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Abstract: During the service process of an aluminum alloy structure, its complex deformation zone
experiences repeated loading problems such as repeated tension, compression, bending and reverse
bending. At the same time, the cyclic loading and heat treatment process also have a certain impact on
the mechanical properties of aluminum alloy extruded tubes. Therefore, the study of heat treatment
process parameters has important engineering and practical value for the mechanical properties
of aluminum alloy extrusion tubes under cyclic loading conditions. The experiment takes 6061-T6
aluminum alloy extruded tubes as the research objects. In the study, heat treatment and cyclic tensile
tests were carried out on 26 aluminum alloy specimens to study the effects of different heat treatment
parameters (such as heating temperature, holding time, and cooling method) on the stress–strain
hysteresis curves, stress characteristics, hysteretic energy, skeleton curves and failure characteristics
of the alloy under the same loading system. In addition, different cyclic tensile tests were carried out
on 20 aluminum alloy samples without secondary heat treatment to discuss the effects of different
cyclic loading regimes on the mechanical properties of the alloy. The research results indicate that the
effect of heating temperature on the cyclic loading performance of the alloy is greater than that of
the holding time, and the effect of the cooling method on the cyclic loading performance of the alloy
is not obvious. A cyclic tensile loading regime has a significant impact on the strength, elongation
and hysteresis energy of the alloy. The hysteretic behavior of the alloy during cyclic tensile loading
depends on the applied stress level and loading history. As the number of cycles increases, the shape
of the hysteresis curve tends to be stable, but there is no monotonic relationship between the number
of cycles loaded and the hysteresis energy.

Keywords: 6061 aluminum alloy extruded tube; cyclic tension experiment; hysteretic behavior; heat
treatment process; stress control

1. Introduction

During the use of an aluminum alloy construction, its complex deformation zone
undergoes repeated loading problems such as repeated stretching, compression, bending
and reverse bending. The uniaxial tensile test for aluminum alloy tubes is usually used to
evaluate the mechanical properties and establish the constitutive model of the aluminum
alloy tubes. However, the aluminum alloy material will have the characteristics of cyclic
hardening, cyclic softening, the Bauschinger effect and cumulative damage of the material
under cyclic loading, which makes the constitutive relationship of the materials very
different under cyclic loading and monotonic loading. At the same time, the cyclic loading
will also have a certain impact on the mechanical properties of aluminum alloy extruded
pipes [1–3]. Therefore, it is of great practical value to study the mechanical properties of
aluminum alloy pipes under cyclic loading.

At present, research on aluminum alloy components under cyclic loading mainly fo-
cuses on fatigue damage [4,5], fatigue life prediction [6–8], crack evolution [9–12], high/low
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cycle fatigue characteristics [13–16], etc. Research on aluminum alloy components or struc-
tures under cyclic loading is still limited. Byakov et al. [17] estimated the mechanical
state of AA2024 tensile specimens based on Lamb wave ultrasonic technology, and their
research results indicate that the signal characteristic parameters were dependent on the
number of cycles during cyclic loading, and the behavior of these parameters is not linear.
Pisapia et al. [18] conducted extensive experiments on 5000, 6000 and 7000 series aluminum
alloys through monotonic and cyclic tests to obtain cyclic hardening, dissipated energy,
plastic fracture and a nonlinear behavior of aluminum alloys. Ding et al. [19] conducted an
experimental on the uniaxial cyclic deformation behavior of 6061-T6 aluminum alloy round
bars at room temperature and high temperature. The results show that 6061-T6 aluminum
alloy exhibits weak cyclic softening properties, and its ratcheting behavior depends not
only on the mean stress and stress amplitude, but also on the loading history. Guo et al. [20]
obtained the stress–strain relationship and hysteretic properties of domestic 6082-T6 and
7020-T6 aluminum alloys through cyclic loading tests. The research results show that
aluminum alloy materials have good hysteretic properties and ductility. Zhao et al. [21]
studied the stress cycling characteristics and hysteresis energy of AA6061, AA7075 and
AA6063 aluminum alloys through repeated tensile tests. The results showed that the
three alloys exhibit cyclic softening characteristics under repeated loading. Liu et al. [22]
studied the effect of over-aging on the low-cycle fatigue behavior of an extruded AA6061
aluminum alloy at different strain amplitudes. The results showed that as the aging time
prolongs, the cyclic peak stress decreases and the plastic strain increases. Khisheh et al. [23]
studied the effect of heat treatment on the high cycle bending fatigue performance of an
A380 aluminum alloy and the fracture behavior of the material under stress-controlled
cyclic loading. The research results showed that heat treatment can improve the high cycle
bending fatigue life at the highest and lowest stress levels, and the heat-treated specimens
showed a brittle fracture behavior. Liu et al. [24] studied the influence of factors such
as over-fire temperature, cooling method and over-fire time on the residual mechanical
properties of 6061-T6 aluminum alloy extruded profiles after fire and high temperature
treatment through static tensile and repeated hysteretic tests. The research results showed
that the strength of the material decreased significantly and the elastic modulus changed
little after the fire and high temperature. The over-fire temperature and over-fire time are
main factors affecting the strength.

However, there are few studies on the cyclic loading mechanical properties of
6061 aluminum alloy extruded tubes under secondary heat treatment conditions. To
further explore the performance characteristics of aluminum alloy after cyclic loading, a
6061-T6 aluminum alloy extruded pipe was taken as the research object, and the effects
of different heat treatment process parameters on the cyclic mechanical properties of the
alloy were studied by means of a heat treatment test and cyclic tensile test, and the impact
of different loading systems on the mechanical properties of the 6061-T6 aluminum alloy
without secondary heat treatment was discussed to provide theoretical guidance for the
process optimization and industrial production of 6061 aluminum alloys.

2. Materials and Methods

The material used in the study is a 6061-T6 aluminum alloy extruded tube with a
thickness of 5 mm and an outer diameter of 100 mm produced by Jiangsu Yimai Alu-
minum Industry Group(Wuxi, China). Its chemical composition are as follows (wt.%):
0.4–0.8 Si, 0.8–1.2 Mg, 0.7 Fe, 0.15–0.4 Cu, 0.15 Mn, 0.04–0.35 Cr, 0.25 Zn, 0.15 Ti and residual
Al. Regarding the GB/T 228.1-2010 standard [25], the arc-shaped tensile specimens are
taken along the axial direction of the pipe, and the final size parameters of the specimens
are shown in Figure 1.
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Figure 1. Dimension of the 6061 aluminum alloy specimen (dimensions are in mm).

To study the effects of different heat treatment processes on the mechanical properties
of 6061 aluminum alloy extruded tubes under cyclic loading, heat treatment tests, and
cyclic tensile loading tests were carried out. The heat treatment process scheme, as shown
in Table 1, is designed in the way of single-variable control, and the heat treatment test is
carried out on the 6061 aluminum alloy. Then, the cyclic tensile tests are carried out on
the 6061 aluminum alloy samples after secondary heat treatment and the aluminum alloy
samples without heat treatment. The cyclic tensile test device is shown in Figure 2 and the
loading control method adopts program-controlled force loading. Ten kinds of loading
systems were designed in the test, as shown in Table 2 and Figure 3.

Table 1. Heat treatment processes of the 6061 aluminum alloy.

Number Heating Temperature Holding Time Cooling Method

1 410 ◦C, 440 ◦C, 470 ◦C,
500 ◦C, 530 ◦C, 560 ◦C 2 h Air cooling (AC)

2 560 ◦C 1 h, 2 h, 3 h, 4 h, 5 h Air cooling (AC)

3 560 ◦C 4 h Air cooling (AC), water quenching
(WQ), furnace cooling (FC)

Table 2. The loading systems of the 6061 aluminum alloy specimen.

Number Loading Pattern

Ls1 Monotonic

Ls2 Under cyclic tensile loading, the loading displacement is 2 mm/min,
and the stress amplitude is 6000 N for 10 cycles

Ls3 Under cyclic tensile loading, the loading displacement is 2 mm/min,
and the stress amplitude is 9000 N for 10 cycles

Ls4 Cyclic tensile loading, loading displacement of 2 mm/min, loading
with a 12,000 N stress amplitude for 10 cycles
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Table 2. Cont.

Number Loading Pattern

Ls5
Cyclic tensile loading, loading displacement of 2 mm/min, with a

stress increment of 1000 N, loading to 6000 N, one cycle for each stage
and three cycles for the last stage

Ls6
Cyclic tensile loading, loading displacement of 2 mm/min, loading to
6000 N with a stress increment of 1000 N, two cycles per stage and

three cycles of the last stage

Ls7
Cyclic tensile loading, loading displacement of 2 mm/min, loading to
6000 N with a stress increment of 1000 N, three cycles per stage and

six cycles at the last stage

Ls8
Cyclic tensile loading, loading displacement of 2 mm/min, loading to
9000 N with a stress increment of 1500 N, one cycle for each stage and

three cycles for the last stage

Ls9
Cyclic tensile loading, loading displacement of 2 mm/min, loading to
9000 N with a stress increment of 1500 N, two cycles per stage and

three cycles of the last stage

Ls10
Cyclic tensile loading, loading displacement of 2 mm/min, loading to
9000 N with a stress increment of 1500 N, three cycles per stage and

six cycles at the last stage
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3. Experiment Results and Analysis

The results of monotonic and cyclic tensile tests of the specimen are shown in
Tables 3 and 4, where f 0.2 is the tensile strength (yield strength) when the residual strain is
0.2%, fu1 is the ultimate tensile strength, fu2 is the fracture stress, ε1, εu1 and εu2 are the strain
corresponding to yield strength, ultimate tensile strength and fracture stress, respectively,
A is the elongation, N is the number of loops of hysteresis and E is the hysteresis energy.

Table 3. Test results of the 6061 aluminum alloy after secondary heat treatment.

Specimens Loading
System

f 0.2
(MPa)

fu1
(MPa)

fu2
(MPa) ε1 (%) εu1 (%) εu2 (%) A/% N E

(KN·mm)

25 ◦C Ls5 62.6 352.57 275.9 0.0214 0.464 0.499 25 8 7.196
410 ◦C Ls5 42.08 149.11 117.34 0.02 0.438 0.524 50 8 12.39
440 ◦C Ls5 46.82 197.001 148.902 0.02 0.546 0.625 46.25 8 21.85
470 ◦C Ls5 65.7 269.64 201.01 0.02 0.606 0.669 54.53 8 6.099
500 ◦C Ls5 56.53 240.96 173.91 0.024 0.6835 0.727 43.75 8 27.34
530 ◦C Ls5 54.68 275.74 193.31 0.0207 0.743 0.813 66.87 8 23.37
560 ◦C Ls5 55.96 266.48 190.4 0.02 0.71 0.743 58.12 8 12.74

1 h Ls5 53.05 269.43 190.5 0.022 0.732 0.779 66.87 8 26.35
3 h Ls5 50.81 321.45 211.32 0.022 0.898 0.935 78.87 8 37.92
4 h Ls5 51.06 243.45 175.12 0.022 0.686 0.734 60.62 8 25.1
5 h Ls5 45.13 251.32 177.84 0.02 0.73 0.771 61.9 8 32.59
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Table 4. Test results of the 6061 aluminum alloy without secondary heat treatment.

Specimen Loading
System

f 0.2
(MPa)

fu1
(MPa)

fu2
(MPa) ε1 (%) εu1 (%) εu2 (%) A/% N E

(KN·mm)

1 Ls1 150.5 309.55 275.89 0.0363 0.328 0.361 31.25 Monotonic 102.56
2 Ls2 69.82 337.91 270.97 0.0207 0.389 0.428 21.25 10 5.6
3 Ls3 69.82 341.38 272.102 0.0201 0.395 0.433 31.25 10 33.66
4 Ls4 69.92 357.1 280.43 0.021 0.445 0.49 21.87 10 82.74
5 Ls5 62.6 352.57 275.9 0.0214 0.464 0.499 25 8 7.196
6 Ls6 72 336.82 261.46 0.0206 0.392 0.42 31.25 13 2.643
7 Ls7 64.4 337.13 288.81 0.0203 0.533 0.571 37.5 21 8.869
8 Ls8 68.65 349.97 279.27 0.02 0.426 0.447 31.25 8 16.52
9 Ls9 66.85 359.7 272.72 0.02 0.447 0.463 25 13 20.254
10 Ls10 62.6 355.17 279.19 0.0156 0.431 0.463 31.25 21 22.018

To analyze the effect of heat treatment process parameters on the cyclic tensile loading
properties of the 6061 aluminum alloy, the cyclic stress–strain curves of the alloy under
different heating temperatures, holding times and cooling methods were obtained through
cyclic tensile loading tests under the same loading system. Through comparative analysis,
the influence of different heat treatment process parameters on the cyclic loading results of
the 6061 aluminum alloy was determined.

3.1. Effect of Heating Temperature on Cyclic Stress–Strain Curves

According to the loading system Ls5 shown in Table 3, the 6061 aluminum alloy
samples under different heating temperatures of 410 ◦C, 440 ◦C, 470 ◦C, 500 ◦C, 530 ◦C and
560 ◦C were subjected to cyclic tensile tests, and the cyclic stress–strain curves of the alloy
under different heating temperatures were obtained, as shown in Figure 4.
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of (a) 410 ◦C, (b) 440 ◦C, (c) 470 ◦C, (d) 500 ◦C, (e) 530 ◦C, (f) 560 ◦C.

According to the cyclic stress–strain curves of the 6061 aluminum alloy at different
heating temperatures shown in Figure 4, under low-stress-controlled cyclic loading, the
loading and unloading curves of the alloy coincide. With the increase in the number of
cycles, the hysteresis loop structure tends to be stable. With the increase in the cyclic stress
level, there are obvious differences in the hysteresis loop shape of the alloy at different
heating temperatures. When the heating temperature increases from 410 ◦C to 560 ◦C, the
plastic strain in the cyclic hysteresis curve of the alloy shows a bimodal change with the
increased heating temperature. It can be seen that the 6061 aluminum alloy after secondary
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heat treatment exhibits obvious hysteresis behavior during multi-level stress-controlled
cyclic tensile loading at different heating temperatures.

The yield strength, tensile strength and uniform elongation curve of the 6061 alu-
minum alloy with heating temperature are shown in Figure 5 according to the test results
in Table 3.
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Figure 5. Variation curves of uniform elongation (a), tensile strength (b) and yield strength (c) with
heating temperature.

According to the variation curves of the yield strength, tensile strength and uniform
elongation with heating temperature shown in Figure 5, it can be seen that as the heating
temperature increases from 25 ◦C to 560 ◦C, the yield strength and tensile strength of the
alloy shows a trend of decreasing first, then increasing and then decreasing, while the
uniform elongation fluctuates with the increase in heating temperature.

3.2. Effect of Holding Time on Cyclic Stress–Strain Curves

After analyzing the effects of heating temperature on the cyclic loading properties
of the 6061 aluminum alloy, the effects of different holding time on the cyclic loading
properties are studied through cyclic tensile tests, and the cyclic loading stress–strain
curves of the 6061 aluminum alloy under different holding time conditions are obtained, as
shown in Figure 6.
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According to the cyclic stress–strain curves of the 6061 aluminum alloy under different
holding times, shown in Figure 6, it can be seen that under low-stress-controlled cyclic
loading, the loading and unloading curves of the alloy coincide. With the increase in the
number of cycles, the hysteresis loop structure tends to be stable. With the increase in the
cyclic stress lever, there are certain differences in the shape of the hysteresis loop of the
alloy at different holding times. When the holding time is extended from 1 h to 5 h, the
response of plastic strain fluctuates with the prolongation of the holding time. It can be
seen that the alloy after secondary heat treatment has obvious hysteresis behavior under
multi-stage stress-controlled cyclic tensile loading under different holding times, and the
response of plastic strain increases with the increase in the stress amplitude.

According to the test results in Table 3, the variation curves of yield strength, tensile
strength and uniform elongation of the 6061 aluminum alloy is plotted against holding
time, as shown in Figure 7.
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According to the curve shown in Figure 7, it can be seen that the tensile strength
and uniform elongation of the 6061 aluminum alloy show a trend of first decreasing, then
increasing and then decreasing when the holding time is extended from 1 h to 5 h, both
reaching their maximum values at a holding time of 3 h. On the other hand, the yield
strength shows a fluctuating trend with the extension of insulation time.

3.3. Effect of Cooling Method on Cyclic Stress–Strain Curves

After analyzing the influence of heating temperature and holding time on the cyclic
loading performance of the 6061 aluminum alloy, the influence of different cooling methods
on the cyclic loading performance of the alloy is studied using a universal tensile testing
machine, and the cyclic loading stress–strain curves of the alloy under different cooling
methods are obtained, as shown in Figure 8.
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According to the cyclic stress–strain curves of the 6061 aluminum alloy under different
cooling methods shown in Figure 8, it can be seen that under low-stress-controlled cyclic
loading, the loading and unloading curves of the alloy under different cooling methods
coincide. With the increase in the number of cycles, the hysteresis loop structure tends
to be stable. With the increase in the cyclic stress level, there is little difference in the
shape of hysteresis loops of the alloy under different cooling modes. The width of the
hysteresis curve of the alloy under air cooling and water quenching is similar, but the
width of the hysteresis curve of the alloy under furnace cooling is relatively large. It can
be seen that different cooling methods have little effect on the hysteretic properties of the
alloy. According to the tensile curve after cyclic loading, the plastic performance of the
6061 aluminum alloy under water quenching is better than that under air cooling and
furnace cooling, with furnace cooling having the worst plastic performance.

According to the test results in Table 3, the variation curves of yield strength, tensile
strength and uniform elongation of the 6061 aluminum alloy is plotted against cooling
method, as shown in Figure 9.
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Figure 9. Variation curves of uniform elongation (a), tensile strength (b) and yield strength, (c) against
cooling method.

According to the curves in Figure 9, it can be seen that the three different cooling
methods of water quenching, air cooling and furnace cooling have a significant impact on
the ultimate tensile strength of 6061 aluminum alloy specimens after loading. Under water
quenching, the yield strength and ultimate tensile strength of the alloy are slightly higher
than those under air cooling, while its uniform elongation is slightly lower than that under
air cooling. The yield strength, ultimate tensile strength and uniform elongation under
furnace cooling are lower than those under water quenching and air cooling.

Comparing the data in Figures 5, 7 and 9, it can be seen that the yield strength,
tensile strength and uniform elongation of aluminum alloys under different heat treatment
conditions are dispersed. This also reflects that the heating temperature of heat treatment
has a significant impact on the mechanical properties of the alloy, followed by the insulation
time, and the cooling method has the smallest impact on the mechanical properties of the
alloy.

3.4. Effects of Different Loading Systems on Cyclic Stress–Strain Curves

The stress–strain curve of the 6061 aluminum alloy tube without secondary heat
treatment was obtained using the monotonic loading test, as shown in Figure 10. The
stress–strain curve of the alloy tube increases with the increase in the strain, and there is
no obvious yield platform on the stress–strain curve; its yield strength and the ultimate
strength are 150.5 Mpa and 309.55 Mpa, respectively.
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Figure 10. Stress–strain curve of the 6061 aluminum alloy without secondary heat treatment. 
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Figure 10. Stress–strain curve of the 6061 aluminum alloy without secondary heat treatment.

After obtaining the monotonic tensile properties of the 6061 aluminum alloy without
secondary heat treatment, cyclic tensile loading tests on the alloy are continued through a
universal tensile testing machine, and the cyclic stress–strain curves under different cyclic
loading systems are obtained, as shown in Figure 11.
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According to the cyclic loading stress–strain curves of the 6061 aluminum alloy without
secondary heat treatment under different loading regimes shown in Figure 11, it can be
seen that the hysteretic behavior of the specimens depends on the applied stress level and
the number of cycles during the stress-controlled cyclic loading process. Compared with
Figure 11a–c, as the stress amplitude increases from 6000 N to 12,000 N, the hysteresis
curve of the alloy gradually broadens and the response of plastic strain and hysteretic
energy increase gradually, indicating that there is plastic dissipation during each cyclic
loading process. After a certain number of cycles, the stress hysteresis curve of the alloy
remains unchanged. Compared with Figure 11d,e, it can be seen that the multi-loop
hysteresis will lead to an early fracture of the alloy material. Compared with Figure 11d,g,
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Figure 11e,h, Figure 11f and Figure 11i, it can be seen that during the multi-stage stress
cycling loading process, the hysteretic behavior of the specimen depends not only on the
current stress level, but also on the previous loading history. The hysteresis behavior at
the previous smaller stress amplitude has little effect on the hysteresis behavior at the
subsequent larger stress amplitude. As the tensile stress continues to increase, the width
of the hysteresis curve and the plastic strain value after unloading also increase gradually.
The stress–strain curves of the specimen under multi-stage cyclic loading all show obvious
nonlinear characteristics, mainly due to the continuous decrease in its elastic modulus and
the continuous accumulation of plastic strain.

Compared with Figures 4, 6, 8, 10 and 11, it can be seen that there is no obvious yield
platform for the 6061 aluminum alloy under monotonic and cyclic loading. During the
elastic deformation stage, the cyclic loading and unloading stress–strain curves of the alloy
coincided, which is mainly because the plastic deformation caused by the load is very small,
and the damage degree of the alloy material is low. With the increase in cyclic stress level,
the alloy enters the yield stage, the internal damage of the material develops rapidly, and
the inelastic deformation caused by loading and unloading gradually increases.

Based on the test results in Table 4, the variation curves of yield strength, tensile
strength and uniform elongation of the 6061 aluminum alloy are plotted against different
loading regimes, as shown in Figure 12.
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Figure 12. Variation curves of uniform elongation (a), tensile strength (b) and yield strength
(c) against loading systems.

According to the curves in Figure 12, it can be seen that different loading systems
have a significant impact on the yield strength, tensile strength and uniform elongation
of the 6061 aluminum alloy. The yield strength of the alloy under loading system Ls1
is significantly higher than that under other loading systems. On the other hand, their
ultimate tensile strength is significantly lower than that under other loading systems and
the uniform elongation of the alloy fluctuates under different loading systems.

3.5. Hysteretic Energy

The work absorbed or the energy consumed when a metal material undergoes plastic
deformation is the hysteresis energy. The width and size of the hysteresis curve reflect the
ability of a material to resist plastic deformation. In the cyclic deformation of materials, the
magnitude of hysteresis energy is equal to the area enclosed by its corresponding hysteresis
curve. The origin lab software is used to calculate the hysteresis energy corresponding
to the hysteresis curve of the 6061 aluminum alloy under different cyclic tensile loading,
and the hysteresis energy histogram of the 6061 aluminum alloy specimen drawn under
different loading regimes, as shown in Figure 13.
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Figure 13. Energy dissipation of the 6061 aluminum alloy (a) under Ls5 with different heating
temperatures, (b) under Ls5 with different holding times, (c) under Ls5 with different cooling
methods, (d) under different loading systems.

According to the hysteresis energy of the 6061 alloy specimen under different loading
regimes, shown in Figure 13, it can be seen that different heat treatment process parameters
and cyclic loading regimes have certain effects on the hysteresis energy. According to
the hysteretic energy histogram of the alloy in Figure 13a–c, it can be seen that under the
same loading system, the heating temperature, holding time and cooling method of heat
treatment have a certain impact on the hysteresis energy of the alloy. With the heating
temperature increasing from 25 ◦C to 560 ◦C, the hysteresis energy of the specimen after
the second heating treatment shows a bimodal trend. When the heating temperature is
470 ◦C, the hysteresis energy of the alloy is the smallest, slightly lower than that of the
6061 aluminum alloy without secondary heat treatment. With the extension of holding
time from 1 h to 5 h, the hysteresis energy of the specimen after heat treatment showed
a fluctuating trend. The hysteresis energy of the alloy is not much different under three
different cooling methods, i.e., air cooling, water quenching and furnace cooling.

Comparing the cyclic loading regimes Ls2, Ls3 and Ls4 in Figure 13d, it can be seen
that the hysteretic energy of the specimen without secondary heat treatment increases with
the increase in stress amplitude, which indicates that the alloy consumes a large amount
of energy under cyclic loading. Comparing the loading systems Ls5, Ls6, Ls7, Ls8, Ls9
and Ls10 in Figure 13b, it can be seen that under the same number of cycles, the hysteresis
energy of the alloy specimens under loading regimes Ls5, Ls6 and Ls7 is significantly lower
than that under loading regimes Ls8, Ls9 and Ls10. This indicates that the cyclic loading
regime and the applied stress level have a certain impact on the hysteresis energy. The
hysteretic energy of the specimens without secondary heat treatment increases with the
increase in the number of cycles, indicating that the aluminum alloy exhibits good energy
dissipation ability under cyclic loading. Comparing the loading regimes Ls5, Ls6 and Ls7
in Figure 13b, it can be seen that as the number of cycles increases, the hysteresis energy of
the alloy first decreases and then increases. Comparing the loading regimes Ls8, Ls9 and
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Ls10, it can be seen that as the number of cycles increases, the hysteresis energy of the alloy
increases gradually, which indicates that the relationship between the number of cycles and
hysteresis energy is not monotonous. Further, sample 6 has experienced 13 cycles of cyclic
loading, while the sample 10 has experienced 21 cycles of cyclic loading. The hysteretic
energy of sample 6 is significantly lower than that of sample 10. The hysteresis energy of
sample 6 decreases and the ductility deteriorates. The main reason is that after the test
piece has undergone multi-stage cyclic loading, the cumulative effect of plastic damage is
obvious, which leads to the continuous development of internal cracks and early failure of
the specimen.

From the above analysis, it can be concluded that different heat treatment process
parameters, applied stress levels, cyclic loading times and loading systems have a certain
impact on the hysteresis energy of the aluminum alloy, and the relationship between cyclic
loading times and hysteresis energy is not monotonous.

3.6. Skeleton Curve

The cyclic skeleton curve is a curve obtained by translating and connecting the sec-
tions of the cyclic loading stress–strain curve that exceed the maximum stress of the
previous loading, which is called the skeleton curve. Figure 14 shows the skeleton curves of
6061 aluminum alloy specimens under different cyclic loading regimes.
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According to the monotonic and cyclic loading skeleton curves of 6061 aluminum
alloy specimens shown in Figure 14, it can be seen that different heat treatment process
parameters and cyclic loading systems have a significant impact on the yield strength and
ultimate tensile strength of the alloy. Compared with the curves in Figure 14a, the strength
of the specimen increases with the heating temperature from 25 ◦C to 560 ◦C, it shows a
sharp decrease first and then a gradual increase, while the uniform elongation fluctuates.
Compared with the curves in Figure 14b, different heat treatment holding times have little
effect on the yield strength of the alloy, but have a greater effect on the ultimate tensile
strength and elongation. Compared with the curves in Figure 14c, the yield strength, tensile
strength and elongation of the alloy under furnace cooling are lower than those under air
cooling and water quenching. The three different cooling methods of air cooling, water
quenching and furnace cooling have a great impact on the ultimate tensile strength of
the alloy specimens in the later stage of loading, and the effects of air cooling and water
quenching on the yield strength and uniform elongation of the alloy during cyclic stretching
are relatively small.

Comparing the curves in Figure 14d, it can be seen that the cyclic tensile skeleton
curve of the 6061 aluminum alloy without secondary heat treatment does not coincide with
the monotonic tensile test curve, and the cyclic loading stress–strain curve enters the yield
zone ahead of time, while the elastic section of the monotonic tensile stress–strain curve is
longer. Different cyclic loading systems have a significant impact on the ultimate tensile
strength and elongation of the alloy specimens in the later stage of loading.

Based on the above analysis, it can be concluded that the heating temperature of reheat
treatment has a great impact on the cyclic loading performance of 6061 aluminum alloy
extruded tubes, followed by the insulation time. The cooling method has a relatively small
impact on the cyclic loading performance of alloy extruded tubes.

3.7. Test Phenomenon

During the test, the 6061 aluminum alloy specimens after secondary heat treatment
have obvious deformation and necking before the damage, as shown in Figure 15. The
specimens without secondary heat treatment show no necking phenomenon during the
process of breaking after cyclic loading, and the failure is accompanied by a loud noise
and the fracture morphology is shown in Figure 16. The damaged fracture of the specimen
without secondary heat treatment is relatively flat, with no obvious deformation and cross-
section shrinkage at the edge, and no obvious necking section. According to Tables 3 and 4,
the elongation of the specimen without secondary heat treatment is lower than that of the
specimen after secondary heat treatment, which indicates that the plasticity of the specimen
without secondary heat treatment is weaker than that of the specimen after secondary heat
treatment.
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Figure 16. Tensile fracture diagrams of the 6061 aluminum alloy specimen without secondary heat
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4. Conclusions

(1) Under the selected test conditions, compared with the effects of insulation time
and cooling method during heat treatment on the cyclic tensile comprehensive
strength performance of the 6061 aluminum alloy, the heating temperature plays a
primary role, the cooling method plays a secondary role and the holding time plays a
minimal role.

(2) The cyclic stress–strain curve of the 6061 aluminum alloy depends on the applied
stress level and loading history. At low stress levels, the loading and unloading curves
in the cyclic stress–strain curve of the specimen coincide. With the increase in tensile
stress, the hysteresis energy of the specimen gradually increases. As the number of
cycles increases, the shape of the hysteresis loop of the specimen tends to stabilize,
but there is no monotonic relationship between the number of cycles loaded and the
hysteresis energy.

(3) The cyclic loading system has a significant impact on the yield strength, tensile
strength, elongation and hysteresis energy of the 6061 aluminum alloy. Under the
monotonic loading system, the ultimate tensile strength and uniform elongation of
the alloy were 309.55 MPa and 31.25%, respectively, which is significantly lower
than those of the alloys under other loading systems. Further, its yield strength is
significantly lower than those under other loading systems, while the yield strength
was 150.5 MPa, which is significantly higher than those of the alloys under other
loading systems.

(4) The cyclic tensile skeleton curve of the 6061-T6 aluminum alloy does not coincide with
the monotonic loading curve. The cyclic loading stress–strain curve enters the yield
section ahead of time, while the elastic section of the monotonic loading stress–strain
curve is longer.

(5) The 6061 aluminum alloy specimen, after secondary heat treatment, undergoes signif-
icant deformation and necking before the damage, with good plasticity. However, the
untreated specimen undergoes cyclic loading and tensile fracture, its fracture surface
is relatively flat, with no obvious deformation or cross-section shrinkage at the edges,
and the necking section is not obvious. In future research, we will investigate the
fracture zoon and microstructure analysis of the cyclic tensile specimens.
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