other fea-
tures of deep drawing apparatus are listed in Table 1.
After the forming, the edge of cups was trimmed and
adjusted on a lathe. Figure 3 shows formed cups before
and after trimming.

2.2. Specimen grouping information

According to the testing configurations and parameters
which are considered in this study, the specimens were
organised into 10 types and classified into 25 subgroups.
Table 2 lists a summary of different geometric and mate-
rial properties of the single- and bi-layer cups and the
geometric schematic of the cup is shown in Figure 4. As
indicated in Table 2, the first five types, namely speci-
men types A–E, have three levels of variation, while the
other five types, F–J, have only two. For specimens
within types A–E, those being the three variation types,
samples are provided according to the alternatives in
diameter, top radius, base radius, height and clearance
with three different values. Here, clearance refers to the
distance between the die and punch which is occupied
by the plate thickness and is a forming parameter which
affects the forming process quality. Specimen type F, as
the first type with two levels of variations, the samples

Figure 2. The 60-ton hydraulic press and die set.

Table 1. Dimensions of deep drawing die set parts.
Part Dimension Value (mm)

Die Inner diameter 50, 51, 52, 60 and 70
Outer diameter 153
Corner radius 10, 15 and 20

Punch Diameter 45, 55 and 65
Corner radius 10, 20 and 30

Blank holder Inner diameter 67
Outer diameter 167

Figure 3. The formed cups before and after trimming.
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are provided with two different drawing depths. The
drawing depth is the depth that the punch travels into
the blank to form the cup. It should be mentioned that
the drawing depth is different from the wall height and
may be equal to or greater than the height of the cup. In
the process of forming, increasing the drawing depth
leads to thinning of the wall and affects part strength.
According to the 304 stainless steel material properties,
increasing of drawing depth more than 35 mm led to
rupture on the cup wall. On the other hand, for the
drawing depth less than 27 mm, no meaningful thick-
ness variation is observed. Furthermore, for the drawing
depth between 27 and 35 mm, the thickness variation
was noted to be negligible to the extent that another level
of variation was not warranted.

In the last column of Table 2, identified with the col-
umn title ‘Material’, the numbers in the parentheses state
the thickness of material in millimetres and the first

material is the outer layer of the cup. Also, the final letter
indicates the bonding method which was applied to join
the plates together; W and G are abbreviations of weld-
ing and glue, respectively. For example, ‘Al (1) St (0.5)-
G’ expresses the bi-layer cup made with the outer layer
of Al with a thickness of 1 mm and steel with a thickness
of 0.5 mm where the inner layer is bonded by glue.
According to the number of layers (two layers), only two
possible states are considered as the outer layer of cup,
i.e. St or Al as outer layer (type G). In investigating the
effect of thicknesses (type H), two thicknesses of 0.5 and
1 mm are considered. The difference between two con-
sidered thicknesses is large enough to study its effect on
the energy absorption characteristics (thickness of type
H2 is twice of the H1 one). For the type I, two well-
known materials used in the energy absorption applica-
tions, i.e. stainless steel and aluminium are considered.
As the final type (J), the manufacturing process of bi-

Table 2. Geometric parameters and specifications of the specimens.
Type No. D (mm) RTC (mm) RBC (mm) Clearance (mm) H (mm) Drawing depth (mm) Material

A A1 45 10 10 2.5 25 27 Al(1)St(0.5)-G
A2 55 10 10 2.5 25 27 Al(1)St(0.5)-G
A3 65 10 10 2.5 25 27 Al(1)St(0.5)-G

B B1 45 5 10 2.5 25 27 Al(1)St(0.5)-G
B2 45 10 10 2.5 25 27 Al(1)St(0.5)-G
B3 45 15 10 2.5 25 27 Al(1)St(0.5)-G

C C1 45 10 10 2.5 25 27 Al(1)St(0.5)-G
C2 45 10 15 2.5 25 27 Al(1)St(0.5)-G
C3 45 10 20 2.5 25 27 Al(1)St(0.5)-G

D D1 45 10 10 2.5 25 27 Al(1)St(0.5)-G
D2 45 10 10 3 25 27 Al(1)St(0.5)-G
D3 45 10 10 3.5 25 27 Al(1)St(0.5)-G

E E1 65 10 10 2.5 16 27 St(0.5)
E2 65 10 10 2.5 20 27 St(0.5)
E3 65 10 10 2.5 25 27 St(0.5)

F F1 65 10 10 2.5 25 35 St(0.5)
F2 65 10 10 2.5 25 27 St(0.5)

G G1 45 10 10 2.5 25 27 Al(1)St(0.5)-G
G2 45 10 10 2.5 25 27 St(0.5)Al(1)-G

H H1 65 10 10 2.5 25 27 Al(0.5)
H2 65 10 10 2.5 25 27 Al(1)

I I1 65 10 10 2.5 25 27 Al(1)
I2 65 10 10 2.5 25 27 St(1)

J J1 65 10 10 2.5 25 27 Al(1)St(1)-G
J2 65 10 10 2.5 25 27 Al(1)St(1)-W

Figure 4. Schematic view of cup geometry.
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layer plates is considered. In this study, two processes of
explosive welding and bonding by glue are employed to
prepare bi-layer plates for making bi-layer cups.

In an effort to understand the influence of each vari-
able, the authors have considered the following grouping
as indicated in Table 2. The development of such a speci-
men grouping was also based upon similar grouping
techniques utilised in [31–35].

2.3. Quasi-static axial compression testing

To assess repeatability for each group, five specimens
were subjected to quasi-static axial compressive loading
using a Zwick 250 kN universal testing machine
(Figure 5) at the Ferdowsi University of Mashhad or an
MTS Criterion load frame with a 150 kN load cell at the
University of Windsor. During the compression tests,
the specimens were compressed between the platens of
the testing machine at a rate of 10 mm/min or an overall
compression strain rate of 6.6¢10¡3 s¡1; this was slow
enough to be regarded as a quasi-static test [36]. The
lower platen was stationary and the upper one moved
downward and no fixture was needed for holding the
specimen between them as illustrated in Figure 6. The
axial compression load and displacement were recorded

using a digital data acquisition system. At the University
of Windsor, a Point Grey Research Grasshopper 50S5M
(5 MP) at a frame rate of 10 fps was used for acquiring
visual observations during the deformation events. Syn-
chronisation between the load-deflection data and cam-
era was achieved with a TTL signal from the MTS
load frame acquired with a National Instruments USB-
6221 data acquisition module connected to the camera
workstation.

3. Energy absorption criteria and characteristics

3.1. Force-displacement response

As the basic characteristic of each energy absorber, the
force/displacement response is used extensively to ana-
lyse the crushing behaviour of the structure and displays
the required load for deforming the energy absorber
versus the displacement as the absorber structure
deforms [37].

3.2. Total absorbed energy (Eabs)

The total absorbed energy (Eabs) by the specimen
through the elastic and plastic work is equal to the area
under the force/displacement curve and is calculated
using

Eabs ¼
Z d

0
F xð Þdx (1)

where d is the axial crushing distance and F xð Þ denotes
the axial crushing load. In order to calculate the
energy absorbed based on the experimental data, theFigure 5. Zwick load frame for quasi-static testing.

Figure 6. Quasi-static axial crushing of a cup specimen.
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trapezoidal method was employed as per the following
equation:

Eabs ¼ 1
2

Xn�1

i ¼ 1

f xiþ1ð Þ � f xið Þ½ �: xiþ1 � xi½ � (2)

3.3. Peak crush force (Fmax)

The peak crushing force is the highest point in the force-
displacement curve and occurs when either the structure
buckles elastically or the material yields. This quantity is
important for two reasons [38]. To reduce the damage
to the structure at the low-velocity and low energy
impacts, it is preferable that the permanent deformation,
which is due to this value, is minimised. Second, it is
desirable that this value decrease as much as possible to
prevent the transmission of the forces to the occupants
and equipment because of deceleration

3.4. Mean crush force (Fmean)

The mean crush force is an important parameter in the
energy absorption applications due to its effect on the
deceleration that will be experienced by the vehicle occu-
pants. This quantity indicates the average force required to
deform the structure in a progressive manner [39] and it is
desirable that its magnitude be as large (and close to the
magnitude of the peak load) as possible. It is defined as the
ratio of total energy absorption to the total deformation d:

Fmean ¼ Eabs
d

(3)

where d is the distance between the origin and the point
that the specimen bottoms-out.

3.5. Crush force efficiency (CFE)

As previously mentioned, the peak and mean crushing
load are important parameters due to their direct effect
on the negative acceleration that will be sustained by the
vehicle and its occupants.

The crush force efficiency is the criteria to consider
these quantities simultaneously and is defined as the
ratio of the mean crushing force to the peak force:

CFE ¼ Fmean

Fmax
(4)

CFE is a measure of load fluctuations that occur during the
crushing of the structure and in order to providemore pro-
tection for occupants in accidents, it is preferable that the
CFE be maximum and near to unity. The CFE equal to

unity means that the structure absorbs the crushing energy
constantly at the peak load value andmitigates the undesir-
able deceleration, while an absorber with a CFE value away
from unity shows rapid changes in the deceleration which
causes serious damage or human injuries and fatalities
[40]. An ideal energy absorber should absorb the crushing
energy at the peak load value for its entire length and for
which it is necessary that it has a mean load equivalent to
the peak load [38].

Additionally, the criterion known as energy efficiency
eEð Þ is defined as the ratio of total absorbed energy
Eabsð ) to the theoretical maximum energy that can be
absorbed [41,42]:

eE ¼ Eabs
Fmax ¢d (5)

3.6. Stroke efficiency or crush efficiency (SE)

The stroke efficiency is defined as the ratio of the maxi-
mum crush length to the initial structure length as

SE ¼ d

L
(6)

This value is a measure of how much of the length of the
structure is deformed and utilised in energy absorption
and is a proper criterion for some applications with
restrictions in the available space. On the other hand,
according to the work done by a force, higher values of
stroke efficiency lead to a reduction in the amount of
force transferred to the vehicle occupants [40].

3.7. Specific energy absorption (SEA)

This value is the most common criterion to assess struc-
tures as energy absorbers and is defined as the ratio of
total energy absorption to the original mass of the un-
deformed energy absorber mð Þ :

SEA ¼ Eabs
m

(7)

This criterion is a useful parameter and allows the
designer to compare various energy absorbers which
absorb more energy per unit of mass.

3.8. Total efficiency TEð Þ
This parameter may be computed as the product of the
crush force efficiency and stroke efficiency [43,44]:

TE ¼ SEð Þ CFEð Þ (8)
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3.9. Specific total efficiency T�
E

� �
Specific total efficiency T�

E

� �
is stated as the ratio of total

efficiency TEð Þ and mass of un-deformed structure as

T�
E ¼ TE

m
(9)

3.10. Displacement associated to the peak crushing
force

In order to reduce the exerted deceleration on occu-
pants, it is desired that the peak crush force occurs at
greater displacements [3].

4. Experimental results and discussion

For all the specimens in the quasi-static axial compres-
sion test, the force-displacement data were recorded at a
frequency of 100 Hz and the corresponding force/dis-
placement curves were plotted. Also, by analysing the
deformed shapes of the specimens and the collected
data, energy absorption parameters such as the peak and
mean crush force, CFE, stroke efficiency, total absorbed
energy, SEA, total efficiency and specific total efficiency
were calculated.

4.1. Force-displacement, energy-displacement
responses and energy absorption behaviour

Observations indicated that the cups which are consid-
ered in this study exhibited two general behaviour mech-
anisms under quasi-static axial compression loading.
These mechanisms are referred to as types I and II. Fig-
ures 7(a) and 8(a) present the force/displacement and
energy versus displacement responses of cups related to
these types, respectively. Photographs depicting the axial
deformation process of cups are illustrated in Figures 7
(b) and 8(b). Annotations in Figures 7(a) and 8(a) corre-
spond to the images in Figures 7(b) and 8(b), respec-
tively. Also, for type II, in Figure 9, the cross-section of a
typical cup is presented for nine displacements of the
upper platen. At a glance in Figures 7(a) and 8(a), it is
observed that type I displays one peak load while type II
displays two peak loads.

As a common behaviour of all specimens in both
mechanisms, deformation is initiated by the elastic
deformation of the cup near to 3 mm displacement of
the upper platen. From the geometry of the cup, as seen
in Figure 9(a), its head possesses a curvature which is
due to spring-back during the deep drawing process. In
the stage for which displacements are small, the curva-
ture inverts and is flattened. This phenomenon is shown

as point ‘A’ in Figures 7(a) and 8(a), 7(b) and 8(b) and
in Figure 9(a–c). The inelastic deformation in the quasi-
static compression tests initiates following the elastic
deformation of the cup and begins with the formation of
an axisymmetric inward dimple in the head of the cup
which is illustrated as ‘B’ and ‘C’ in Figures 7(a,b) and
‘B’ in Figures 8(a,b). For cups with a diameter of 65 mm,
the formation of the axisymmetric inward dimple is con-
tinued until the first peak load is achieved. However, for
the cups with diameter of 45 and 55 mm, before the for-
mation of peak load, non-symmetric integer numbers of
lobes are formed in the head. Figure 10 presents the
formed lobes in the head of cups B2 in the bottom and

Figure 7. (a) Force/displacement response type I. (b) Deforma-
tion steps of a typical cup with response type I.
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cross-sectional views. In this figure, the separation
between the steel and aluminium layers is observed due
to the formation of the lobes.

After the formation of dimple or lobes (as can be seen
in the images associated to displacements of 4 and 6 mm
in Figure 9), the wall of the cup at the nearest point to
the head is deformed to a symmetric or asymmetric fold
and the first load maxima is observed. The formation of
the first fold can be observed as ‘E’ in Figure 7(a,b) and
‘C’ in Figures 8(a,b). Also, the image associated with the
displacement of 8 mm depicts the formation of the first
fold. Prior to the initial peak load, only the head is
deformed and the compressive energy is absorbed by
this part, while deformation and energy absorption of
cup wall start after the initial peak load. After the dis-
placement associated to the initial peak load, the defor-
mation proceeds with the axisymmetric or asymmetric
folds in the cup wall and the following peak loads. This
occurs after the initial load corresponding to the

Figure 8. (a) Force/displacement response type II. (b) Deforma-
tion steps of a typical cup with response type II.

Figure 9. Cross-sectional deformation of a typical cup type I in several displacements of the upper platen.

Figure 10. Bottom and cross-section of the deformed cup B1.
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initiation and completion of the sequential folds. Points
‘D’, ‘E’ and ‘F’ in Figure 8(a,b) show these local peak
loads and folds.

From these observations, it was obvious that for the
type I mechanism all cups exhibit the concertina mode
except E1 cups whose mode is the diamond. E1 cups dis-
play one peak load due to the short wall height of
approximately 16 mm which does not allow additional
folds to form. All cups with diamond or mix modes have
at least two local peak loads due to the formation of two
or more progressive folds.

At the last part of the compression stroke, the force
rapidly increases since the impact force from the moving
platen is directly transmitted to the base of the machine.
In this situation, the cup does not absorb additional
compression energy and the test is stopped.

4.2. Energy absorption characteristics of cup shells

As mentioned previously, choosing a suitable combina-
tion of geometrical shape and lie in the crushing behav-
iour of their constituents, the energy absorption of
combined geometry shells can be customised. In order
to select suitable parameters, it is necessary to know the
effect of them on the energy absorption criteria and
characteristics. So, in the following sections, the effect of
some parameters on the energy absorption of cups is
discussed.

In the following tables, rows displayed in grey shading
illustrate the reference cup and the investigations were
performed with respect to that. Furthermore, all of the
presented percentage values were calculated as presented
in Equation (10), where P is the specimen value and R is
the reference specimen value being considered:

P � Rð Þ
R

�100% (10)

4.2.1. Cup diameter
Table 3 shows the energy absorption characteristics of
cup type A for which the geometric parameters are the
same between sub-groups, except the diameter which is
45, 55 and 65 mm for A1, A2, and A3 cups, respectively.
It can be noted from Table 3 that by increasing the
diameter from 45 to 65 mm, the total absorbed energy

was increased approximately 12% and 34%, respectively,
while absorbed energy per mass unit was decreased
approximately 17% and 30%, respectively. This reduc-
tion was due to an increase in diameter of the cup that
leads to a corresponding increase in its mass. On the
other hand, the increase in diameter led to increases in
peak load of approximately 30% and a decrease in dis-
placement associated to that of approximately 25%.
Additionally, mean crush forces for A2 and A3 were
1.16 and 1.26 times greater than the reference value,
respectively. It should be mentioned that the observed
trend for specific total efficiency was the same as that of
specific absorbed energy. Although, for the crush force
efficiency, stroke efficiency and total efficiency, no signif-
icant relations were observed with respect to diameter
increase, specific total efficiency was dramatically
decreased.

4.2.2. Top corner radius
Energy absorption characteristics of cups with varying
top radiuses of 5 (as reference), 10 and 15 mm are pre-
sented in Table 4. The experimental results shown in
Table 4 illustrate that the total absorbed energy and
mean crush force decreased with the increase of the top
corner radius from 5 to 15 mm, approximately 6% and
30%, respectively. Also, the peak load for a RTC of
15 mm improved by approximately 27% while for a RTC

of 10 mm crush force efficiency decreased by approxi-
mately 7%. Furthermore, SEA for a RTC of 10 mm (B2)
became about 1.1 times greater than the reference value,
while this value for a RTC of 15 mm (B3) decreased about
20%. However, cups with a RTC of 15 mm showed no
significant variation in stroke efficiency and displace-
ment associated to the peak force, however, these values
for cups with a RTC of 10 mm increased 3% and
decreased 12%, respectively. The total efficiency of B2
and B3 decreased roughly 4% and 6% while STE
increased approximately 9%. Generally, incremental
increase of the top radius of the cup improves the spe-
cific total efficiency, peak force and displacement associ-
ated to it.

4.2.3. Base corner radius
Energy absorption characteristics of type C cups with
various base corner radiuses of 5 (as reference), 10 and
15 mm are listed in Table 5. It was apparent from this
research that the change in RBC from 5 to 10 mm had

Table 3. Energy absorption characteristics of type A cups.

No.
Eabs
(J)

Fpeak
(kN)

SEA
(J/kg)

Fmean
(kN) SE CFE TE STE

dmax
(m)

A1 273.2 26.0 12,646 16.3 0.729 0.629 0.458 21.191 0.0170
A2 307.2 34.2 10,377 18.9 0.676 0.563 0.381 12.873 0.0126
A3 366.0 33.2 8736 20.6 0.739 0.624 0.461 11.003 0.0125

Table 4. Energy absorption characteristics of cups type B.

No.
Eabs
(J)

Fpeak
(kN)

SEA
(J/kg)

Fmean
(kN) SE CFE TE STE

dmax
(m)

B1 273.2 26.0 12,646 16.3 0.729 0.629 0.458 21.191 0.0170
B2 259.9 25.8 13,679 15.0 0.753 0.583 0.440 23.158 0.0147
B3 187.6 19.0 10,085 11.2 0.728 0.593 0.431 23.171 0.0168
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little or no influence (roughly 1%) on Eabs, Fmean and SE,
while STE, Fpeak, SEA and dmax were decreased by
approximately 3%, 9%, 11% and 32%, respectively and
CFE and TE were increased approximately 10%. Increas-
ing RBC by 10 mm caused improved CFE, Fpeak, STE, TE
and dmax but also caused decreases in all other character-
istics. These unfavourable results are due to the curva-
ture radius of the cup in the place of contact with the
lower platen that leads to the premature buckling in the
cup wall and less absorbed energy.

4.2.4. Clearance
Energy absorption characteristics of type D cups which
were formed with different clearances of 2.5 (as refer-
ence), 3 and 3.5 mm are detailed in Table 6. Observa-
tions provided in Table 6 indicate that when clearance
varies within 0.5 mm from the reference value; Eabs and
Fmean were increased approximately 2%, while these var-
iations for cup D3, with the clearance of 3.5 mm, were
greater than 15%. Although increasing the reference
clearance by 0.5 mm led to improvement in all energy
absorption characteristics except stroke efficiency,
increasing clearance by 1 mm worsened all of those
except displacement associated with the peak force.
These results reveal that no specific and predictable
trend is expected by increasing the clearance.

4.2.5. Cup height
Table 7 presents energy absorption characteristics of
type E cups which have varying wall heights of 16 (as
reference), 20 and 25 mm. As indicated in the data from
Table 7, the peak loads of E2 and E3 were improved by
approximately 5% and 25% while displacement associ-
ated to this load did not change between specimens.
Total energy absorption of cups E2 and E3 was increased
by 27% and 22%, respectively, while specific total effi-
ciency was decreased by 10% and 12%, respectively. Fur-
thermore, for cup E2 absorbed energy per mass unit was
increased approximately 8%, while mean crush force of
cup E3 was decreased by approximately 15%. Also, the
increases in crush force efficiency and total efficiency for

cup E3 were significantly greater than those of cup E2,
namely, 13% and 9% for E3 and 6% and 4% for E2,
respectively. Generally, it can be concluded that an
increase in the cup height leads to increased total energy
absorption, crush force efficiency, total efficiency and
peak load.

4.2.6. Drawing depth
In Table 8, energy absorption characteristics of type F
cups with two drawing depths, namely, 37 (as reference)
and 25 mm are summarised. The wall height of cups is
the same at 23 mm. It is obvious from Table 8 that, with
respect to the reference value, a decrease in the drawing
depth led to improvement of only the peak load and its
associated displacement by roughly 3% and 6%, respec-
tively. Besides, total absorbed energy and absorbed
energy per mass unit were decreased approximately
19%. Furthermore, F2 cups possess a lower total effi-
ciency and specific total efficiency than those of F1 by
approximately 17%. Also, mean crush force, stroke effi-
ciency and crush force efficiency were decreased by
0.9 times the magnitude with respect to those of the ref-
erence case. Finally, it can be concluded that the cups
which were formed with more drawing depth have the
better energy absorption characteristics in the same con-
ditions and geometry configurations.

4.2.7. Layer stacking or layer order
Energy absorption characteristics of type G cups with dif-
ferent layer orders are provided in Table 9. The bi-layer
cup with the outer layer of aluminium is considered as
the reference. According to these data, it is evident that
total absorbed energy and mean crush force were
increased by 8% and 14% with respect to the reference

Table 5. Energy absorption characteristics of type C cups.

No.
Eabs
(J)

Fpeak
(kN)

SEA
(J/kg)

Fmean
(kN) SE CFE TE STE

dmax
(m)

C1 273.2 26.0 12,646 16.3 0.729 0.629 0.458 21.191 0.0170
C2 275.3 23.6 11,191 16.4 0.731 0.695 0.507 20.624 0.0114
C3 240.2 21.7 11,020 14.9 0.702 0.686 0.482 22.112 0.0125

Table 6. Energy absorption characteristics of cups type D.

No.
Eabs
(J)

Fpeak
(kN)

SEA
(J/kg)

Fmean
(kN) SE CFE TE STE

dmax
(m)

D1 273.2 26.0 12,646 16.3 0.729 0.629 0.458 21.191 0.0170
D2 278.7 24.4 12,963 16.6 0.698 0.680 0.474 22.066 0.0139
D3 315.4 31.1 12,566 19.2 0.683 0.622 0.425 16.939 0.0162

Table 7. Energy absorption characteristics of type E cups.

No.
Eabs
(J)

Fpeak
(kN)

SEA
(J/kg)

Fmean
(kN) SE CFE TE STE

dmax
(m)

E1 130.2 20.3 6784 11.1 0.730 0.548 0.401 20.876 0.0070
E2 164.9 19.6 7331 11.5 0.718 0.585 0.420 18.673 0.0070
E3 159.2 15.2 6689 9.4 0.702 0.622 0.437 18.365 0.0068

Table 8. Energy absorption characteristics of type F cups.

No.
Eabs
(J)

Fpeak
(kN)

SEA
(J/kg)

Fmean
(kN) SE CFE TE STE

dmax
(m)

F1 197.3 15.7 8358 10.5 0.781 0.673 0.525 22.251 0.0073
F2 159.2 15.2 6689 9.4 0.702 0.622 0.437 18.365 0.0068

Table 9. Energy absorption characteristics of type G cups.

No.
Eabs
(J)

Fpeak
(kN)

SEA
(J/kg)

Fmean
(kN) SE CFE TE STE

dmax
(m)

G1 273.2 26.0 12,646 16.3 0.729 0.629 0.458 21.191 0.0170
G2 295.6 30.9 13,138 18.6 0.691 0.604 0.418 18.559 0.0122
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values, respectively, while stroke, crush force, total effi-
ciency and specific total efficiency were decreased approx-
imately 5%, 4%, 9% and 12%, respectively. Furthermore,
unlike peak load, the displacement associated to peak
load was improved dramatically. Finally, it can be con-
cluded that the change in layer order leads to improved
energy absorption characteristics.

4.2.8. Cup thickness
Table 10 presents energy absorption characteristics of alu-
minium single-layer type H cups which possess thick-
nesses of 0.5 (as reference) and 1 mm. It is clear that
increasing the thickness dramatically leads to increased
total absorbed energy and mean crush force values
(roughly three times greater). However, increasing the
thickness leads to an increase in cup mass of roughly two
times. Absorbed energy per unit mass was increased due
to increased total energy absorption by a factor of 3.
Additionally, stroke efficiency, crush force efficiency, total
energy absorption and specific total efficiency were
decreased by approximately 5%, 8%, 13% and 55%,
respectively. Peak force and its associated displacement
were increased about 254% and 27%. Similarly, this com-
parison may be performed between cups with thicknesses
of 0.5 and 1 mm composed of steel. Table 11 presents the
energy absorption characteristics of steel single-layer cups
with a thickness of 0.5 mm considered as reference and
denoted by H1. The trend for the provided data in
Table 11 is the same as those of aluminium but with
higher ratios. For the steel cups, an increase in thickness
led to a corresponding increase in total absorbed energy
and mean crush force values by a factor of 4. Generally,
increasing the thickness improves total absorbed energy,
specific absorbed energy and mean crush force but has no
positive effect on other energy absorption characteristics.

4.2.9. Material
Energy absorption characteristics of single-layer type I
cups which were composed of different materials,
namely aluminium I1 (as reference) and stainless steel,

are listed in Table 12. As indicated in the data from the
table, total absorbed energy and mean crush force of
steel cups are about 6.2 times the values of those for the
aluminium samples. Also, SEA of steel, despite more
density than aluminium, is about two times greater.
Other energy absorption characteristics of the steel cups
were dramatically worse than those of the corresponding
aluminium cups. It can be concluded that the steel cup is
appropriate only for applications where amount of
energy and its value per unit mass are significant; for all
other purposes aluminium cups are suggested.

4.2.10. Bonding method
Energy absorption characteristics of bi-layer type J cups,
which were manufactured through adhesive bonding (as
reference) and explosive welding processes, are pre-
sented in Table 13. Observations provided in Table 13
indicate that total absorbed energy of the explosive
welded cups were approximately 53% greater than that
of the bonded cups. Moreover, mean crush force and
absorbed energy per unit mass of the J2 cup are 1.5 times
greater than reference values. Also, stroke efficiency of
the explosive welded cup was approximately the same
value as J1 and crush force and total efficiencies of J2
were 15% greater than those of J1. Additionally, peak
load and its associated displacement of the explosive
welded cup were worsened with respect to those of J1.
Generally, it can be said that the explosive welding
method leads to a significant improvement of energy
absorption characteristics for bi-layer cups.

The data presented in Table 14 is a combination of
Tables 12 and 13 and provides a comparison between
energy absorption characteristics of single and stacked
and welded bi-layer cups. As mentioned before, J1 and
J2 are bi-layer cups composed of aluminium and steel
plates with the thickness of 1 mm which were fabricated
through adhesive bonding and explosive welding meth-
ods, respectively. Specimens I1 and I2 are 1 mm thick-
ness aluminium and steel single-layer cups, respectively.
According to data provided in Table 14, it is evident that

Table 10. Energy absorption characteristics of type H cups.

No.
Eabs
(J)

Fpeak
(kN)

SEA
(J/kg)

Fmean
(kN) SE CFE TE STE

dmax
(m)

H1 33.8 2.9 3713 1.8 0.781 0.619 0.484 53.175 0.0068
H2 104.7 10.4 5947 5.9 0.742 0.566 0.421 23.896 0.0086

Table 11. Energy absorption characteristics of type H cups.

No.
Eabs
(J)

Fpeak
(kN)

SEA
(J/kg)

Fmean
(kN) SE CFE TE STE

dmax
(m)

H1 159.2 15.2 6689 9.4 0.702 0.622 0.437 18.365 0.0068
H
2

635.5 68.6 13,464 37.2 0.712 0.542 0.386 8.186 0.0091

Table 12. Energy absorption characteristics of type I cups.

No.
Eabs
(J)

Fpeak
(kN)

SEA
(J/kg)

Fmean
(kN) SE CFE TE STE

dmax
(m)

I1 104.7 10.4 5947 5.9 0.742 0.566 0.421 23.896 0.0086
I2 635.5 68.6 13,464 37.2 0.712 0.542 0.386 8.186 0.0091

Table 13. Energy absorption characteristics of type J cups.

No.
Eabs
(J)

Fpeak
(kN)

SEA
(J/kg)

Fmean
(kN) SE CFE TE STE

dmax
(m)

J1 744.5 78.7 11,781 43.5 0.712 0.554 0.395 6.246 0.0108
J2 1140.2 103.8 17,354 66.1 0.718 0.639 0.459 6.987 0.0118
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total absorbed energy of the bi-layer cup J1 is 744 J; that
is nearly the sum of that of I1 and I2. Also, peak force
and mean crush force of cup J1 are the sum of those of
I1 and I2, respectively. It can be concluded that a bi-layer
cup can absorb energy equal to the sum of two single-
layer cups, separately. This suggests that adhesive
bonded cups do not improve total energy absorption
and mean crush force compared to single-layer cups.
According to the elastic property of explosive welding
bi-layer plates, which results in excellent interface bond-
ing between aluminium and steel, these bi-layer cups
possess superior energy absorption characteristics com-
pared to bonded bi-layer cups. Figure 11 displays cross
sections of bi-layer cups J1 and J2. From Figure 11, the
excellent interface bonding of aluminium and stainless
steel layers for explosive welded bi-layer cups can be
observed; for bi-layer cups that are bonded, adhesive
separation between layers is visibly apparent.

5. Conclusions

This experimental study involved an investigation of the
energy absorption characteristics and crushing behav-
iour of single- and bi-layer cups under quasi-static axial
compressive loading. The bi-layer cups were composed
of aluminium and stainless steel plates through explosive
welding and adhesive bonding. The test results were ana-
lysed to investigate the effects of some geometric and

forming parameters on energy absorption capabilities
for thin-walled cups. To this end and to observe the
parameter effects more clearly and meaningful the influ-
ence of each factor was examined separately, while other
factors were kept fixed. So, the changes in the energy
absorption characteristics were due to only one factor
and the other factors had no effect on its performance.

Based upon the experimental observations and analy-
sis of the experimental results, the following conclusions
can be made:

(1) Two major energy absorption mechanisms were
observed, namely, types I and II which vary in the
number of local peak loads due to their respective
deformation modes or wall heights.

(2) Comparing the energy absorption characteristics of
cups with different diameters, it was observed that
by increasing the cup diameter by 10 and 20 mm,
the total absorbed energy and mean crush force
were dramatically increased at least 12% while
absorbed energy per unit mass was decreased by
approximately 31% and 27%, respectively.

(3) Generally, the increase in the top radius of the
cup significantly improves the specific total effi-
ciency (approximately 9%); peak force (for RTC

15 mm approximately 27%) and displacement
responded similarly while total absorbed energy
(6%) and mean crush force (30%) decreased.

(4) Due to the curvature radius of the cup in the
place of contact with the lower platen that leads
to the premature buckling in the wall cup, energy
absorption capability of the cup is decreased dra-
matically (at least 9%) by an increase in the base
radius of the cup.

(5) Comparing the energy absorption capabilities of
cups with varying wall heights, it was concluded

Table 14. Comparison of energy absorption characteristics of sin-
gle- and bi-layer cups.

No.
Eabs
(J)

Fpeak
(kN)

SEA
(J/kg)

Fmean
(kN) SE CFE TE STE

dmax
(m)

J1 744.5 78.7 11,781 43.5 0.712 0.554 0.395 6.246 0.0108
J2 1140.2 103.8 17,354 66.1 0.718 0.639 0.459 6.987 0.0118
I1 104.7 10.4 5947 5.9 0.742 0.566 0.421 23.896 0.0086
I2 635.5 68.6 13,464 37.2 0.712 0.542 0.386 8.186 0.0091

Figure 11. Cross section of the deformed cups J1 and J2.
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that increased wall height led to increased total
energy absorption (approximately 22%), crush
force efficiency (at least 9%), total efficiency (by
average of 5%) and peak load (at least 5%).

(6) From the experimental data, it was concluded
that the layer order for bi-layer cups has a signifi-
cant influence on energy absorption capacities of
the cup such that the cup with stainless steel as
the outer layer has total absorbed energy and
mean crush force approximately 8% and 14%
greater than those of cups with the aluminium
inner layer.

(7) For the same geometric and forming conditions,
it can be observed that doubling the wall thick-
ness improves total absorbed energy and crush
force efficiency values by a factor of 3 and
decreases stroke, crush force and total efficiencies
by at least 5%.

(8) Comparing material of single-layer cups shows
that mean crush force and total absorbed energy
of steel cups are roughly six times greater than
those of aluminium. Therefore, it can be con-
cluded that stainless steel cups are only appropri-
ate for applications that demand high SEA.

(9) From the experimental observations, it can be
concluded that cups fabricated by explosive weld-
ing have mean crush force and SEA 1.5 times
greater than those fabricated by adhesive bond-
ing. Generally, the explosive welding method
leads to a significant improvement of energy
absorption characteristics for bi-layer cups.

(10) Finally, cups which are formed with greater draw-
ing depths possess superior energy absorption
characteristics in the same conditions and geome-
try configurations as the other samples. There-
fore, the thinning effect improved the energy
absorption characteristics.
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