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Abstract: The effects of aging treatments on the tensile properties and compressive behavior of a thin-walled 6005
aluminum alloy tube were studied. Samples after three natural aging (NA) conditions were subsequently aged at 180 °C
for 0.5−12.0 h artificial aging (AA). Tensile and compressive tests were performed after AA. The results show that for
samples with the same NA, the longer the AA time is, the higher the strengths alloy owns, and at the same time the
material shows a much lower elongation and faster process from plastic deformation to fracture. However, with NA
prolonging, the alloy exhibits much better plastic deformation ability after AA, though its strength is decreased. The
major cause of strength and plasticity variation induced by changing NA time is that the size of the main strengthening β''
precipitates is larger and the density is lower. This character is evaluated by the strain hardening exponent n.
Compressive results show that the optimum energy absorption characteristics can be acquired at a moderate n (14<n<17).
Large n (n≥18) results in the fracture of tube during axial compression while low n (n≤13) causes lower energy
absorption.
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1 Introduction

The 6xxx aluminum alloy extruded structures
are widely used for manufacturing both load bearing
and energy absorbing members in automobile
bodies. The significance to fulfill the safety
requirement for passenger has been urging
researchers to pay more attention to the
crashworthiness and stable energy absorption of

these structures [1, 2]. These energy absorbing
components are strengthened through aging
treatment to obtain high energy absorption
efficiency prior to manufacturing the automobile
body, cutting, welding, shape forming, for
examples. The aging-induced-strengthening
processes result from a complex precipitation
sequence which is generally accepted as:
super-saturated solid solution (SSSS)→GP zones→
β″→β′→β [3]. The strengthening of the Al-Mg-Si
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alloys is primarily from the β'' precipitates formed
during artificial aging (AA). Before AA, the
extruded structures are practically and inevitablly
stored at room temperature in factories for several
hours to several days due to the storage,
transportation and molding, which is identified as
natural aging (NA). During NA after solution
treatment and quenching, the alloy strength is
enhanced due to the formation of Mg/Si clusters [4].
But for the alloys of high solute content (w(Mg) +
w(Si)>1%), these formed clusters have a detrimental
effect on the formation of β'' precipitation during
AA [5]. This is a well-known phenomenon as
“negative NA effect” for alloys which are rich in
Mg and Si. A general consensus of the explanation
for this phenomenon is that it is related with the
quenched-in vacancy amount gradually vanishing
and the formation of Mg/Si clusters during NA [6,
7], which will both reduce the strength during the
thereafter AA. Some researches [8, 9] carried on the
precipitation and strengthening mechanisms of these
Al-Mg-Si alloys with various NA. They indicated
that the existence of Mg/Si clusters in NA reduces
the nucleation rate of β'' phase. These clusters are
too small to work as nucleation sites for the
strengthening precipitates during AA [9] since a
greater size than critical one is rather necessary[10].
Subsequently these clusters lead to a lower peak
hardness during AA than if the NA could have been
shortened [11]. Such negative effect of NA on the
subsequent AA hardening depends largely on the
chemical composition, machining process and/or
aging process. ESMAEILI [12] compared the
composition of AA6016 alloy (w(Mg)+w(Si)=1.4%)
and AA6111 alloy (w(Mg)+w(Si)=1.5%). They found
that AA6016 alloy showed higher yield strength
after water-quenching while its hardening rate
during NA was much slower than AA6111 alloy.
VAUMOUSSE et al [13] compared two different
cooling processes resulting in different Mg/Si ratio
of AA6111 alloy. They found that Mg/Si ratio was
about 0.6 in the as-quenched and about 1.0 in the
naturally aged AA6111 alloy. This negative effect of
NA also has a great influence on the properties of
the extruded structure after extruding and online-
quenching process.

When producing aluminum alloy profiles used
for vehicle bodies, the extrusion process provides an
analogous “solution treatment”. In extrusion, the
temperature is high enough for the elements to

solute and to obtain a high concentration of
quenched-in vacancies after water-quenching to
room temperature. This process of rapid cooling
from a high temperature is requested as the
following two reasons: on the one hand, avoid
precipitation of coarse non-hardening particles at
heterogeneities like dislocations and grain
boundaries during rapid cooling; on the other hand,
avoid severe diffusion of vacancies to the same type
of heterogeneities [14]. Then these extruded profiles
are aged during NA followed by AA to gain good
mechanical strength and energy absorption ability.
EMGLER et al [15] studied the tensile properties
and in-plane anisotropy of an age-hardenable AA
6016 aluminum alloy affected by natural aging. It
was found that NA enhanced the tensile strength,
but had little effect on the anisotropy of the
age-hardenable AA 6016. LANGSETH et al [16]
found that the deformation mode of an AA 6060
square tube was dependent on tempers. More energy
absorption was obtained when the alloy was
artificially aged from T4 to T6. HOANG et al [14]
made an investigation on the AA6060 alloy with
square hollow section artificially aged to three kinds
of different tempers (under-aged T6x, peak-aged T6
and over-aged T7) and cooled in water or air.
Subquently these aged alloys were subjected to
quasi-static axial compression. The results from
compressive tests showed that the profile in
peak-aged condition after quenching by water
exhibits the best energy absorption and fracture was
not observed in any kind of the tempered profiles.
GRANUM et al [7] investigated the energy
absorption capability of a cross-sectional profiles
with three different 6xxx alloys (6110, 6061 and
6063 alloy) in accordance with the chemical
composition and the thermal-mechanical history
(T6, T7 and O). The Mg/Si ratios of 6063, 6061 and
6110 alloys were almost 0.92, 1.45 and 1.15,
respectively. The compressive results showed that
both of the temper and chemical composition
influenced the energy absorption. The profile in the
T6 temper absorbed more energy than those in T7
and O tempers. The energy absorption of the profile
of 6110-T6 and 6061-T6 seemed to coincide, as
well as that with 6110-T7 and 6061-T7, while a
notable decline of absorbed energy was obtained in
O temper. Whereas the profile with 6063 had
strikingly the lowest energy absorption in three
different tempers. These studies focus on the

2648



J. Cent. South Univ. (2021) 28: 2647－2659

extruded profile of a simple cross-section which is
strengthened in a particular temper. But the energy
absorption of the extruded profile can be improved
by some techniques and aging treatments.

Many studies have been devoted to optimizing
the energy absorption capability of Al-Mg-Si alloy
tubes by multiple techniques such as determining
the tube forming parameters [17, 18] and filling the
tube by plastic or metal foams [19, 20]. Other
researchers [21] focus on the effect of some
particular tempers on the axial compressive
behavior of Al-Mg-Si alloy tubes. However, fewer
researchers have placed the emphasis on the effect
of the variant NA+AA treatments on the axial
compressive behavior of thin-walled Al-Mg-Si alloy
tubes. In practice, it is efficient and economical to
obtain an optimal aging treatment to improve the
energy absorption of the extruded tube.

In this paper, a structure of thin-walled 6005
alloy tube is used as energy dissipating parts due to
its low weight, easy production and high stiffness.
This alloy is specially used for structures of rail
vehicles and automobile body mechanisms. After
different NA+AA treatments, the compression of
tubes varies with the evolution of precipitates,
representing different absorption capabilities. The
age hardening results in the increase of absorbed
energy by promotion of work hardening capability.
The objective of this paper is summarized as: 1) to
study the precipitate types, density and sizes
generated after NA+AA treatments; 2) to study
relationship between the precipitate distribution and
the mechanical properties; 3) to study the
compressive behavior of square thin-walled tubes
after NA+AA treatments subjected to axial loading
to choose a stable energy absorbed member with
fluctuation-less load capacity in consideration of
strain hardening exponent.

2 Material and test programs

The material for tensile and compressive tests
is a commercial aluminum alloy 6005 with the
following chemical composition (in wt% ): Si 0.50,
Mg 0.56; Fe 0.28; Zn 0.001; Mn 0.02; Cr 0.02;
Ti 0.01 and Al balance. The alloy was obtained as
billet with Ø85 mm×300 mm. Previous to extrusion,
the billets were homogenized at 540 °C for 6 h and
extruded as square hollow section profiles with a
wall thickness of 2.5 mm and a cross-section

of 40 mm×40 mm. The billets were pre-heated
to 480 °C before extrusion process. The outlet
temperature of the die was 520 − 530 ° C. The
extruded profiles were water-quenched online after
extrusion. After a short upward time at the start of
the extrusion process, the ram speed was kept at
constant speed of 7 mm/s. Subsequently, the profile
was cut into smaller tubes with a length of 100 mm.
Then the samples were stored naturally at room
temperature for 1 h to 1 d to 1 week followed by AA
at 180 °C for 1 h to 12 h to investigate the influence
of the aging condition on the compression
performance (for example NA1d+AA1h is
remarked as NA1d-1), as shown in Figure 1.

Before static tests, the wall thickness of square
tube was measured to ensure that the variation in
thickness pertinent to the average value was less
than 5%. Moreover, the flatness of the sidewalls
was also measured with an amplitude less than
±0.03 mm.

The hardness values of aged samples were
measured on a Vickers hardness tester with a load of
4.9 N and a dwelling time of 10 s at room
temperature. The HV0.5 value along the extruded
direction was the average of 10 indentations. Thin
foils of 0.4 mm in thickness prepared from the aged
samples were mechanically ground to less than
0.015 mm, and then thinned to perforation by twin-
jet polishing device using methanol (CH3OH)-nitric
acid solution (volume ratio of 7:3) at −30 to −20 °C
and 20 V. The TEM observation of the perforated
foils was conducted on a Tecnai G2 20 TEM
operated at a voltage of 200 kV.

The tensile tests were conducted in an Instron
8802 (USA) series universal testing machine with a
constant velocity of 2 mm/min. Four test samples
were fetched from the sidewalls of an extruded

Figure 1 Schemes of NA+AA treatment procedure
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square tube and parallel to the extrusion direction.
The median force level in each aging condition was
selected as representative test for calibration of the
true stress−strain curves. The compressive tests were
conducted with a constant velocity of 5 mm/min, as
shown in Figure 2.

3 Results and discussion

3.1 Hardness and microstructure
Hardness variation of samples during the NA

process and after NA+AA treatment is shown in
Figure 3. The hardness increases quickly with the
increase of NA time within 1000 min. Then the
evolution of hardness saturates after around
10000 min (about 1 week) natural aging. The
similar phenomenon was observed by CUNIBERTI
et al [22] and LI et al [23]. The hardness increases
obviously since the samples aged artificially. The
shorter the NA followed by AA, the earlier and
faster the hardening process started and proceeded.
For the sample with the same NA, hardness
increases until the AA time prolongs to 6 h,
indicating the peak-aged condition. Then peak value
persists in a plateau level for several hours (The
peak value is HV0.5100 for NA1h, HV0.590 for NA1d
and HV0.585 for NA1w). The samples with a longer
NA followed by AA show slower aging kinetics and
decreased apparent hardness. This is the above-
mentioned “negative NA effect” for Al-Mg-Si alloy,
which is related to the microstructural evolution and
many researchers [6, 7, 24, 25] had much interest to
investigate it due to its industrial utility. During NA
after immediate solution treatment, vacancy-rich
Mg/Si clusters have been observed through high
resolution transmission electron microscopy
(HRTEM) and 3D atom probe [26]. With the
prolonged NA, Mg clusters, Si clusters and Mg/Si

co-clusters with atomic ratio of about 1 have been
observed [27]. Such clusters are 2−5 nm in size, and
cannot be observed by conventional TEM. But the
number of atoms in a cluster increases linearly with
NA time [28]. With NA proceeding, the clusters are
formed by solute atoms and vacancies and the solute
is gradually reduced in solid solution. During short
AA time (15−30 min), the formation of needle-like
β'' precipitates (composition is Mg5Si6 [29]) has
been well recorded [23]. Then these β'' precipitates
grow with AA time and reach their peak value in
peak-aged condition when β'' phases are fine and
distribute homogeneously. The pronounced
hardening after AA 0.5 h in Figure 3 can be
attributed to β'' precipitates and the sample in
NA1w-0.5 shows the worst effect on hardening.

To investigate the effect of NA on the
strengthening precipitates, peak-aged conditions in
Figure 3 were selected for transmission electron
microscopy (TEM). The TEM images along the
<001>matrix zone axis of the peak-aged conditions are

Figure 2 Diagram of compressive test (length unit: mm)

Figure 3 Hardness of aluminum 6005 alloy with NA (a)
and NA+AA (b) treatment

2650



J. Cent. South Univ. (2021) 28: 2647－2659

shown in Figure 4. Many fine needle-like
precipitates with length of 10 − 40 nm distributed
homogeneously in the Al matrix are observed. It has
been generally accepted that the β'' precipitates have
typical morphologies of needles with size up to
40 Å ×40 Å ×350 Å [30]. Therefore, all of these
needle-like precipitates should be designated as β''
precipitates, as shown in Figures 4(a) − (c). For
materials with peak-aged condition, with increasing
NA time, the number density of and β'' precipitates
gets slightly lower, as shown in Table 1. The size of
the β'' precipitates grow with increasing NA time.
The average length of β'' precipitates in NA1w-6 is
26 nm, about 50% larger than that in NA1h-6, and
the number density is 3.5 times lower, resulting in a
lower volume fraction. This is believed to be a
consequence of local solute and vacancy depletion
during the prolonged NA time. The highest number

of Mg and Si atoms available to nucleate the
hardening precipitates in the case of NA1w-6 may
be the reason for the lowest volume fraction of β''
precipitates. The microstructural discrepancy of
peak-aged conditions among variant NA times is
supported by the tensile tests.

3.2 Mechanical properties
The tensile tests results are presented in

Figure 5, showing the measured yield/ultimate
strength (YS/US) and elongation (EL) versus AA
time of materials after NA. For samples with the
same subsequent AA time, the longer the NA, the
lower the YS and US, but the EL reduces little.

Figure 4 TEM images after different aging treatment:
(a) NA1h-6; (b) NA1d-6; (c) NA1w-6

Table 1 Measurements of precipitates in peak-aged
conditions

NA+AA treatment

NA1h-6

NA1d-6

NA1w-6

Average length/nm

12.39

19.76

26.51

Average diameter/nm

2.78

3.04

3.12

Figure 5 Mechanical properties versus AA time for
materials after different NA+AA treatments: (a) Yield and
ultimate strength; (b) Elongation
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Within the same NA, YS and US increase, and at
the same time, the EL decreases obviously with the
AA time up to 6 h (which is considered to be the
peak-aged condition), afterward US maintains
parallel curves while YS increases steadily, as
shown in Figure 5(a), but EL drops down
inconspicuously in a few hours, as shown in
Figure 5(b). In addition, an impressive increase
in the YS and US is observed between AA 2h and
AA 4h. The strength evolution during NA+AA
treatments is closely related to microstructural
evolution. It is obvious that peak strength (namely
NA 1h+AA 6h, NA 1d+AA 6h and NA 1 week+AA
6h) appears to coincide with the fine distributed
homogeneously β'' precipitates and decreases with
the increasing size of β'' phase when NA time
prolongs from 1 h to 1 week. The weakening in the
strengths, under aging conditions, depends on the
size, morphology and density of the precipitates.
The decrease of strength in peak-aged condition
depends on the lower number density of slightly
longer and thicker β'' precipitates.

The Ramberg-Osgood equation has been used
to describe the nonlinear stress−strain relationships
for materials. The strain curves of the equation only
feature a plasticity zone. RAMBERG and
OSGOOD proposed a simple formula with three
parameters (n, σ and εp) to describe the stress−strain
curve [31]. They thought that the conventional
description of metal strain curves by two parameters
(elastic modulus and yield point) would be
inadequate for efficient design of material outside of
Hooke  s law. The Ramberg-Osgood model is
effective to model the properties of materials and
solve the problems of designing structures from
plastic materials [31]. In order to illustrate
phenomenally the hardening property of the aged
materials in this paper, mechanical behavior was
supposed to follow Ramberg-Osgood model [32] to
fit the true stress−strain curve as:

εp = εp + εe = ε -
σ
E

= 0.002 ( σσ0.2
)

n

(1)

where εp and εe are the plastic strain and elastic
strain, respectively; ε is the total true strain; σ is the
true stress; E is the elastic modulus; σ0.2 is the yield
stress; n is the strain hardening exponent. The value
of n is calculated by the ultimate strength and the
corresponding plastic strain.

The relation of strengths and EL and n is
represented in Figure 6 and is similar to Figure 5.
The parameter n reflects the hardening rate in the
plastic process. The larger the n value, the shorter
the plastic process in Figure 6(a), and the lower the
EL in Figure 6(b). In addition, an extensive
increscent in n occurs between AA2h and AA4h.
This is related to nucleation and growth of β''
precipitates in Al-Mg-Si alloy. A comparison of the
three peak-aged conditions in Figure 4 confirms that
the number density of β'' precipitates gets slightly
lower, and also the n value gets slightly lower.

3.3 Compressive behavior
In order to obtain optimum energy absorption

in compressive tests, considering the strength and
elongation, tubes of moderate yield strength AA1h
to AA10h condition after NA in Figure 5 were
chosen. The extruded tubes were deformed to
60 mm or overall fracture. The force−displacement
curves of tubes after NA+AA treatments are shown
in Figure 7, while Figure 8 shows the deformation

Figure 6 Mechanical properties versus n curves for
samples after different NA+AA treatments: (a) Yield and
ultimate strength; (b) Elongation
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patterns and the location of the crack from axial
compressive tests. For tubes with the same NA, the
longer the AA time, the larger the maximum load
(Fmax). For tubes with the same subsequent AA time,
the longer the NA, the lower the Fmax. An extensive
decrease in displacement occurs between AA2h and
4h, which means the deformation of tube from
complete folds to crack at the corners. Based on the

visual inspection of samples after compressive tests,
incipient crack is observed in four corners of tubes
in all of conditions with AA upon 4 h. Compared
with distinct cracks at the outer corners in NA1h-4
condition, the cracks in tubes emerge at the inner
corners of the deformed folds in both NA1d-4 and
NA1w-4 conditions, as shown in Figure 8. But the
tubes in NA1d-4 and NA1w-4 conditions are still
able to absorb energy with growth of small cracks.
In comparison, overall fracture of above AA6h
tubes occurs during axial compression. The cracks
present in peak-aged tubes as well as tubes in
NA1h-4 condition when the compression distance is
less than 30 mm, as shown in Figures 7(a) − (c),
which means large stiffness and incapability to
achieve a complete fold.

3.4 Effect of n on capacity of energy absorption
The energy absorption of tube is associated

directly with the load capacity, compressive
capacity and the deformation mode. In the
compressive process, the tubes are crushed under
the external force to absorb energy. The absorbed
energy is represented by the area under the force−
displacement curve shown in Figure 7, and thus
obtained by integrating as [33]:

U = ∫
0

δ1

F ( )δ dδ (2)

where F, δ and δ1 are the instantaneous compressive
load, the instantaneous displacement and the
compressive length, respectively; U is the absorbed
energy. To measure the balance of absorbed energy,
the mean compressive load (Fm) is defined as [33]:

(Fm)
test

=
∫

0

δ1

F ( )δ dδ

δ1

(3)

It should be mentioned that the compressive
length is the distance from the origin to the point
that the tube bottoms-out or cracks. An ideal U has a
constant and fluctuation-less Fm. Fm can be used to
characterize the capacity of energy absorption of
tube. In particular, for the square Al-Mg-Si alloy
tube, the Fm can also be calculated as [16]:

(Fm)
cal

= 13.06σ0t
5/3b1/3 (4)

where t=2.5 mm, is the wall thickness of tube;
b=B − t, B is the width of tube; σ0 is the energy
equivalent flow stress, which is proposed by
LANGSETH et al [16] in consideration of the

Figure 7 Force − displacement curves from axial
compressive tests for samples: (a) NA1h; (b) NA1d;
(c) NA1w
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mechanical parameters in Figure 5 which are used
as an approximation to the hardening properties.:

σ0 =
σ0.2 + σu

2
(5)

The relationship between Fm and n of tubes
compressed to 60 mm or crack after different NA+
AA treatments is shown in Figure 9. The calculated
Fm ((Fm)cal) vs n is shown in Figure 9(a). The (Fm)cal

increases with the increase of n value, namely the
theoretical energy absorption increases with the n
increasing. In fact, the tested Fm ((Fm)test) is varied
with n value, as shown in Figure 9(b), due to the
structural imperfection or other defects. Excluding
the overall fractured tubes, the (Fm)test increases with
the increase of n. With the same AA after NA, n
decreases with the prolonged NA time, but the
(Fm)test decreases from NA1h to NA1d then increases
from NA1d to NA1w, which means the energy
absorption fluctuates with n increasing when the n
value is relatively small (here, n<13). While the

(Fm)test of overall-fractured tube decreases with the
increase of n when n is large enough (here, n>18),
which shows a stable energy absorption. The ratio
between (Fm)cal and (Fm)test in Figure 9(c) shows
that the calculated data fluctuate along with
the experimental data by 1%− 25% and in AA6h
conditions the fluctuation is within 8%.
Furthermore, a much better agreement between the
experimental and calculated data ((Fm)cal/(Fm)test) is
found in the tubes with moderate n value (14<n<
17), which means good energy absorption in these
aging conditions.

Under the compressive tests, the structural
instability occurs in the local area of tube from the
elastic to plastic stage, including the elastic
deformation and a small amount of plastic
deformation. The 1st derivative of force−displacement
at the initial plastic stage shows certain difference
after NA+AA treatments due to the multiple startup
of the yield stage. The 1st derivative of force−
displacement is obtained to depict the plastic stage

Figure 8 Comparison of deformation patterns of tube in compressive tests after NA+AA treatments
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from the startup of yield stage to Fmax, as shown in

Figure 10. At the start of the plastic stage, the slope

of force − displacement plummets, then the descent

slows down drastically. For tubes with the same

NA, the longer the AA time and the larger the n

value, the later the start of the plastic stage, the

faster the increase of load to reach Fmax, the larger

the slope of force−displacement except for the peak-

aged condition due to the homogeneously

distributed β'' precipitates in peak-aged condition,
exhibiting excellent plastic performance. Then with
the increase of plastic compression, the slope
decreases slowly. For tubes with the same
subsequent AA, the startup of yield stage in tubes
after NA time below 1 d is earlier than the NA time
above. The slope for tubes after NA1w prior to AA
(Figure 10(c)) shows more steady increase
compared to the other two NA conditions (Figures
10(a) and (b)), which means more steady plastic
process and stable energy absorption.

The 1st derivative of force − displacement
reflects the degree of plastic deformation. A turning
point of load emerges when a large 1st derivative
drops to small one. By differentiating the 1st
derivative of force − displacement curves in
Figure 10, the gradient of load slope of the
compressive tube can be obtained, as shown in
Figure 11. The lowest points in the curves mean the
bounce of the structural-load-carrying capacity,
namely the critical deformation quantity of
instability (Dcr). For tubes with the same NA, as
shown in Figures 11(a)−(c), the shorter the AA time
and the smaller the n value, the faster the structural
instability happens when AA time is below 6 h. The
range of Dcr is from about 0.5 mm to greater than
1 mm. As NA increases, Dcr shows fluctuation from
NA1h to NA1w, the lowest Dcr value appears in
NA1d condition when tube is not cracked. The
critical load of compressive instability (Fcr) can be
turned up combining Dcr with the force −
displacement curves, as shown in Table 2. Fcr

increases with the increase of n value. This means
that with the increase of n value, the capacity of
tube to withstand instability is increased.

The ratio of Fm/Fmax is used to depict the load
fluctuation in compressive test. Fm/Fmax versus n of
compressive tubes after different NA+AA
treatments is shown in Figure 12. Fm/Fmax of tubes
after NA1h followed by AA fluctuates apparently
with the n value. This means that the load
fluctuation increases extensively, which is not
desired for a good energy absorption member. In
comparison, Fm/Fmax of tubes after NA1d and NA1w
decreases with the n value, which means that load
capacity shows relatively less-fluctuation. But the
non-fracture tubes show fluctuation-more load
capacity, and Fm/Fmax of the cracked tube decreases
with the decrease of n value. This means that tube of
a large n value (n>15) shows an impressively

Figure 9 Tested Fm (a), calculated Fm (b), ratio of (Fm)cal

to (Fm)test (c)
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fluctuation-less load, which is considered to choose
an optimum energy absorbed element. Combined
with both of the n−Fm and n−Fm/Fmax relationship,
moderated hardening Al-Mg-Si alloy tube, such as
NA1w-4 condition, shows more stable energy
absorption and less load fluctuation in this study.

From Figure 4, it is interesting to find that the
AA provides the precipitation kinetics to improve
the growth of β'' precipitates of 6005 alloy and the

nucleation of clusters occurring during the early
stages of AA. Then these precipitates are grown

along the longitudinal direction. In peak-aged

conditions the fine needle-like β'' precipitates

distribute homogeneously. The hardening evolution

is related with the increasing volume fraction of β'',

which is proposed to depict the β'' -dislocation

interaction in Al-Mg-Si alloys [8, 34]. The absence

of precipitates after NA1w-6 indicates that the Mg/

Figure 10 1st derivative of force − displacement curves
from startup of yield stage to Fmax at: (a) NA1h; (b)
NA1d; (c) NA1w

Figure 11 2nd derivative of force−displacement curves of
tubes after NA+AA treatments at: (a) NA1h; (b) NA1d;
(c) NA1w
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Si clusters formed at NA hinder the formation of β''
precipitates. These results reveal that when solute
clusters emerge at NA, the particles for nucleation
of β'' precipitates are reduced. Because the solute
concentration is lower in the Al matrix, and the
precipitates growth is limited by the diffusion field
scales with the distance between particles [22]. A
lower density in NA results in longer precipitates,
which explains the increase of strength with AA
time and the slightly lower strength and elongation
for NA1w samples compared to NA1h samples.

The strain hardening exponent, n, interprets the
relation of the strength and the elongation for the
aged sample. The influence of microstructures on
strength and elongation can be characterized by n.
The growth of β'' precipitates is reflected by the
increase of n. In prolonged NA prior to AA, the size
and number of density of precipitates are slightly
different, which is reflected by the slight difference
of n. A comparison of three peak-aged conditions
shows that the slightly larger size and lower density
of β'' precipitates result in slightly lower n.

The major compressive parameters are the
energy absorption capacity and the structural

instability. The former reflects the structural-load-
carrying capacity and the compressive deformation,
and the latter reveals the load fluctuation during
compressive. These two parameters are associated
directly to the structural imperfection and the stress−
strain relationship, which means that the mechanical
properties of the material largely influence the
structural behavior. The compressive behavior can
be properly characterized by n, and further can be
determined by the microstructural evolution. The
material with low n value causes the tube absorbing
low energy and more-fluctuation of load capacity,
while the tube with large n value results in crack in
four corners. When n is in the moderate value, the
material with the homogeneously distributed needle-
like β'' precipitates shows good energy absorption
and less-fluctuation of load capacity.

4 Conclusions

1) Natural aging induces a negative effect on
tensile properties of 6005 aluminum alloy
subsequently aged artificially, which is caused by
the nucleation and growth of β'' precipitates. This
character is represented by the strain hardening
exponent n. For samples with the peak-aged
condition after increasing NA, the number density
of β'' precipitates is lower and the size of β''
precipitates is larger, and the n value is slightly
lower, when the NA prolonged from 1 h to 1 week.

2) The relation of the tensile and
compressive parameters is established through n−Fm

and n−(Fm/Fmax) relationship. The calculated data can
well predict the tested data with a moderate n value
(14<n<17) of the material. Low n (n<13) causes
lowered absorbed energy, earlier start of structural
instability and more-fluctuation of load capacity;
while high n (n>18) results in the fracture of the
extruded tube during axial compression.

3) A better energy absorption, and less load
fluctuation with no macroscopic crack during axial
compressive can be obtained using moderated n
value (14<n<17). In this study, tubes after NA1w+
AA4h treatment shows a good energy absorption
and relative less-fluctuation load in the compressive
process.
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NA1h
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Dcr/mm

Fcr/kN

Dcr/mm

Fcr/kN

AA1h
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0.5806

32.58

0.7122

31.58

AA2h

0.7276

71.32

0.7074

51.73

0.8468

49.33

AA4h

0.806

76.84

1.2549

76.5

0.8989

62.46

AA6h

1.157

89.12

1.4058

85.07

1.0585

79.39

AA10h

1.0051

89.31

1.3055

88.18

0.8368

83.79

Figure 12 Fm/Fmax versus n value of compressive tubes
after NA+AA treatments
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中文导读中文导读

延长自然时效对6005铝合金薄壁管在人工时效后的拉伸和压缩性能的影响

摘要摘要：本文研究了不同时效处理对6005铝合金薄壁管拉伸和压缩性能的影响。薄壁管样品经过三种不

同自然时效后，在180 °C下人工时效0.5−12.0 h，随后进行拉伸和压缩试验。结果表明：在相同自然时

效条件下，人工时效时间越长，合金强度越高，同时其伸长率越低，且从塑性变形到开裂的过程越快；而

随着自然时效时间的延长，合金在人工时效后的强度降低，但其具有更好的塑性变形能力。由自然时

效变化引起的合金强度和塑性的改变，主要是因为随着自然时效时间的延长，主要的强化相β''相的尺

寸更大、密度更低。此种特征可由应变硬化指数n进行表征。同时,压缩试验结果表明，当14<n<17时，

薄壁管的吸能最优；当n≥18时，压缩过程中薄壁管发生开裂；而当n≤14时，薄壁管的吸能较少。

关键词关键词：铝合金时效；二次相；吸能；载荷波动
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