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ability, and strong corrosion resistance. To achieve higher strength after plastic
forming, heat treatment, such as solution treatment and aging is usually required.
In this study, 6061 solution-treated aluminum alloy was used as the research ma-
terial. It was found that during the thermal aging process, the hardness of the alloy
first increased to a peak value and then decreased to a stable value. At an aging
temperature of 170 °C, the peak hardness reached 128.4 HV after 120 min. The
average residual stress release rate at three positions of the 6061 aluminum alloy
was about 37 %. After 180 min, the hardness decreased again to its lowest value
and tended to stabilize, while the average residual stress release rate increased to
50 %. The experimental results provide theoretical guidance for optimizing the
processing of 6061 aluminum alloy in the manufacture of roller-skating shoe tool
holders.
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1. Introduction

As a typical Al-Mg-S5i series heat-treatable strengthening alloy, 6061 aluminum alloy has been widely used

in aerospace, transportation, and sports equipment (such as roller-skating shoe tool holders) due to its excellent
strength—ductility balance, corrosion resistance, and formability [1-3].
As the core load-bearing component, the roller-skating shoe tool holder must meet the requirements of both
light weight and high structural stability. Lightweight design reduces skating energy consumption, while struc-
tural stability depends on the effective control of residual stress within the material and the accurate matching
of mechanical properties [4-5]. At present, the performance of 6061 aluminum alloy in industrial production is
optimized through a “solution + aging” process. Thermal aging is the key stage that determines the strength-
ening effect and stress release efficiency. The selection of its parameters (temperature and time) directly affects
the precipitation behavior (nucleation, growth, and coarsening) of the Mg,Si strengthening phase in the alloy
and the evolution of residual stress [6—10].
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Although the aging hardening characteristics of 6061 aluminum alloy have been clarified in previous stud-
ies for example, increasing the aging temperature accelerates the precipitation of the Mg,Si phase and shortens
the time to reach peak hardness [10-13], there are still notable gaps regarding 6061 aluminum alloy used for
roller-skating shoe tool holders. On the one hand, most studies focus on alloys used in aviation or automotive
applications (where the service environment is mainly high temperature and high load), whereas the roller-
skating tool holder is subjected to periodic impact loads during service, requiring a higher uniformity of resid-
ual stress distribution. Existing research has not specifically analyzed the stress release differences at various
positions within a specific structural sample (such as a thin-gauge sheet prototype of the tool holder). On the
other hand, most studies discuss separately the effects of aging parameters on hardness or residual stress and
lack a systematic analysis of the correlation between the two, such as whether the stress release rate at the peak
hardness state meets the dimensional stability requirements of the tool holder, or whether the aging state cor-
responding to high stress release efficiency results in an excessive decrease in hardness. These key issues remain
unresolved [13-18].

In addition, there is still debate regarding the mechanism of residual stress evolution during the aging
process of 6061 aluminum alloy. Some scholars suggest that the release of residual stress mainly depends on
dislocation slip induced by atomic thermal motion [19], while others argue that the precipitation of the Mg,Si
phase produces local internal stress that may either inhibit or promote stress release, depending on the size and
distribution of the precipitated phases [20-21]. For thin 6061 aluminum alloy components (such as those used
in roller-skating shoe tool holders with a thickness of about 2 mm), the competition between these mechanisms
has not yet been fully clarified. Therefore, in this study, the effects of thermal aging parameters (170 °C-210 °C,
0 min-180 min) on the microstructure, hardness, and residual stress of cold-rolled 6061 aluminum alloy were
systematically investigated, and the correlation between the stress release behavior and hardness evolution at
different positions was analyzed. The purpose of this study is to provide theoretical support and an experi-
mental basis for optimizing the heat treatment process of 6061 aluminum alloy used in roller-skating shoe tool
holders.

2. Materials and Methods

2.1 Material pretreatment

The raw material used in this experiment was cold-rolled 6061 aluminum alloy in the industrial-grade
cold-rolled supply state. After the cold rolling process, a certain degree of work hardening occurred within the
material, and the grains exhibited a preferred orientation, providing a structural basis for the subsequent solu-
tion-aging treatment. The specific chemical composition (mass fraction, %) of the 6061 aluminum alloy is shown
in Table 1 below.

Table 1. Chemical composition of 6061 aluminum alloy

Element Si Mg Cu Mn Fe Zn Ti Al
Mass fraction/ % | 0.5135 0.8348 0.1929 | 0.0288 | 0.3443 | 0.0081 | 0.0293 | Bal

The cold-rolled 6061 aluminum alloy was processed into two types of samples for microstructure and
hardness testing. The rectangular samples (200 mm x 50 mm x 2 mm) ensured that the test area was sufficiently
representative. For residual stress testing, circular samples with a diameter of 15 mm and a thickness of 2 mm
were prepared to facilitate directional measurement of residual stress at specific positions. The flatness error of
each sample was controlled within 0.02 mm to avoid the influence of shape deviation on the residual stress
results. After machining, all samples were polished sequentially using 400#-12004 sandpaper to remove surface
oxide layers and machining burrs, then ultrasonically cleaned in anhydrous ethanol for 15 min to remove sur-
face oil contamination, and finally dried for later use.
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To obtain a single-phase supersaturated solid solution state in 6061 aluminum alloy and to establish a basis
for precipitation strengthening in the subsequent thermal aging process, a controllable residual stress was in-
troduced during the solution treatment. The specific parameters were as follows: the solution treatment tem-
perature was 530 °C, the holding time was 1 h, the quenching medium was water, and the transfer time during
quenching was less than 5 s. The temperature of 530 °C was selected because it ensures that Mg, Si, and other
alloying elements are fully dissolved in the Al matrix to form a uniform supersaturated solid solution while
avoiding excessive grain growth that could occur at higher temperatures (above approximately 550 °C). This
temperature therefore balances the effects of solution treatment and matrix grain refinement. Moreover, 530 °C
is within the control capability of a conventional box-type electric furnace, without requiring special high-tem-
perature equipment. A holding time of 1 h is sufficient for complete dissolution of alloying elements. This pro-
cess is cost-effective and efficient, meeting the adaptability requirements for large-scale production of roller-
skating shoe tool holders.

2.2 Experimental methods

The solution treatment and thermal aging of the aluminum alloy were carried out in an SXL-1200C box-
type experimental electric furnace. The internal dimensions of the furnace were 160 x 150 x 150 mm, and the
temperature control accuracy was 1 °C. The thermal aging temperature range was set from 170 °C to 210 °C,
including three gradient temperatures of 170 °C, 190 °C, and 210 °C. The thermal aging duration ranged from
0 min to 180 min, with specific sampling time points at 0 min (solution-treated state), 30 min, 60 min, 90 min,
100 min, 120 min, 150 min, and 180 min. To ensure experimental repeatability and data reliability, three parallel
samples were prepared for each thermal aging condition. Subsequent hardness and residual stress tests were
conducted on these three parallel samples, and the final results were averaged to minimize the influence of
random errors on the experimental conclusions.

The hardness of the samples was measured using the Vickers hardness testing method (HV) on an HVS-
1000 digital display Vickers hardness tester. Five evenly distributed test points were selected on each sample,
and all five hardness readings were recorded. Abnormal values (deviations exceeding +5 % from the average)
were excluded, and the mean value of the remaining measurements was taken as the hardness of the sample.
The average hardness of the three parallel samples was then calculated to obtain the final hardness result for
each thermal aging condition, ensuring accuracy and representativeness of the data. Residual stress was meas-
ured using X-ray diffraction (XRD). Three characteristic positions were selected on each circular sample for
testing by an X-ray diffractometer. At each position, the residual stress was measured only in the direction
perpendicular to the sample’s radial direction, and each measurement was repeated three times. Before each
measurement, the sample was precisely repositioned to ensure that the positional deviation of the measurement
point did not exceed 0.1 mm. Microstructural characterization was performed using transmission electron mi-
croscopy (TEM) to observe the microstructural evolution of the alloy during thermal aging. For TEM analysis,
10 mm x 10 mm sheets were cut from samples subjected to different thermal aging treatments, and the mor-
phology, size, and distribution characteristics of the precipitated phases were observed and recorded.

3. Results

The microstructure of the aluminum alloy after thermal aging at 170 °C was analyzed using transmission
electron microscopy (TEM). Figure 1 shows the corresponding TEM observations. It can be clearly seen that,
under the thermal aging treatment, various forms of precipitates are uniformly distributed throughout the alu-
minum alloy matrix, mainly including needle-shaped, rod-shaped, and a small number of spherical structures.
Figure 1a shows the bright-field TEM image of the aluminum alloy at the peak hardness state when the thermal
aging time was 120 min. At this stage, the matrix is filled with a high density of fine precipitates [22-23]. These
needle-shaped and rod-shaped precipitates, with their uniform and dense dispersion, provide a significant pre-
cipitation strengthening effect for the 6061 aluminum alloy by hindering dislocation movement.

After further prolonging the thermal aging time to 180 min, as shown in Figure 1b, although the number
density of the precipitates decreases slightly, their average size increases to some extent compared with the
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120 min aging condition. However, no rapid coarsening phenomenon occurs, and the overall distribution pat-
tern remains relatively uniform.

100nm

Figure 1. TEM bright-field images of 6061 aluminum alloy aged at 170 °C: (a) 120 min; (b) 180 min.

To determine the type of precipitated phases formed after thermal aging treatment, the microstructure of
the precipitates was analyzed by high-resolution transmission electron microscopy (HRTEM). Figure 2 shows
the HRTEM images and the corresponding fast Fourier transform (FFT) patterns obtained after thermal aging.
Figure 2a presents the HRTEM image of the sample aged for 120 min (peak aging condition). Based on the
diffraction spots obtained from the FFT, the precipitated phase was identified as belonging to the monoclinic
crystal system, with lattice parameters 4 =1.51 nm, c=0.67 nm, and f=105" . This indicates that the precipitate
is the ' phase, corresponding to the precipitates observed in Figure 1a. After aging for 180 min, the precipitated
phase was also identified as ' (1=b=0.71 nm, v =120° ), as shown in Figure 2c, corresponding to the pre-
cipitates observed in Figure 1b. It can be seen that, during thermal aging from 120 min to 180 min, the change
in the size and density of the precipitates is mainly attributed to the evolution of the ' phase.

100

Figure 2. HRTEM images and corresponding fast Fourier transform (FFT) patterns of 6061 aluminum alloy: (a, b) aged at
180 °C for 120 min; (c, d) aged at 180 °C for 180 min.
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In this study, the effects of thermal aging parameters —namely temperature and time —on the hardness of
solution-treated 6061 aluminum alloy were investigated. The results are shown in Figure 3. It can be seen from
the figure that during the thermal aging process, the hardness variation of the alloy at different temperatures
follows a similar trend. With increasing aging time, the hardness of the aluminum alloy first rises to a peak
value and then decreases, eventually reaching a stable level. However, different thermal aging temperatures
lead to variations in the kinetics of hardening [24-26]. As the thermal aging temperature increases, the time
required to reach the peak hardness of the aluminum alloy becomes significantly shorter, while the correspond-
ing peak hardness value decreases [27]. At 170 °C, the alloy reaches the highest hardness of 128.4 HV after 120
min. At 190 °C, the maximum hardness of 119.1 HV occurs after 100 min, while at 210 °C, the maximum hard-
ness of 113.2 HV is reached after 47 min. Compared with the solution-treated state (57 HV), the peak hardness
values at different thermal aging temperatures are higher by 71.4 HV, 62.1 HV, and 56.2 HV, respectively. The
specific results are summarized in Table 2. When the aging time was extended to 180 min, the hardness of the
aluminum alloy gradually decreased, reaching 107.1 HV, 98.5 HV, and 93.3 HV for 170 °C, 190 °C, and 210 °C,
respectively.
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Figure 3. Relationship between thermal aging time and hardness of 6061 aluminum alloy at 170 °C, 190 °C, and 210 °C.
Table 2. Peak hardness and corresponding time of 6061 solid solution aluminum alloy at different thermal aging tempera-

tures.

maximum hardness / HV

Thermal aging temperature / °C

Peak hardness time / min

170 120 128.4
190 100 119.1
210 47 113.2

The variation of residual stress in solution-treated 6061 aluminum alloy during thermal aging at 170 °C
was investigated. It should be noted that, to obtain the residual stress distribution at different locations, each
circular aluminum alloy specimen was tested at three positions, and at each position the stress was measured
in one direction, perpendicular to the radius of the circle as illustrated in Figure 4. As shown in Figure 5, after
solution quenching, the internal residual stress of the 6061 aluminum alloy circular specimen is compressive
(negative value) in the direction perpendicular to the radius. During thermal aging at 170 °C, the variation in
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residual stress does not show a simple monotonic decrease but differs significantly depending on the test posi-
tion. Among them, the absolute value of residual stress increases at the inner position (II) when the aging time
reaches 120 min. This may be attributed to the initially lower residual stress at position II in the solution-treated
state, while the initial stress at the center (I) and outer (III) positions is higher. In the early stage of thermal aging
(0-120) min, the stress at positions I and 11l is rapidly released and transferred toward the inner position II, due
to enhanced atomic thermal motion. This leads to local stress accumulation at position II, manifested as an
increase in the absolute value of compressive residual stress.

After solution treatment, the maximum residual stress in the aluminum alloy sample appears at the center
position (I), reaching —110.6 MPa, while the minimum residual stress is observed at the inner position (II), with
a value of -35.9 MPa. After thermal aging for 180 min, compared with the solution-treated state, the residual
stresses at the center (I) and outer (III) positions decreased significantly by 74.6 MPa and 58.4 MPa, respectively,
relative to their initial values of —-110.6 MPa and —82.9 MPa. The residual stress at the inner position (II) first
increased and then decreased. After 120 min of thermal aging, the residual stress at position II increased from
-35.9 MPa to -59.4 MPa, representing an increase of approximately 65 %. Although partial stress relaxation
occurred after 180 min, the residual stress decreased by only 5.1 MPa, and the final residual stress at position II
remained higher than the initial stress in the solution-treated state. These results indicate that, during thermal
aging, the residual stresses at the center (I) and outer (III) positions of the aluminum alloy decrease much more
rapidly than at the inner position (II). The overall stress relaxation thus mainly occurs through the inner and

outer regions of the sample.

measuring direction

Figure 4. Schematic diagram of residual stress measurement positions I, II, and III.
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Figure 5. Relationship between aging time and residual stress of 6061 aluminum alloy at 170 °C.
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Table 3 presents the mean and standard deviation values of residual stress for aluminum alloy samples at
different stages of solution treatment and thermal aging. It can be observed that, compared with the solution-
treated state, both the mean residual stress and its standard deviation decrease significantly after thermal aging.
After thermal aging, the average residual stress of the aluminum alloy decreased from -76.5 MPa to —38.4 MPa,
representing a reduction of 50 %. The maximum standard deviation decreased from 38.0 MPa to 15.2 MPa,
corresponding to a 60 % reduction. These results indicate that the residual stress distribution within the alumi-
num alloy becomes more uniform after thermal aging. When comparing the residual stress relaxation rate with
the change in hardness during thermal aging at 170 °C, it was found that the peak hardness of the 6061 alumi-
num alloy occurred after 120 min, reaching 128.4 HV. After 180 min of aging, the hardness decreased and sta-
bilized at approximately 113.2 HV, while the average residual stress relaxation rate reached 50 %. Overall, dur-
ing thermal aging, the hardness of the aluminum alloy first increases and then decreases, while the average
residual stress release rate across the three measurement positions gradually declines.

Table 3. Mean value and standard deviation of residual stress at different time of thermal aging.

Solid solution state Thermal aging 120 min Thermal aging 180 min
Measuring
direction Mean value St. dev. Mean value St. dev Mean value St. dev.
MPa MPa MPa MPa MPa MPa
Vertical to
the radius of -76.5 38 -47.9 11.8 -384 15.2

the circle

4. Discussion

The results of this study provide valuable insights into the effects of thermal aging parameters on the mi-
crostructure and properties of 6061 aluminum alloy, particularly in the context of its application as a roller-
skating shoe tool holder. The observed changes in hardness and residual stress during the thermal aging pro-
cess can be attributed to the precipitation of strengthening phases and the evolution of residual stress distribu-
tion within the alloy.

During the thermal aging process, the hardness of the 6061 aluminum alloy initially increases to a peak
value before gradually decreasing to a stable level. This behavior is consistent with the precipitation hardening
mechanism, where fine precipitates form and strengthen the alloy matrix. The residual stress distribution
within the alloy also evolves during thermal aging. The initial compressive residual stress generated during the
solution treatment and quenching process is significantly reduced as the aging time increases.

The residual stress at the center and outer positions of the alloy sample decreases more rapidly compared
to the inner position, suggesting that the residual stress is primarily released from the outer and inner sides of
the sample. The relationship between hardness and residual stress release rate during thermal aging is note-
worthy. The peak hardness corresponds to a significant release of residual stress, indicating that the formation
of fine precipitates not only enhances the alloy's hardness but also contributes to the relaxation of residual stress.
As the aging time progresses, the hardness decreases, and the residual stress release rate also slows down,
suggesting a correlation between the two properties. This correlation highlights the importance of optimizing
thermal aging parameters to achieve a balance between hardness and residual stress reduction.

In conclusion, the thermal aging process significantly influences the microstructure and properties of 6061
aluminum alloy. The findings of this study emphasize the importance of carefully selecting thermal aging pa-
rameters to optimize the alloy's mechanical properties and residual stress distribution. These insights provide
a theoretical basis for the production of high-strength and stable 6061 aluminum alloy roller-skating shoe tool
holders, contributing to the advancement of materials science in this specific application. Future research may
focus on exploring additional heat treatment parameters and their effects on other mechanical properties, such
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as tensile strength and fatigue resistance, to further enhance the performance of 6061 aluminum alloy in de-
manding applications.

5. Conclusions

In this study, the effects of thermal aging on the hardness, residual stress, and microstructure of solution-
treated 6061 aluminum alloy were investigated, and the mechanisms of precipitate formation and residual
stress evolution were analyzed in relation to hardness behavior. The main conclusions are as follows:

1. During the thermal aging process, the hardness of the aluminum alloy first increases to a peak value and then
gradually decreases to a stable level. Both the time required to reach peak hardness and the peak hardness value
are affected by the thermal aging temperature. With increasing aging temperature, the time to reach the peak
hardness is shortened, while the corresponding peak hardness gradually decreases. At 170 °C, the aluminum
alloy reaches the highest hardness value of 128.4 HV after 120 min.

2. During thermal aging, the residual stress at the center (I) and outer (III) positions of the aluminum alloy
decreases rapidly, significantly more than at the inner (II) position. This indicates that residual stress is mainly
released through the outer and inner regions of the sample. Meanwhile, the average residual stress relaxation
rate at all three positions increases with time, contributing to a more stable aluminum alloy structure.
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