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Abstract

The mechanical properties of 6082 aluminum alloy under different aging conditions were
investigated in this study. Precipitation behavior leading to an increase in strength was
confirmed by the observation of the microstructure using TEM. The " precipitate, which
is coherent with the Al matrix, contributes to the high tensile strength and hardness of
the alloy. The transformation of the p” phase into the ' phase observed under TEM was
proven to be responsible for the decrease in strength and hardness. The hardness curves
indirectly reveal that a higher aging temperature could accelerate the transformation of g
into B’. The coherent strain field introduced by the p” precipitate was clearly observed and
is discussed. In addition, an ideal artificial aging window is proposed, with a combined
performance of a TS of 360 MPa, hardness of 105 HB and elongation over 10%.

Keywords: aluminum alloy 6082; artificial aging; p” precipitate; precipitation hardening;
TEM

1. Introduction

With the increasing demand for weight reduction and fuel saving in the transportation
field, lightweight bodies have been increasingly used in automobiles. Aluminum alloy is
selected as a reasonable material due to its low density and ease of recycling [1]. Compared
to other lightweight materials, aluminum alloy is considered as an excellent substitution for
steel to satisfy the requirements of being lightweight, as its density is just about one-third of
that of steel. Due to the excellent characteristics of high strength, good plasticity, corrosion
resistance, and good stamping performance, Al-Mg-5i alloy has received more and more
attention in the automotive industry. Beyond the inherent lightweight advantages of
the material itself, optimizing structural design can further advance lightweighting goals.
Extruded aluminum alloy extruded profiles, such as tubing, are gaining increasing attention
in the automotive industry. The final properties of the 6082 Al alloy extrusion profile are
determined by the heat treatment process, including solid solution and aging treatments.
To satisfy the different design requirements, the influence of the heat treatment on Al-Mg-Si
alloy needs more attention.

Precipitate hardening contributes to alloy strengthening [2]. The main precipitates of
6082 aluminum alloy are Mg,S5i, the quantities and distribution of which have a significant
effect on the alloy properties. The contents of Mg and Si are usually in the range of
0.5-1 wt%, and with the beneficial effect obtained from an excess of Si, the Mg/Si ratio is
generally lower than 2. Mn, as an important additional element, is about 0.7 wt% and can
effectively reduce damage caused the impurity Fe, the content of which is about 0.2% [3].
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The precipitation sequence of Al-Mg-Si alloys is generally accepted as follows [4-6]:
a-supersaturated solid solution — atomic clusters — vacancy-rich G.P-I zones (Guinier—
Pereton zone) — B” (G.P-II zones) coherent precipitates — p’ semi-coherent precipitates
— B (Mg;Si) incoherent precipitates.

The microstructural morphology of the hardening precipitates can strongly influence
the magnitude of the strengthening by the strain energies and interface between precipitates
and the Al matrix [7]. Technically, Al-Mg-Si alloy can obtain a peak hardness with the
collective effect of full fine G.P. I zones and p” coherent precipitates [8]. G.P. zones, derived
from an Al lattice by replacing the Al atoms with Mg and Si atoms, are generally considered
to be the precursors for the major strengthening phase 8", and extra GP zones would serve
as nuclei for p” precipitates.

In general, the improvement in strength is associated with the stage of the precipitate.
Needle-like 8" precipitates, of which the composition is Mg5Si, are considered as the direct
cause for peak-aged states [9-11]. These hardening phases are fully coherent along the
needle axis and aligned as <100> ;.

The precipitate behavior of Al-Mg-Si alloy remarkably depends on a combination of
the aging temperature and aging time. The required properties of 6082 aluminum alloy
can be obtained with a reasonable heat treatment procedure. Yang et al. found that for
6082 aluminum alloy, the hardness first increases and then decreases when the aging time
is 1 h [12]. In contrast, Bartawi observed that the peak hardness of Al-Mg-5i alloys appears
after 5 h of aging [13]. On the other hand, Hu investigated the effects of strain rate and aging
time on 6082 aluminum alloy; they found that dislocations introduced by deformation
accelerate the precipitation kinetics of precipitates, which shortens the peak aging time
and promotes the formation of composite phases [14]. Jiang et al. studied the influence of
conventional T6 heat treatment on 6082 aluminum alloy flange components and proposed
an optimal T6 heat treatment process [15].

It can be observed that the research on 6082 aluminum alloy has limitations, in that it
focuses solely on aging temperature, aging time, or specific components. This work aims
to investigate the relationship between the precipitates and the properties of automobile
component made of a 6082 extrusion profile, explain the essential reasons for the changes
in mechanical properties corresponding to the precipitate behavior, and put forward
reasonable aging processes for industry practice.

2. Materials and Methods

This work was carried out on a commercial 6082 aluminum alloy extrusion profile.
Table 1 lists the chemical composition of the alloys.

Table 1. The chemical composition of the investigated alloys (wt%).

Alloy Si Mg Fe Cu Mn Cr Al
6082 0.85 0.80 0.21 0.05 0.50 0.06 Bal.

2.1. Heat Treatment Scheme

According to the literature review, the alloy underwent a 2 h solution treatment at
530 °C, followed by immediate water quenching to room temperature. Then, the alloy was
heated to an aging temperature ranging from 90 °C to 190 °C and then held for 1-10 h, as
shown in Table 2. The influence of the aging treatment parameters on the precipitation
mechanisms and kinetics of the 6082 alloys was investigated.



Metals 2025, 15, 1287

30f12

Table 2. Heat treatment parameters.

Solution Treatment Aging Temperature/°C Aging Time/h
530°C+2h 90/140/170/190 1/2/4/6/8/10

2.2. Determination of Mechanical Properties

To determine the overall performance response of the specimens, the Brinell hardness
was selected as the test criterion. An HBE 3000A-type hardness tester manufactured by
Shanghai ShuangXu Electronics (Shanghai, China) was used to measure the hardness of
the samples with a load of 62.5 kg and a dwell time of 30 s. According to the standard
GB/T228.1-2010 [16], a tensile test was conducted to examine the mechanical properties of
the specimens using the CMT5305 tester manufactured by MTS (Eden Prairie, MN, USA) at
a constant displacement rate of 3 mm/min. Figure 1 shows the size of the tensile sample.
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Figure 1. Diagram and dimensions of tensile test specimens.

2.3. Metallographic Investigations

Fracture morphology examination of the tensile test specimens was carried out using a
SUPRA 40 scanning electron microscope (SEM) manufactured by ZEISS (Oberkochen, Ger-
many). The specimens were first ultrasonically cleaned and dried before the observation.

The microstructures of the specimens were observed using a JEM 2010F transmission
electron microscope (TEM) manufactured by JEOL (Tokyo, Japan), operating at 200 kV.
Before the TEM observation, the sample was mechanically thinned to 60 um and then
electropolished using a solution of 10 vol% perchloric acid in alcohol at —30 °C with a
current of 30 mA using a twin-jet machine.

3. Results
3.1. Mechanical Properties

The results of the tensile test and Brinell hardness test are given in Figures 2—4.

3.1.1. The Ultimate Tensile Strength (TS) and Total Elongation (TE)

Figure 2 is based on the mechanical properties of the 24 samples, each one of which
was treated under 1 of the 24 different kinds of heat treatments, combining four aging
temperatures and six aging hours. As Figure 2 shows, the aging temperature strongly
affected the tensile strength. With the same aging time, the tensile strength increased with
the increase in aging temperature, and a peak value occurred at around 170 °C. After
the peak value temperature (170 °C), the TS did not increase with the temperature any
further. In addition, the tensile strength decreased slightly with the increase in aging
temperature, with the ultimate TS of the 190 °C sample being lower than that of the 170 °C
sample. According to Figure 2, the strength of the specimen reached over 300 MPa when
the Al-Mg-Si alloy was heated to a temperature ranging from 160 °C to 190 °C.
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Figure 2. Effects of aging procedures on TS of 6082 alloy.
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Figure 3. Effects of aging procedures on total elongation of 6082 alloy.
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Figure 4. Effects of aging procedures on hardness of 6082 alloy.

The aging time is also a key factor that is responsible for the changes in strength. As
Figure 2 shows, the TS of the samples aged at 140 °C increased very sharply with time from
1 h to 10 h. This change directly relates to the precipitation behavior and indicates that the
quantity of hardening precipitates becomes larger with the increase in time. Meanwhile,
the ultimate tensile strength of the 170 °C sample stayed at a fairly high strength level over
a wide range of aging time.

According to the gradient of each hardening line, it is obvious to see that for the same
aging temperature (140 °C), the longer the aging time, the higher the strength. This shows
that a high energy density with a higher aging temperature could effectively shorten the
aging time.

Figure 3a shows the effect of the aging temperature on the total elongation (TE) of the
6082 alloy. There was a common phenomenon that the TE of the samples decreased with
the increase in aging temperature and reached a low point at 170 °C. However, the TE of the
samples increased with a higher temperature (190 °C). As a result, the aging temperature
strongly influenced the elongation results, which is deeply related to the precipitation
behavior. Hard precipitates could hamper the deformation of the Al matrix, leading to a
relatively low elongation. The six TE curves indirectly reveal that a temperature range from
160 °C~180 °C may provide the optimal activation energy for precipitation.
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As shown in Figure 3b, the elongation curves maintained a relatively steady level
within the experimental time, which means that the processing time could slightly affect
the plasticity. The 90 °C/140 °C samples had better performance in terms of plasticity than
the 170 °C/190 °C samples. Due to the precipitation behavior, the elongation being lower
at higher temperature agrees with the plastic rule.

3.1.2. Hardening Behavior

Figure 4a presents the effect of the aging procedures on the HB hardness of the
experimental samples. The colored lines represent the HB curves of each procedure.
The six different colored lines correspond to the six different aging time procedures
(I1h/2h/4h/6h/8h/10h), respectively, exhibiting the aging temperature-HB relation-
ship. From 90 °C to 140 °C, obvious hardening behavior was revealed, showing that the
6082 alloy aged at low temperatures needed more time to reach a high level of hardness. A
longer aging time introduced more hardening precipitates. However, the relatively high
temperature range (about 170 °C) shows that using a longer heat treatment time is not
helpful for the increase in HB. The hardness of the 10 h/170 °C sample was 106 HB, while
that of the 6 h/170 °C sample reached 113 HB. Furthermore, after the peak value point
(170 °C), a higher aging temperature (190 °C) slightly decreased the hardness of the alloy.
The decrease in hardness implies the transformation of a hardening phase.

The relationship between the aging time and the hardness is shown in Figure 4b. Based
on the hardness results, the effect of the aging time on the specimens aged at different
temperatures is different. The 190 °C specimen reached the peak hardness with very
little time, and the HB of the sample decreased slightly with the increase in aging time.
Meanwhile, the 170 °C specimen maintained a high and stable HB level (about 110 HB)
within the experiment time. However, the HB value of the 140 °C sample increased rapidly
with the increase in aging time, which reveals that 140 °C was not able to supply sufficient
energy for precipitation. Based on the hardness curve, the 140 °C sample seemed to have a
further increase with a longer aging time. A temperature of 90 °C is obviously not the right
processing temperature for the 6082 alloy to result in precipitation hardening. During the
experimental time, the hardness of the 90 °C specimen increased slowly and maintained an
HB of no more than 90.

3.2. The Fracture Morphology

By SEM observation, the fracture surface of the fractured tensile test samples under
different aging conditions was investigated. To understand the influence of the peak aging
value on the fracture behavior, the 90 °C/6 h sample and the 170 °C/6 h sample were
selected for comparison. As the hardness of the ' and B precipitates is higher than
that of the matrix, during uncoordinated deformation, the voids nucleated around these
precipitates, and the breaking of intermetallic particles into several small pieces can induce
voids. The voids introduced cracks, and the cracks propagated with the tensile stress until
the sample fractured.

As is shown in Figure 5, the fracture morphologies of the two selected samples can be
clearly observed and confirmed as a ductile fracture surface. The fracture morphology of
the aging-treated samples mainly consists of ductile dimples with a uniform distribution
and tear ridges. The dimple diameter of the 90 °C sample is about 8~10 pm, while that of
the 170 °C aging sample is about 4~7 um. The dimples of 90 °C are much deeper than those
of the 170 °C sample. The shape and size of the dimples directly reflect the material’s tough-
ness. Deeper dimples means that the material is better in terms of plasticity. As the SEM
observation shows, the dimples are much deeper for the sample aged at 90 °C compared to
those of the sample aged at 170 °C, which matches the total elongation results well.
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The enlarged fracture morphologies of the ductile dimple are shown in Figure 5¢,d. It
can be clearly seen that the dimple diameter of the 90 °C sample is much larger than that of
the 170 °C sample, which maintains the same plasticity performance of the Al matrix. Due
to the hardening precipitates hampering the deformation of the matrix and introducing
voids as crack sources, the 170 °C sample fracture consists of many small-sized dimples,
which are presented in the enlarged SEM results. The platform that occurs at the fracture
morphology of the 170 °C sample is actually composed of smaller and denser dimples.
According to the total elongation results, a conclusion can be drawn that the Al matrix
mainly contributes to the plasticity of the sample, and the hardening precipitates play a

role in blocking the deformation of the Al matrix.

Figure 5. Fracture morphologies of specimens aged for 6 h at 90 °C (a) and 170 °C (b); enlarged
figures of 90 °C (c) and 170 °C (d).

3.3. Precipitates” Morphology Observed Under TEM

The 170 °C/190 °C samples were selected for comparison to find out the effect of the
heat treatment procedure on the precipitate behavior. The TEM images of the samples aged
at 170 °C/190 °C for 6 h are shown in Figure 6. The p” particles are small needles oriented
parallel to the <100> direction in the Al matrix. Thus, TEM analysis of the precipitates
was performed with the specimens in the <100> 4} zone axis orientation, which is the best
orientation for visualizing the B phase. The " precipitate is considered to be responsible
for the maximum age-hardening effect in the 6082 alloy. The lengths of the precipitates
range from 10 nm to 20 nm, which possibly provides the pinning effect.

According to the orientation relationship between the B precipitates and the Al matrix
as <100>g/ /<100> 4], some of the two kinds of diffraction spots overlap completely, which
means the " phase is coherent with the Al matrix [17]. As shown by the local magnification
in Figure 6a, the bright-field image of the B precipitates presents a semilunar shape with
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Coherent evidence p"'

two different dark contrasts and no contrast in the intermediate position. This further
confirms that the ” phase is coherent with the Al matrix.

Needle-shaped B precipitates (about 20 nm in length) and rod-shaped p’ precipitates
(about 50~60 nm in length) can be observed. Both precipitates are small and occur with a
high density. The p’ precipitates are the stabilizing product of the p” precipitates and are
semi-coherent with the matrix, which concurs with the only slightly decreased hardness.
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Figure 6. Typical TEM images of 6082 alloy aged for 6 h at 170 °C (a) and 190 °C (b).

From the longitudinal section of the particles, it can be seen that these precipitates
are all vertically distributed. The round granular particles are the cross-sections of the
precipitates. Compared with the 170 °C specimen (Figure 6a), there is evidence that the
190 °C (Figure 6b) sample contains more rod-shaped B’ precipitates and less of the p”
metastable phase, according to the cross-section of these two precipitates. This suggests
that the very fine structure of the p” precipitates is related to the maximum hardness and
tensile strength. The p” precipitate is coherent with the matrix, offering a strong pinning
effect during deformation. Meanwhile, the occurrence of more and more semi-coherent B
precipitates substituting the coherent B precipitates causes a continuous reduction in local
distortion, leading to a corresponding decrease in strength and hardness. The precipitate
transition results in a variation in TS and hardness between 170 °C and 190 °C.

4. Discussion

This section focuses on the two TEM-anchored states specific to the present 6082 batch
and their direct link to their properties. At 170 °C/6 h, BE-TEM near <100>Al shows needle-
like B (~10-20 nm), with a characteristic double-dark coherency contrast; at 190 °C/6 h,
rod-like 8’ (~50-60 nm) becomes more prevalent with reduced coherency. These two states
bracket the strength/hardness peak and the first softening regime. As many previous
studies have reported, the main strengthening phase of several precipitates evolved from
an initial super-saturated solid solution is formed of needle-like B” precipitates [18].

At the very early stage, the clustering of solute atoms occurs at the beginning of the
aging sequence, which could be detected by the heat release of the reaction with differential
scanning calorimetry (DSC). The vacancies introduced in the quenching stage started
to dissociate, annealing out through the free surface or grain boundaries and Mg atom
compounds with the Si atom [19]. The precursor of the ” phase, traditionally called the
G.P.1zone, has been detected and analyzed, proving that it has a unit cell that is just slightly
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different from the needle-like " phase [9]. The transformation of the series precipitates
could impact the alloy’s hardening behavior.

Coherent " imposes a strong local distortion field that pins moving dislocations,
maximizing TS/HB near 170 °C; as the ' fraction rises at 190 °C, coherency is partially
relieved, lowering the obstacle strength and producing the moderate softening we measures,
which is shown by the 2 h aging samples (the red age hardening curve in Figure 2). For the
2 h sample, the strength from 90 °C to 140 °C was improved by 25 MPa, while the TS from
140 °C to 170 °C increased to 90 MPa. The difference in the phase interface between the
precipitates and the matrix leads to a divergence in strengthening.

As is widely known, B’ precipitates are semi-coherent with the Al matrix, and the
influence of the coherency strain from p’ to the matrix is less than that of ” [20]. This could
explain the decrease in the strength of the 190 °C sample compared to that of the 170 °C one
(Figure 2). The TEM image also shows that more rod-shaped B’ precipitates were observed
in the 190 °C sample image, while more needle-like 8" precipitates occurred in the 170 °C
sample. In addition, the 140 °C/170 °C/190 °C age hardening curves (Figure 4b) reveal
that a higher aging temperature could move the peak value stage forward. This implies
that the precipitate transition time was reduced. A higher diffusion activation energy plays
a crucial role in the diffusion of Mg and Si, which is necessary for the transformation of
the precipitates.

Aluminum is a face-centered cubic crystal, while " precipitates have been reported by
several scholars as base-centered monoclinic crystals [7,8,11]. The precipitates are different
from the matrix in terms of the structure and lattice constants, leading to an inhomogeneous
distorted region and coherent strain field formation, which pins moving dislocations and
elevates the cutting stress; this is the primary origin of the strength/hardness peak. As the
fraction of semi-coherent p’ increases, the coherency strain is relieved, and the effective
obstacle strength decreases, producing a modest drop in TS/HB while permitting a rebound
in ductility (TE). This micro-to-macro linkage is consistent with the strain—field schematic
(interaction of neighboring precipitates) and explains the property changes between 170 °C
and 190 °C. The aging curves demonstrate that an increase in temperature advances the time
to peak and shortens the interval for the B/ — B’ transition, indicating kinetic acceleration
of solute diffusion and transformation. Within the present time window, this means that
170 °C favors a p”-dominated population (peak strengthening), whereas 190 °C reaches
the early over-aging regime, in which B’ becomes more prevalent and softening begins.
The cross-section of the precipitates is given in Figure 7a, which presents the strain field
around the strengthening precipitate particles. The fully coherent structure with low misfit
is illustrated in Figure 7b. Strain contrast occurs at the Al matrix planes that are distorted
by the p” precipitates [17]. The strain field caused by the two neighboring particles could
affect each other (as shown in Figure 7c). During deformation, the dislocation movement
was mainly hindered by the pinning effect of the p” precipitates, which is responsible for
the increase in tensile strength.

Grounded in this mechanism, 8 dominates, and extensive ' has not yet compromised
strength. Figure 8 shows the relationship of time-temperature—property (TTP) and reflects
the optimal aging window for the 6082 aluminum alloy. The 160-180 °C range for the 2—4 h
window reliably balances TS ~ 360 MPa, HB ~ 105, and TE > 10% in this batch.
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Figure 7. The cross-section of the " precipitation fully coherent to the matrix with low misfit (a),
sketch (b) and the interaction of the neighboring precipitated particles (c).
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Figure 8. TTP diagram: (a) strength; (b) elongation; (c) hardness.

5. Conclusions

A controlled artificial aging treatment over a wide temperature and time range was
conducted on a commercial 6082 aluminum alloy. The properties and hardness were
subsequently determined. The microstructure and fracture morphology were characterized
through microscopic observation. The following conclusions were drawn:

1.  The alloy under the economical aging treatment procedure (aged at 160~180 °C for
2~4 h) obtain potential mechanical properties, with a combination of a tensile strength
of about 360 MPa, hardness of 105 HB, and total elongation over 10%.

2. The fracture surface of the tensile test specimens of the artificially aged 6082 alloy was
ductile. As the aging temperature increased, the size of the fracture surface dimples
decreased from 8-10 um (aging at 90 °C) um to 4-7 um (aging at 170 °C).

3. Using transmission electron microscopy, " precipitates with a coherent strain field
were successfully captured and characterized. The coherent distortion effect induced
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by the " precipitates produced a strengthening effect, which is the essence of aging
strengthening in 6082 alloy.

4. Over-aging causes the transformation of small-sized (20 nm in length) coherent " pre-
cipitates into large-sized (50~60 nm in length) semi-coherent p’ precipitates, resulting
in a slight decrease in the material’s tensile strength and hardness.
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