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Effect of aging treatment on the crushing
behavior of aluminum 6061 alloy tube

MH Farshidi

Abstract

The effect of heat treatment on the axial crushing behavior of thin-walled aluminum 6061 alloy tubes is studied in this

work. For this purpose, thin-walled grooved specimens were subjected to different aging heat treatments to obtain

different work hardening behaviors. Afterward, quasi-static axial compression tests were achieved to evaluate the

crushing behavior. Additionally, a finite element method simulation was employed to determine the distributions of

stress, strain, and imposed damage during axial compression. Results show that the optimum energy absorption char-

acteristics can be obtained using moderated strain hardening exponent, ‘‘n’’. Low strain hardening exponent results in the

fracture of tube during axial compression while high strain hardening exponent causes lowered absorbed energy. On

comparing the results of experiments and finite element method simulations, the fracture of tube during axial compres-

sion can be predicted using a simple fracture criterion.
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Introduction

Energy absorption is an important characteristic of
materials used in shock load-bearing structures.
Examples of these structures can be presented as
car structures, ships, and lifts. In these structures,
the main goal is minimizing the shock load imposed
damage in the main part of structure. For this, the
structure must dissipate energy by moderated load
before collapse, which can be occurred by friction,
plastic deformation, or metal cutting.1,2 Among
these energy dissipation methods, plastic deform-
ation during axial compression is extensively
attended due to its high energy absorption capabil-
ities.3–5 Additionally, tubes have been widely used as
the energy dissipating elements due to their high
stiffness, low weight, ease of production, and low
cost.3–7

Axial deformation behavior of tube can be clas-
sified into four different modes:8,9 overall buckling,
concertina mode, diamond mode, and simple com-
pression. Among these modes, concertina mode is
more desired due to lower load domain and
higher mean load. As shown by Andrew,8 t/D and
L/D can extensively affect crushing behavior of
tubes during axial compression. Here, t is the tube
thickness, D is the tube diameter, and L is the tube
length. It is also shown that thin-walled moderated
length tubes have higher chance of crushing by con-
certina mode.8

Many attempts have been concentrated on control-
ling behavior of tubes during axial compression.
Mamalis et al.10–12 have studied the effect of internal
and external grooves on the deformation mode of
axially compressed tubes. Gupta and Gupta13 have
introduced holes in thin-walled tubes to prevent over-
all buckling. Hosseinipour and Daneshi14,15 have
introduced a geometry of grooves for circular thin-
walled tubes, which causes deformation in concertina
mode during axial compression. In this geometry,
tube is grooved by the equally distanced internal
and external grooves and the depth of grooves is con-
sidered as half of tube thickness.

Aluminum alloys are widely used in the energy dis-
sipating elements due to their attractive characteristics
such as low density and good strength. As a result,
many studies have been conducted on optimizing
energy absorption characteristics of aluminum alloy
tubes by different techniques such as controlling the
tube forming parameters,16,17 reinforcing the tube by
fibers,18,19 and filling the tube by metal foams.20,21
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However, fewer studies have been focused on the
effect of heat treatment on the energy absorption
characteristics of aluminum tubes.

In this work, the effect of heat treatment on the
axial compression behavior of thin-walled aluminum
6061 alloy tubes is studied. To do so, the geometry of
grooves proposed by Hosseinipour and Daneshi14,15 is
used and different aging treatments are achieved.
Finite element method (FEM) simulation is also car-
ried out to investigate the distribution of stress and
strain in tube during axial compression. In addition, a
simple fracture criterion is applied to predict fracture
of tube during axial compression.

Material, process, and experiments

Tube was received in wrought form and cut to
108.5mm length pieces. The internal and the external
diameter of used tube were 61mm and 67mm,
respectively. The chemical composition of used alloy
is shown in Table 1. A group of specimens was kept in
as-received condition while others were solution trea-
ted in 530 �C for 1 h and then aged in 205 �C for dif-
ferent time durations. Totally, six different heat
treatments were obtained as presented below:

1. AR: As received.
2. F0: Solution treated.
3. F5: Solution treated and aged for 5min.
4. F10: Solution treated and aged for 10min.
5. F20: Solution treated and aged for 20min.
6. F80: Solution treated and aged for 80min.

Tensile tests were achieved for all heat treatments
using ASTM E8/M standard tensile samples. In
order to introduce needed grooves, specimens were
subjected to machining by CNC. Figure 1(a) shows
the schematic cross section of grooved specimens. The
distance between grooves was 15.5mm and the depth
of groove was 1.5mm. Quasi-static axial compression
tests were carried out at a rate of 1mm/s.

FEM simulation

In order to analyze the compression behavior of tube
and the stress–strain condition in tube during com-
pression, FEM simulation was achieved using
ABAQUS 6.9 software. Material behavior was sup-
posed to follow Hollomon22 work hardening model as
presented below

�f ¼ K"np ð1Þ

where �f is equivalent flow stress, "p is the equivalent
plastic strain, K is the hardening coefficient, and n is
the hardening exponent.

The fracture of material was modeled by a state
damage variable which increases monotonically in
each increment.23 In this model, the fracture starts
when

!D ¼

Z
d"p
"f
¼ 1 ð2Þ

where !D is the state damage variable, "f is the equiva-
lent fracture strain considering stress–strain condi-
tion, and d"p is the variation of equivalent plastic
strain in each increment.

Regarding the symmetry of tube, a 2D axisymmet-
ric model was employed to reduce calculation. The
applied solution was dynamic explicit. Pressing rams
were considered as discrete rigid parts while tube was
considered as deformable part. The interaction of sur-
faces was modeled by penalty contact method.
Because the pressing rams and the specimens have
smooth surfaces, the frictional effects can be con-
sidered as negligible.

Specimen was meshed using approximately
0.375mm sized CAX4R linear rectangular and
CAX3R linear triangular elements. Figure 1(b)
illustrates the meshed specimen. The simulation of
axial compression for F10 specimen was also
repeated with 0.25 mm sized elements. Comparing
the results of two simulations of F10 specimen, the
mesh sensitivity of applied model was evaluated as
negligible. For example, the amount of compres-
sion load difference is less than 2.5% between
two simulations.

Figure 1. (a) Cross section of grooved specimen; (b) meshed

cross section of specimen.

Table 1. Chemical composition of used alloy.

Element Al Mg Si Fe Cu Cr

wt% Base 1.0 0.84 0.3 0.272 0.06
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Results and discussion

Figure 2 compares the stress–strain curves of samples
with different treatments. Figure 3 shows the variation
of yield strength (YS), ultimate tensile strength (UTS),
and elongation (El) of samples by aging time. As can

be seen in Figures 2 and 3, the strength increases and
the elongation decreases by increasing aging time. In
addition, an impressive increscent in YS and relatively
extensive decrease in El occurs between 10 and 20min
of aging time. Table 2 shows the hardening param-
eters of samples with different treatments. As can be
seen, the hardening exponent decreases during aging
time while the hardening coefficient remains nearly
constant during aging time. An extensive decrease in
the hardening exponent occurs between 10 and 20min

Figure 3. Variation of: (a) yield strength; (b) ultimate tensile strength; (c) elongation by aging time.

Figure 2. True stress–strain curves for samples with different

treatments.

Table 2. Hardening parameters of different heat treated

samples.

Tensile

sample

Hardening

exponent (n)

Hardening

coefficient (K) (MPa)

AR 0.248 306

F0 0.387 466

F5 0.363 488

F10 0.318 492

F20 0.146 452

F80 0.088 480

Farshidi 391

 at Dokuz Eylul Universitesi on September 6, 2015pil.sagepub.comDownloaded from 

http://pil.sagepub.com/


Figure 5. (a) Appearance of macroscopic cracks during axial compression of F20 specimen; (b) and (c) overall fracture of F80

specimen during axial compression. The dimensions of small squares are 1� 1 mm2.

Figure 4. Steps of axial compression test for AR specimen.
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of aging time. This is related to nucleation and growth
of �00 precipitates which are the main hardening pre-
cipitates in 6061 alloy.24

Figure 4 shows steps of the axial compression test
for AR specimen. As shown here, plastic hinges
appeared during tube compression, which illustrates
that the AR specimen was deformed in concertina
mode. Similarly, F0, F5, and F10 specimens were
deformed in concertina mode while F20 specimen
was crushed by deformation in concertina mode
accompanied with small cracks as shown in

Figure 5(a). In comparison, overall fracture of tube
occurred during axial compression of F80 specimen as
shown in Figure 5(b) and (c).

Load–displacement curves of axial compression
test for different specimens are shown in Figure 6.
As can be seen, relatively ordered load–displacement
curves were obtained during axial compression of AR,
F0, F5, and F10 specimens. In these curves, the dis-
tances between load maximums are relatively constant
and load fluctuates by relatively constant domain.
Comparatively, the load–displacement curve of F80

Figure 6. Axial compression load–displacement curves of: (a) AR; (b) F0; (c) F5; (d) F10; (e) F20; and (f) F80.

Farshidi 393

 at Dokuz Eylul Universitesi on September 6, 2015pil.sagepub.comDownloaded from 

http://pil.sagepub.com/


specimen is disordered as shown in Figure 6(f). In this
case, the load decreases drastically after little displace-
ment, which is due to initiation of fracture in F80
specimen during axial compression. The fracture of
tube during axial compression is discussed more in
descriptions of Figure 10.

In Table 3, the simulated and experimental results
of compression load are compared for different speci-
mens. Note that the load domain is calculated from
differences of the maximum compression load and the
minimum compression load. As can be seen, the aver-
age compression load increases rapidly by increasing
aging time from 0 to 10min. However, increasing
aging time after 10min has little effect on the average
compression load. In comparison, the compression
load domain increases impressively and the Pav/Pmax

decreases extensively by increasing aging time to
20min. This means that the load fluctuation increases
impressively, which is not desired for an energy
absorbing element.

The simulation results for average compression
load of AR, F0, F5, and F10 specimens are near to
experiments as can be seen in Table 3. As an illustra-
tion, the differences between simulation and experi-
ments are less than 8% and 5% for AR and F0
specimens, respectively. Note that relatively high dif-
ference between simulation and experiment for F20
and F80 specimens is due to occurrence of fracture
in these specimens which is discussed later. Figure 7
compares the simulated and the experimentally

obtained load–displacement curves of AR specimen.
As can be seen, the simulated curve is near to the
experimentally obtained curve. Similar results have
been observed in comparison of simulated load–dis-
placement curves of F0, F5, F10 specimens with
experiments. As a result, it can be concluded that
tube deformation can be nearly predicted by the
applied simulation.

Considering the aforementioned discussion, one can
presume that the age hardening results in the increase
of absorbed energy by promotion of work hardening
capability. However, it may also cause fracture of tube
during compression. As an illustration, the axial com-
pression test causes small cracks in F20 specimen and
overall fracture in F80 specimen. This phenomenon is
not desired for energy absorbing elements not only
because of high fluctuation of load, but also due to
low reliability of structure. As a result, ultra-hardened
materials are not suitable for energy absorbing elem-
ents. Hence, it can be concluded that moderated har-
dened materials, such as F10 treatment, have most
desirable energy absorbing capabilities.

Figure 8 compares the distribution of equivalent
strain in specimens after compression to 0.7 of initial
height. As can be seen, the equivalent strain is mainly
concentrated in hinges appeared during compression.
On the other hand, the concurrency of the hinges
decreases by increasing the aging time. As an illustra-
tion, the hinges in F80 specimen are less concurrent
when compared with F0, F5, and F10 specimens.
Comparing these results with work hardening expo-
nent of specimens shown in Table 2, it can be con-
cluded that the concurrency of hinges decreases with
decreasing work hardening exponent. In other words,
in low work hardening exponents, further hinges pro-
mote after finishing plastic deformation in first hinge.
This increases the concentration of strain in first hinge
as shown in Figure 8. As a result, the decrease of work
hardening exponent increases the risk of flow localiza-
tion and fracture of tube during promotion of the first
hinge.

Figure 9 shows simulated variation of stress in
outer side of the first outer hinge and the first inner
hinge in F80 specimen. As shown here, the amount of
�rr and �rz are negligible compared to ��� and �zz. As a
result, the stress–strain condition in the outer side of
hinges can be estimated similar to sheet stretching.
Accordingly, tube fracture can be estimated using
sheet stretching fracture criterions.

Table 3. Comparison of simulated and experimental obtained compression load for different specimens.

Specimen AR F0 F5 F10 F20 F80

Experimental average compression load (Pav) (kN) 16.5 21.5 22.9 25.5 26.3 27

Experimental maximum compression load (Pmax) (kN) 20.5 30.3 32 36.0 46.5 48.4

Experimental load domain (kN) 8 12 12 13 30 31

Pav/Pmax 0.81 0.71 0.72 0.71 0.57 0.56

Simulated average compression load (kN) 17.8 20.5 21.7 24.1 33.7 41.0

Figure 7. Comparison between experiment and simulation of

load–displacement curve of AR specimen.
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The equivalent flow localization strain in sheet
stretching can be obtained using Swift criterion25 as
follows

"sfl ¼
4n 1þ �þ �2
� �1:5

ffiffiffi
3
p

1þ �ð Þ 2�2 � �þ 2ð Þ
ð3Þ

where "sfl is the Swift equivalent flow localization
strain and � is the stretching ratio defined as

� ¼
"2
"1

Note that the "1 and "2 are principal strains.
Because the fracture starts immediately after flow

localization, the "sfl can be interpreted as the equiva-
lent fracture strain. Accordingly, the "sfl can be

substituted as the equivalent fracture strain in equa-
tion (2), which presents the Swift damage function.

Figure 10(a) shows the simulated Swift damage in
F10 specimen after completion of axial compression
test. Note that the fracture is initiated when the swift
damage approaches 1 according to definition. As can
be seen, the amount of swift damage is less than 1 in
F10 specimen. Thus, it can be concluded that no
macroscopic crack can be initiated in this specimen,
which is in agreement with the experiments discussed
earlier. Figure 10(b) compares the simulated swift
damage in F20 specimen at different steps. As
shown here, the swift damage in the first hinge crosses
the critical value of 1 after considerable deformation.
Comparatively, propagation of hinges in F20 speci-
men accompanied with small cracks is shown in
Figure 5(a). The swift damage increases rapidly in
F80 specimen and crosses the critical value of

Figure 9. Variation of stress in outer side of: (a) first outer hinge; (b) first inner hinge of F80 specimen.

Figure 8. Comparison of equivalent strain distribution and shape of specimens after compression to 0.7 of initial height.

Farshidi 395

 at Dokuz Eylul Universitesi on September 6, 2015pil.sagepub.comDownloaded from 

http://pil.sagepub.com/


1 after 6mm of displacement as shown in Figure
10(c). This explains the overall fracture of F80 speci-
men during axial compression shown in Figure 5(b)
and (c). This also describes the impressive decrease of
compression load after little displacement shown in
Figure 6(f). By comparing these results, it can be con-
cluded that the fracture of specimens during axial
compression can be predicted using Swift criterion.

Conclusions

Considering the results of this work, it can be con-
cluded that:

1. Age hardening of tube results in increase of
average load during axial compression.
However, it may cause flow localization and frac-
ture of tube.

2. Considerable energy absorption, reasonable load
domain, and safe deformation with no macro-
scopic crack during axial compression can be
obtained using moderated aging treatment. In
this study, F10 specimen shows the optimum char-
acterizations for energy absorbing elements.

3. The fracture of thin-walled tube during axial com-
pression can be predicted using the Swift criterion.
As a result, FEM simulation can be used not only
to evaluate the compression load, but also to pre-
dict the fracture during axial compression.
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