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Abstract: A new technological process of tube forming was developed, namely solution treatment — granule medium internal high
pressure forming — artificial aging. During this process, the mechanical properties of AA6061 tube can be adjusted by heat treatment
to satisfy the process requirements and the processing method can also be realized by granule medium internal high pressure forming
technology with the features of convenient implementation, low requirement to equipment and flexible design in product. Results
show that, at a solution temperature of 560 °C and time of 120 min, the elongation of AA6061 increases by 313%, but the strength
and the hardness dramatically decrease. At an aging temperature of 180 °C and time of 360 min, the strength and hardness of
AA6061 alloy are recovered to the values of the as-received alloy. The maximum expansion ratio (MER) of AA6061 tube increases
by 25.5% and the material properties of formed tube reach the performances of raw material.
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1 Introduction

AA6061 is one of the most widely used AI-Mg—Si
alloys [1]. It is applied in extreme conditions such as
aerospace, transportation and petrochemical for low
density, high impact toughness, excellent machinability
and good corrosion resistance [2,3]. For example, the use
of aluminum alloys for typical automobile body parts can
provide a mass reduction of up to 50% compared with
current steel component [4]. This kind of material can
not be formed into complex parts for its high strength
and poor plasticity at room temperature. So, the
application range of AA6061 is restricted seriously.
However, its elongation increases and deformation
resistance decreases with the elevating of deformation
temperature. Therefore, warm forming technology is
becoming the main research direction in manufacturing
complex parts of aluminum alloy. HE et al [5] studied the
free bulging test carried out at different temperatures to

evaluate the formability of AA6061 extruded tube, which
revealed that the maximum expansion ratio (MER)
reaches the maximum valve of 86% at 425 °C, namely
the MER at high temperature increases significantly.
WANG et al [6] studied the warm forming process of
AA2024 sheet, which revealed that the formability
increased as temperature increased. DONG et al [7]
carried out the uniaxial tensile test on AA7075 sheet and
found that its elongation is optimal at 250 °C under the
condition that the strain rate is 0.001 s”'. KWON et al [8]
studied the high temperature deformation behavior of
Al-Mg-Si alloy, which exhibited enhanced formability
at elevated temperatures. Although the formability of
AA6061 can be improved by warm forming technology,
high requirements of die set and temperature control
system are the main problems. Unfortunately, hot
forming at temperature higher than 300 °C tends to
destroy the desirable microstructure, leading to softening
of the formed parts [9]. Studies show that the mechanical
properties of 2xxx [10], 6xxx [11] and 7xxx [12]
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aluminum alloy can be changed significantly through
heat treatment with the content of precipitates controlled.
After solution treatment, the formability of aluminum
alloy tube increases significantly, and the complex parts
can be formed at room temperature. Unfortunately, its
strength and hardness are so low that it cannot meet the
requirement of engineering application. However, the
defects can be made up through aging treatment. The
second phase particles precipitate again in grain inner,
causing precipitation strengthening [13]. Due to the
double effects of work hardening and precipitation
strengthening, the strength and hardness of tube are
increased remarkably, making the application require-
ments satisfied. Heated tube after enough SHT (solution
heat treatment) is quenched immediately, aiming to
freeze the microstructure as supersaturated solid solution
(SSSS), and then formed with solid granule medium
internal high pressure forming. Aging is finally followed
to obtained full strength. In this respect, FAN et al [14]
studied the hot stamping technology of AA6A02 sheet
and found that solution treatment before stamping makes
its formability improved significantly, and subsequent
aging treatment after stamping makes its strength high.
Therefore, a new technological process of tube forming
was developed, namely solution treatment — granule

medium internal high pressure forming — artificial aging.

With the new technological process, the internal high
pressure forming of 6xxx aluminum alloy at room
temperature can be realized by changing mechanical
properties with the method of solution treatment
before manufacturing and aging treatment after
forming.

Therefore, in this work, the technological process of
solution treatment — granule medium internal high
pressure forming — artificial aging will be investigated
to indicate the effect of heat treatment on formability and
strengthening behavior. The formability is characterized
by wuniaxial tensile test and bulging test. The
corresponding strength is measured with Vickers
hardness test. The microstructure evolution and
strengthening mechanism are analyzed by scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM). The typical parts of AA6061 tube
are trial-produced by the combination of heat treatment
and granule medium internal high pressure forming. This
study lays a basis on the preparation of high strength
aluminum alloy tube.

2 Experimental

2.1 Materials

The experimental material is AA6061 extruded tube
with 2 mm in thickness and 100 mm in diameter. The
status of the original extruded tube is T6 (solution

treatment + artificial aging). The alloy sample was tested
by ADVANT X’P-381 type X-ray fluorescence
spectrometer. The main chemical composition is given in
Table 1.

Table 1 Chemical composition of as-received material (mass
fraction, %)

Si Mg Cu Fe \% Ti
0.815 0.181 0.136 0.08 0.023 0.019
Cr Ga Zn Mn Ni Al

0.011 0.01 0.083 0.054 0.051 Bal.

2.2 Mechanical property measurement

The size of axial tensile specimen was determined
by the international standard of tensile specimen
(GB T228—2002) and the accuracy of experimental
equipment (Fig. 1). A kind of fixture, which was
designed for tube with 96 mm in inner diameter, was
applied to this work to ensure the integrity of the
specimen. Three or more samples were performed in one
state and the values were averaged. AA6061 tubes were
cut into uniaxial tensile specimens along the axial
direction. In order to get SSSS at room temperature, the
solution treatment was carried out in SX—G16103 type
heat furnace. Solution temperatures (7s) were 530, 540,
550, 560 and 570 °C and holding time (¢5) was 30, 60, 90,
120 and 150 min, respectively. Quenching was carried
out in HH—2 type constant temperature water bath pot. In
this process, the transfer time was less than 5 s and the
water temperature was lower than 25 °C. After solution
treatment, all the AA6061 specimens were kept in a
freezer and its temperature is controlled at 0 °C. This is
very important to avoid the natural aging of the alloy at
room temperature.

Fig. 1 Axial tensile specimen size and experimental set-up:
(a) Geometry and dimensions of tensile test sample (unit: mm);
(b) Electronic universal testing machine; (c) Heat furnace



228 Jiang BI, et al/Trans. Nonferrous Met. Soc. China 28(2018) 226—234

Following the solution treatment (7s=560 °C and
ts=120 min), the specimens were artificially age-
hardened in DHG—9070A type thermostatic air-blower-
driven drying closet and subsequently cooled in air.
Aging temperature (7,) was 180 °C. Aging time (Z5) was
30, 60, 120, 240, 360 and 480 min.

Tensile test was performed at room temperature
with an initial strain rate of 0.001 s '. Vickers hardness
test was performed in the deformation area of the stepped
shaft tube to evaluate the strengthening effect of the
process on AA6061 aluminum alloy tube. Samples for
hardness were prepared by standard grinding and
mechanical polishing. Vickers hardness instrument with
a load of 1 N and a dwell time of 15 s was used. Five
hardness readings were performed on every sample and
they were averaged.

2.3 Microstructure examination

Microstructure characterization was performed with
SEM and TEM. Samples for metallographic analysis
were prepared by mechanical grinding and further by
electropolishing in an electrolyte (ethanol to perchloric
acid ratio of 9:1) at about —20 °C. SEM investigations
were performed on a Hitachi S3400 operated at 20 kV.
TEM investigations were used to characterize the
strengthening precipitates by being performed on a
JOEL2010. The samples were mechanically polished
until the thickness was reduced to 50 um. Disks (3 mm
in diameter) were punched from the central position of
the thin foils. Twin-jet thinning was further carried out in
electrolyte (methanol to nitric acid ratio of 7:3) at a
temperature of about —30 °C and a voltage of 12 V.

2.4 Experimental procedures

The schematic diagram in stepped shaft tube
forming process is shown in Fig. 2. The original tube
with 100 mm in length was solution-treated at 560 °C for
120 min followed by quenching at room temperature.
After quenching and granule medium internal high

o Original Forming process Objective part
=
a. -
g f
= Solution
Ts ey —
=
£
Q
=i —_
o Artificial
o aging
LNy A ranule medium internaly Z
RT| , highpfﬂ[forming ,,,,,,, Vg
| .5
Of---+---- P - |
(U A t t, Time

Fig. 2 Process flow diagram of forming process of AA6061

pressure forming, the tubular components were kept in a
freezer and its temperature is controlled at 0 °C to avoid
the natural aging at room temperature.

Solution treatment enabled the precipitates to be
dissolved within Al matrix. Following the solution
treatment, the tube was formed by granule medium
internal high pressure forming. The formed tubular
components were artificially age-hardened at 180 °C for
360 min and subsequently cooled in air.

3 Results and discussion

The MER of AA6061 tube changes greatly before
and after the solution treatment, as shown in Fig. 3. The
processing test shows that the plasticity of AA6061 tube
is very poor in the state of no solution treatment (NST),
and the forming property is extremely poor. The tube
fractures easily when the bulging diameter is 107 mm;
namely the MER is 7%. The crack is perpendicular to
circle orientation of tube and the fracture mode is brittle
fracture, as shown in Fig. 3(a).

After bulging

Befor bulging

(a)

(b)

Fig. 3 Parts formed by different processes: (a) No solution
treatment (NST); (b) Solution-treated at 560 °C for 120 min

However, at a solution temperature of 560 °C and
time of 120 min, the forming property of AA6061 tube
increases significantly, namely the MER is 32.5%. The
tube fractures when the expansion ratio is 35%. The
crack is also perpendicular to circle orientation of tube
and the fracture appearance reflects the feature of part
ductile fracture.

In processing test, we know that the deformation
model of the stepped shaft tube before contact moulding
is free bulging, which is similar to hydro-bulging. After
contact moulding, the tube fits completely with the die
corner. Due to the friction between tube and die, the
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relative motion between the un-deformed areas of tube
and die is zero, namely the height of the tube is
fixed [15]. The length of bulging area is 30 mm.
Therefore, the tube is extremely difficult to fracture after
contact moulding. The MER of stepped shaft tube can
similarly evaluate the formability by hydro-bulging test.

3.1 Effect of solution treatment process parameters
on mechanical properties of AA6061
3.1.1 True stress—strain curves
Through uniaxial tensile test, it is concluded that the
strain rate has little effect on mechanical properties of
AA6061 extruded tube at room temperature. The
constitutive equation of AA6061 was assumed to
conform to power-exponent function model with the
influence of strain rate ignored:

o=K¢" (1)

where K is strain strength coefficient, and » is strain
hardening index. The true stress—strain curves of
AAG6061 tube in different solution treatment processes
were obtained by uniaxial tensile tests, as shown in
Figs. 4(a) and (b). In true stress—strain curve, the interval
from yield point to the peak point was selected as fitting
range. Multiple linear regression statistics of the test data
were conducted, and constitutive equation parameters of
this model were obtained, as given in Table 2. Through
comparing true stress—strain curves of AA6061 before
and after solution treatment, it is found that the strength
is relatively high (the yield strength is 289.9 MPa and the
tensile strength is 321.2 MPa) and the elongation A4, at
the maximum force is lower than 4.8% under the
condition of NST. However, after solution treatment, the
strength drops dramatically and A, is significantly
improved. The results show that the strength and A4, of
AA6061 tube are sensitive to solution treatment.

The axial tensile specimens were solution-treated at
560 °C for 120 min followed by quenching in water at
room temperature. Following the solution treatment, the
specimens were artificially age-hardened at 180 °C for a
period of 30, 60, 120, 240, 360 and 480 min in a furnace
and subsequently cooled in air. The true stress—strain
curves of AA6061 under different aging treatment
conditions were measured, as shown in Fig. 4(c). The
strength increases and 4, decreases gradually with aging
time extending. At an aging temperature of 180 °C and
time of 360 min, the true stress—strain curve is in good
agreement with NST. The strength even decreases in
some degree when the aging time exceeds 360 min;
namely the tube is over-aged.
3.1.2 Material properties

The material properties of AA6061 extruded tube in
different solution treatment processes are shown in Fig. 5.
The strength of AA6061 tube is very high before solution
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Fig. 4 Effect of heat treatment on true stress—strain curves of
AA6061: (a) Solution-treated at 7s=560 °C; (b) Solution-
treated for =120 min; (c) Age-hardened at 7,=180 °C

treatment; namely the tensile strength is 321.2 MPa. The
tensile strength decreases by 60% after solution
treatment. The decrease of strength, which is beneficial
to decreasing the requirement of forming equipment,
makes deformation resistance reduced. At a solution
temperature of 560 °C, the strength of AA6061 goes up
after dropping with solution time prolonging. The
minimum value is obtained when holding time is
120 min, namely the tensile strength is 189.9 MPa. At a
holding time of 120 min, the strength of AA6061
increases first and then decreases with the elevating of
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Table 2 Related parameters of different solution treatment
processes

Solution treatment parameter Equation parameter

7/°C t/min K/MPa n R’
560 30 408.54  0.33 0.99
560 60 396.55 0.33 0.99
560 90 389.07 0.35 0.99
560 120 375.67 036 0.99
560 150 38430 0.34 0.99
530 120 36847 047 0.99
540 120 352.56 045 0.99
550 120 38430 0.36 0.99
560 120 336.57 0.38 0.99
570 120 349.53  0.46 0.99
NST 408.03  0.07 0.99
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solution treatment temperature. The maximum value is
obtained when solution temperature is 560 °C.

At room temperature, the elongation Ay at the
maximum force of the original tube is very low under the
condition that the strain rate is 0.001 s~', namely the Ag
is 4.798%. Therefore, the alloy tube fractures easily in
internal high pressure forming. However, the A4, of
AA6061 extruded tube increases significantly after
solution treatment. The A, is 19.8% when the sample is
solution-treated at 560 °C for 120 min. The A increases
by 313%. The increase of Ay in AA6061 tube makes it
possible to be formed by internal high pressure forming.
At a solution temperature of 560 °C, the 4, of AA6061
increases first and then decreases with solution time
prolonging. The maximum value is reached when
holding time is 120 min. At a holding time of 120 min,
the Ay of AA6061 increases first and then decreases with
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Fig. 5 Effect of solution treatment on material properties of AA6061: (a) g, and A, of samples solution-treated at Ts=560 °C; (b) oy

and A, of samples solution-treated for ;=120 min; (c) Hardness of samples solution-treated at 75=560 °C; (d) Hardness of samples

solution-treated for =120 min; (e) Hardness of samples age-hardened at 7,=180 °C
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the elevating of solution temperature. The maximum

value is reached when the solution temperature is 560 °C.

The experimental results show that the plastic
deformation capacity of AA6061 extruded tube nearly
reaches the maximum value when it is solution-treated at
560 °C for 120 min.

Hardness is tested to evaluate the capacity of
material resisting deformation. The smaller the hardness
is, the easier the plastic deformation occurs. Figures 5(c),
(d) and (e) show the dependence of Vickers hardness on
heat treatment parameters. The changing rule of hardness
is the same as that of the strength. The hardness of origin
tube is as high as HV 123. However, the hardness
decreases by nearly 50% after solution treatment. The
hardness can decrease to an average value of HV 68, and
the maximum hardness can arrive at HV 71. At a
solution temperature of 560 °C, the hardness of AA6061
decreases first and then increases with solution time
prolonging. The minimum value is reached when holding
time is 120 min. At a holding time of 120 min, the
hardness of AA6061 increases first and then decreases
with the elevating of solution temperature. The
maximum value is reached when solution temperature is
560 °C, namely the hardness is HV 71.

The hardness reflects the double effects of working
hardening and precipitation strengthening when it is
aging treated at 180 °C. The hardness of AA6061 rises
sharply in the early stage of aging treatment and reaches
the maximum value when aging time is 360 min, namely
the hardness is HV 109. As observed, a significant
agreement with the strength measurement can be
obtained comparatively. The hardness of original tube is
HV 123. By comparison, the difference between them is
less than 12%. The hardness declines slightly with
further increase of aging time, which is similar to the
research result. DEMIR et al [16] studied the solution

treatment of AA6061 ingot at 530 °C for 240 min
followed by aging treatment at 180 °C and found that the
hardness reaches the maximum value at an aging time of
660 min.

3.2 Softening and strengthening mechanism

Figure 6 shows the fracture surface morphology of
AA6061 under different heat treatment conditions. For
the condition of NST, some shallow dimples and
cleavage steps can be seen on fracture surface. This
indicates that the plasticity of the original tube is very
poor. Also, the work hardening is obvious in deformation
process. Under high magnification, a lot of tearing ridges
are observed and the tearing ridge of dimple is very
sharp. The fracture mode of the original tube, which
belongs to brittle fracture, is quasi cleavage. At a solution
temperature of 560 °C and time of 120 min, the number
of dimples increases and their depth becomes deep
(Fig. 6(b)). The strength of AA6061 decreases and its Ay
increases. At an aging temperature of 180 °C and time of
360 min, the dimples are elongated along the same
direction and the shape is parabolic (Fig. 6(c)).

By comparing the three images in Fig. 6, it is
obvious that two conclusions can be drawn: firstly, the
plastic characteristics of AA6061 are strengthened and
the fracture mode of AA6061 is changed from brittleness
fracture to ductile fracture after solution treatment.
Secondly, the dimple, which reflects slipping
characteristic, is torn after aging treatment. The second
phase particles can be seen in the dimple, which makes
the strength increase and the 4, decrease.

Figure 7 shows the grain structure of AA6061 tube
in various conditions of treatment. The AA6061 tube is
prepared by extrusion process. The microstructure of
original tube is composed of equiaxed grain rather
than fibrous structure because recrystallization occurs in

;e & =l

P N

Fig. 6 Effect of heat treatment on fracture morphology of AA6061: (a, d) NST; (b, e) Solution-treated at 7s=560 °C for ;=120 min;

(c, f) Age-hardened at 7y=180 °C for #,=360 min
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Fig. 7 Effect of solution and aging treatment on grain structure of tested alloy: (a) NST; (b) Solution-treated at 560 °C for 120 min;

(c) Age-hardened at 180 °C for 360 min; (d) Grain size distribution

preparation process, as shown in Fig. 7(a). It is clear that
the grain sizes distribute heterogeneously in all cases.
The average grain size is 123.7 um. At a solution
temperature of 560 °C and time of 120 min, the grains
grow up and the average grain size is 202.1 pm. The
grain structure is almost the same as the slightly annealed
grain structure presented by FAN et al [14]. No obvious
recrystallization grains are found around the grain
boundaries of large grains. Only recovery takes place in
solution treatment process. At an aging temperature of
180 °C and time of 360 min, there is almost no
diversification appearing in grain structure. No
abnormal grain growth appears in this situation. The
recovery is carried out more thoroughly in the heating
process [17—19].

Figure 8 shows a series of TEM bright field images
obtained form the samples aged for different time, as
well as selected area diffraction patterns of samples aged
at 180 °C for 0 and 360 min. Age hardening is the main
strengthening mechanism in the whole process of tube

bulging. The effect of solution treatment is to improve
the forming capacity and ensure that the object parts
have a high mechanical strength. From Fig. 8(a), it can
be seen that no precipitate occurs in the Al matrix,
making the strength and hardness decrease and the
formability improved. At an aging temperature of 180 °C
and time of 120 min, lots of fine needle-shaped
precipitates occur with the size of 10—50 nm in the Al
matrix. These particles distribute homogeneously
throughout the matrix. The strain field contrast can be
clearly observed around the needle-shaped precipitates.
This indicates that these precipitates are coherent with
the matrix. When the aging time is extended to 240 min,
similar observation is acquired, as shown in Fig. 8(c).
The needle-shaped precipitates  still  distribute
homogeneously in the matrix. The number of precipitates
increases with the extending of aging time. In general,
the precipitation sequence for 6xxx aluminum alloy is
accepted as: supersaturated solid solution (SSSS) —
atomic clusters — GP zone — f" precipitates — /'
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Fig. 8 TEM images of precipitates for different aging time: (a) 0 min; (b) 120 min; (c) 240 min; (d) 360 min

precipitates — f Mg,Si precipitates [20,21]. Also, it has
been shown that the GP zone, f", ' and f precipitates
have typical morphologies of near-spherical shape
(1-2 nm), needles (up to 40 A x 40 A x 350 A), ribbons
(several microns long) and plates or cubes (up to
1020 pm), respectively [22]. Therefore, the needle-
shaped precipitates should be designated as f". At an
aging temperature of 180 °C and time of 360 min, the

number of needle-shaped precipitates is further increased.

The strength and hardness of AA6061 alloy are
recovered to the values of the as-received alloy.

Among these precipitates, both the particles
themselves and stress fields caused by lattice distortion
around the particles could impede the progress of
dislocation movement, which plays a dominant role in
strengthening effect. The f" precipitates are considered
to give the effective strengthening contribution because
these particles generate more strain. The number density
of strengthening precipitates determines the final
hardness. When the aging time is short, the precipitates
can not precipitate sufficiently,. The number of
precipitates increases with aging time prolonging. At an
aging temperature of 180 °C and time of 360 min, the
hardness of the tested alloy achieves the maximum value.

The TEM micrographs are consistent with the results of
the strength measurement.

4 Conclusions

1) The A, the tensile and yield strengths of the
original tube are 4.798%, 288.9 MPa and 321.2 MPa,
respectively. After solution treatment, the A, increases
significantly, but both the Vickers hardness and strength
drop quickly. At a solution temperature of 560 °C and
time of 120 min, the fracture mode of AA6061 is
changed from brittleness fracture to ductile fracture. The
Ay increases to 19.8%, but the tensile and yield strength
drop to 189.9 MPa and 53.7 MPa, being 41% and 81%
lower than the strength of the original tube, respectively.

2) At an aging temperature of 180 °C and time of
360 min, the hardness of AA6061 reaches the maximum
value, namely HV 109. The hardness of original tube is
HV 123. By comparison, the difference between them is
less than 12%. The strengthening phase is the dispersal
needle-shaped B" precipitates with size of 10—50 nm in
Al matrix.

3) The technological process of AA6061 alloy tube,
solution treatment — granule medium internal high
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pressure forming — artificial aging, is applied to trial-
produced typical tubes. The MER is increased by 25.5%
and the material properties can reach the performances of
raw material.
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AA6061 EFERL I RN S TR BE A 2Ll Hl
B oaRm ! 4ok, BRES, $EE

1 3EL K% el R U R SR E M E s, B2 066004;
2. MR/RIETL R SetifH 5iER E R E SRR =, BIRIE 150001;

3. ZREFITEWAHRAA, ZESH 066004; 4.

e

AN

WK% ESRIEER, BES 066004

i OF: R MEMEBIRE T BB SRR B A R RO — N TR I A T 2R R S A
G R 02 RE N2 FRORE A1 5T A 18 S T B AR SR AF S B, DA ST — o T St (A i L 8 9% BRI

P2 BT R R R A 4

BT k. 4REW, BIEEE 560 °C BARRE [ 120 min B, &8 MKRES

T 313%, fHGEEFOE IR XA &3 AT VA S R E, N TR GRE 180 °C H 4R 360 min i, &
SEAVETR %, 5P A S RE R bR VK B B BIAATIRAS, MR 24 B & REb 2 RE . I L E 1A AA6061
B EM BB RIK T REE T 25.5%, EHMBERRE R T FEAM B PEREEr

KHEIE: AA6061 B4 WEERE; #AbEE; smibyL]
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