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Abstract

In this study, the effects of post-aging conditions on the mechanical properties, deformation
behavior, and fracture characteristics of 6082-T6 aluminum alloy sheets were investigated, using
tensile testing supported by DIC. Post-aging treatments were performed at 100 °C, 200 °C, 300 °C,
and 400 °C, with holding times of 30, 60, and 90 min at each temperature. The following parame-
ters were determined from the tensile tests: yield strength, tensile strength, strain-hardening expo-
nent, uniform elongation, total elongation, and energy absorption capacity. Microstructural and
fracture analyses were performed using optical microscopy and scanning electron microscopys,
while x-ray diffraction was used to evaluate phase-related structural changes. Hardness varia-

tions were assessed by Vickers hardness testing. Fracture-surface dimple morphologies were quan-
titatively evaluated using average dimple diameter and standard deviation values to assess the
temperature- and time-dependent variation in fracture behavior. The results showed that aging

at 200 °C for 60 min provided a highly favorable strength—ductility balance and was identified

as the most efficient processing condition in terms of the combined mechanical response, with a
yield strength of approximately 289 MPa, tensile strength of about 400 MPa, uniform elongation of
15.9%, total elongation of 17.4%, hardness of 115.6 HV, and energy absorption of 61.36 MJ m™>.
At 300 °C—400 °C, pronounced overaging occurred as precipitate coarsening reduced the effective-
ness of precipitation strengthening, leading to significant degradation in mechanical performance.
The strain-hardening response and energy absorption capacity were found to be strongly depen-
dent on the aging condition. The results indicate a transition from relatively homogeneous defor-
mation to strain-localized behavior as aging temperature increases, consistent with reduced defor-
mation stability at elevated temperatures. Overall, these findings demonstrate that controlled post-
aging can tailor the strength—ductility balance and fracture response of AA6082-T6 sheets.

1. Introduction

The aluminum alloy plays an important role in today’s industry because of its many favorable charac-
teristics, such as low weight, high strength, excellent workability, and corrosion resistance. Aluminum
alloys have been utilized in a variety of applications, particularly in automotive and aerospace engi-
neering [1-4]. Aluminum alloys have emerged as a compelling solution to address concerns regard-
ing energy conservation and sustainability. These alloys serve as a viable substitute for conventional
materials, such as steel, due to their reduced energy requirements and diminished carbon footprint.
Aluminum alloys are distinguished by their exceptional recyclability, which further enhances their envi-
ronmental sustainability [5]. Improvements of mechanical and thermal properties through innovative
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manufacturing processes and studies related to alloy development remain at the core of such endeav-
ors. The goal of these endeavors is optimization of material properties [6—8]. Aging of aluminum alloy
sheets is a heat treatment process that seeks to improve the properties of the alloy through control-
ling the microstructure. The process at hand seeks to maximize the properties of the alloy for effi-
cient and durable use in industrial settings. This is done through balancing ductility and increasing the
alloy’s strength [9-13]. The aging process facilitates the development of an optimal microstructure that
enhances strength through mechanisms such as precipitation hardening. The precipitation evolution,
which influences material performance, is contingent upon factors such as aging temperature, duration,
and alloy composition [14-16].

The interactions among aging conditions, precipitation behavior, microstructural evolution, and
mechanical properties of aluminum alloys have been extensively investigated in the literature. Chen et al
artificially aged 6061 aluminum alloy at 160 °C, 180 °C, and 200 °C for up to 48 h. According to their
study findings, the maximum strength was obtained at the aging temperature of 200 °C for six hours.
During aging, the Mg,Si nanoparticles were precipitated homogeneously in the matrix, which caused
strength improvement [17]. Yin et al conducted experiments on artificial aging of 6151 aluminum alloy
at temperatures of 160 °C, 180 °C, and 200 °C for 20 min, 30 min, and 40 min, respectively. Their
results showed that the maximum mechanical properties are obtained at 200 °C for 40 min [18]. Gortan
and Yiiksel conducted a study to ascertain the effect of temperature and aging time on the mechanical
properties of the 6082-aluminum alloy. The experimental findings indicate that elevated temperatures,
particularly those above 200 °C, result in improved mechanical properties when used for short peri-
ods of time [19]. Hu et al artificially aged 6082 aluminum alloys at a temperature of 180 °C for varying
durations: 2, 4, 6, and 8 h, respectively. The present study investigated the influence of aging duration
on material hardness. To achieve this objective, a thorough analysis of the microstructural precipitation
mechanisms was performed, which revealed that prolonged aging processes lead to a degradation of the
mechanical properties [20]. The effects of aging time and temperature were studied by Liu et al using
6005 A aluminum alloy at temperatures of 155 °C, 175 °C, and 195 °C for eight hours. It was found
that the best mechanical properties can be obtained when the aging temperature is set at 175 °C and the
aging time is eight hours. During such an aging process, the strength gain is due to the optimized for-
mation of Guinier—Preston zones and 3” phases [21]. The mechanical property optimization through
aging temperature (160 °C, 170 °C, 180 °C, 190 °C) and aging time (4, 6, 8, 10 h) of AA6063 alu-
minum alloy was studied by Sui Zihao et al. According to the findings of the study, the optimal aging
parameters were identified as an aging temperature of 170 °C for a duration of 8 h. Aging at a temper-
ature maintained below 170 °C resulted in a decrease in precipitation and, consequently, a decrease in
mechanical properties. However, aging temperatures above 170 °C accelerated the transformation of 3”
precipitates into 3’ phases [22]. Xia et al performed artificial aging on 6082 aluminum alloys for eight
hours at 180 °C following solution treatment. This improved the mechanical properties of the aluminum
alloy. Flongation was found to decrease during this process [23]. An investigation into the use of artifi-
cial aging in 6022 aluminum alloy was conducted by Okayasu and Okawa. This experiment involved sev-
eral temperatures, namely, 150 °C, 170 °C, and 200 °C, as well as aging times from 0 to 13 h after the
hot stamping process. It is observed that the ideal condition for maximizing hardness and strength while
minimizing elongation is achieved by artificial aging at 170 °C for 4 h [24]. In the study by Arslankaya,
the influence of aging treatments on the mechanical properties of 6061 aluminum alloy was evaluated
at temperatures between 170 °C and 200 °C for times ranging from two to 12 h. According to the
research, mechanical properties are at their best when aging is conducted at 180 °C for 8 h because of
the proper size and distribution of the precipitates. In addition, increased mechanical strength has been
observed when aging occurs at higher temperatures or times [25]. As reported by Chen et al, the max-
imum hardness and tensile strength of an Al-0.50 Mg-1.15Si alloy can be achieved by aging at 175 °C
for 2-60 h. However, excessive aging leads to deterioration of the alloy properties due to the conversion
of 3" phases to 3’ phases [26]. The effect of age hardening on AA7075-T6 was studied by Osterreicher
et al, who demonstrated that GP zones, which form during pre-aging at 120 °C, are instrumental in
the nucleation of the 7’ phase during post-forming paint baking. The optimal combination of tensile
strength and elongation was observed within the temperature range of 180 °C-210 °C. However, aging
at 250 °C resulted in suboptimal mechanical properties, attributable to coarsening of precipitates [27].
Gong et al investigated the artificial aging characteristics of 7075 aluminum alloy through aging processes
conducted at 120 °C with various aging times. The aging times were categorized as 8 h (Underaged,
UA), 24 h (Peak-aged, PA), and 48 h (Overaged, OA). The results of the study indicate a positive cor-
relation between the initial precipitate density and the aging time [28]. Xia et al studied the mechanical
behavior and microstructure evolution of 6082 aluminum alloy subjected to different aging processes.
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Table 1. Chemical composition of AA6082-T6 (wt %).

Material Fe Si Cu Mn Mg Zn Cr Other Al

6082-T6 0.37 0.9 0.1 0.46 0.7 0.1 0.02 0.04 Balance

Aging at a low temperature (180 °C for 8 h) would be effective when strength is the primary require-
ment. A shorter treatment at an intermediate temperature (280 °C for 0.5 h) was reported to provide
a desirable balance of strength and ductility. In certain applications, an optimal level of ductility has
been observed when the material is subjected to a high-temperature aging process for a brief duration
(330 °C for 0.5 h) [29].

Previous studies demonstrate that the mechanical response of precipitation-hardenable aluminum
alloys is governed by the combined effects of aging temperature and time rather than by either param-
eter independently. Lower aging temperatures generally require longer holding times to approach peak
strength, whereas increasing the aging temperature accelerates precipitation kinetics and shortens the
time required to reach the peak-aged condition. Prolonged exposure may promote precipitate coarsen-
ing and the transformation of metastable strengthening phases, leading to over-aging and a correspond-
ing change in the strength—ductility balance. Differences in the reported peak-aging conditions can be
attributed to variations in alloy composition, solute content, Mg/Si ratio, initial temper, prior thermome-
chanical history, solution-treatment and quenching conditions, and natural or pre-aging history. These
factors influence precipitation kinetics and phase stability and therefore explain why different studies
report different peak-aging conditions, even among alloys belonging to the same precipitation-hardening
system. In addition, the criterion used to define the optimum condition, such as hardness, yield strength,
tensile strength, or the strength—ductility balance, may also lead to different reported optimum con-
ditions. Therefore, optimum aging parameters reported for different aluminum alloys, or even for the
same alloy subjected to different processing histories, are not directly interchangeable. Although precipi-
tation sequences, precipitate morphology and distribution, and dislocation—precipitate interactions have
been extensively investigated, the coupled relationship between post-aging-induced strain localization and
fracture-surface morphology in AA6082-T6 sheets has received comparatively limited attention.

In the present study, the post-aging temperature range was intentionally extended beyond the con-
ventional artificial-aging regime. While 100 °C-200 °C represents re-aging/post-aging conditions,

300 °C—400 °C was selected to examine the transition from precipitation-controlled strengthening to
thermally induced softening associated with precipitate coarsening, transformation, or partial dissolution.
This study addresses this gap by examining the mechanical properties, together with deformation

behavior and fracture characteristics of AA6082-T6 aluminum alloy under different post-aging condi-
tions. This study provides a temperature-time dependent deformation—fracture response map linking
post-aging temperature—time combinations to (i) tensile response and deformation behavior and (ii) the
associated fracture-surface morphology in AA6082-T6 sheets. The novelty of this work lies in the com-
bined evaluation of deformation behavior and fracture morphology through strain analysis and quantita-
tive dimple characterization, providing insight into the relationship between deformation heterogene-

ity and fracture surface evolution under different post-aging conditions in AA6082-T6 alloy. Optical
microscopy (OM) observations and x-ray diffraction (XRD) trends are used to support the interpreta-
tion of the post-aging-induced microstructural changes qualitatively and to identify the condition that
provides the most balanced mechanical performance.

2. Material and experimental study

2.1. Material

The experimental specimens were produced from 3 mm-thick 6082-T6 sheet material in accordance with
ASTM EB8/E8M and were cut parallel to the rolling direction using the water-jet cutting method. The
gauge length and gauge width of the tensile specimens were 50 mm and 25 mm, respectively. The chem-
ical composition of the 6082-T6 sheet material is presented in table 1.

2.2. Experimental study

The experimental specimens were aged at temperatures of 100 °C, 200 °C, 300 °C, and 400 °C using a
proportional-integral-derivative (PID) controlled resistance furnace. Within the scope of this study, aging
processes of 30 min, 60 min, and 90 min were applied to 3 mm thick 6082 aluminum alloy test speci-
mens to observe the relationship between aging time and the resulting properties. In the aging process,
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Figure 1. (a) Speckled tensile specimen; representative DIC strain maps at (b) early plastic deformation, (c) necking onset, and
(d) near-fracture localization.

the experimental specimens placed inside the furnace were processed by adjusting the heating regime,
holding time, and door opening time parameters from the PID control unit. The experimental speci-
mens were brought to the specified aging temperature at a heating rate of 10 °C min~! and held at a
constant temperature for the specified holding times. After the holding time, specimens were air-cooled
to room temperature.

Accordingly, the aging treatments at 300 °C—400 °C are not considered conventional artificial-aging
conditions but rather high-temperature post-aging thermal exposures. These conditions were included
to evaluate the response of AA6082-T6 over an extended thermal range, including the transition toward
overaging and thermally induced softening.

After the aging process, the mechanical properties were examined using uniaxial tensile tests per-
formed on an Instron 8503 tensile-compression testing machine with a capacity of 500 kN. The exper-
imental data were collected using a digital image correlation (DIC) system to monitor strain evolution
during tensile testing and to evaluate the evolution of full-field strain distribution and strain localiza-
tion during tensile deformation. Uniaxial tensile tests were performed in accordance with ASTM E8/E8M
at a strain rate of 0.0083 s~!. Each tensile test was performed at least three times under identical con-
ditions, and the reported values represent the average of the measurements. Standard deviations were
calculated to evaluate the variability of the experimental data. The specimens’ surfaces were wet prepared
for DIC measurements before tensile testing. Initially, the surfaces of the AA6082-T6 aluminum sheet
specimens were cleaned, followed by the application of a thin coating of matte white paint. Random
black speckle patterns were subsequently applied to the sample using a spraying approach to establish
adequate grayscale contrast between the speckles and the background surface. The mean speckle size
was calibrated to range from 3 to 5 pixels. The data collected simultaneously from the DIC system and
the testing machine were synchronized and processed to obtain the final experimental results. Instead
of displacement gauges, a stereo DIC system consisting of two Daheng cameras (ME2P-1230-23U3M)
equipped with 50 mm Kowa LM lenses was employed. Image acquisition and displacement calculations
were performed using MatchID software, with a subset size of 29 x 29 pixels, selected in accordance
with the speckle size and imaging resolution. Figure 1 displays the test specimens and speckle patterns.

To investigate the effects of aging temperature and holding times on the microstructure of 6082-

T6 sheet metal, the microstructures of the experimental specimens were examined by OM using a Leica
DMI 5000 M microscope. Phase analysis was performed by XRD to evaluate aging-induced structural
changes. Test specimens were prepared for each aging condition, with the rolling direction used as a
reference for precise cutting. The specimens were subsequently prepared for metallographic analysis

by grinding and polishing. Following polishing, the specimens were cleansed and etched for 30 s with
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Figure 2. Experimentally obtained baseline true stress—true strain curve of the as-received AA6082-T6 alloy.

Keller’s reagent (1 ml HF, 1.5 ml HCI, 2.5 ml HNO3, and 95 ml H,0). The fracture surfaces of the spec-
imens were analyzed with a JEOL JSM-6060LV scanning electron microscopy (SEM), and the impact of
the aging process on fracture behavior was assessed. The impact of heat treatment on the hardness of
the 6082-T6 sheet material was assessed by Vickers hardness measurements performed in accordance
with ASTM E384. An Vickers hardness (HV5) load was applied using an Instron—Wolpert Diatestor

7551 tester with a dwell time of 10 s, and at least five measurements were performed for each condition
to ensure repeatability.

3. Results and discussion

As a result of this study, based on experimental data and microstructural examinations, the mechanical
and microstructural properties of 6082-T6 aluminum alloy are presented after heat treatments applied at
different post-aging temperatures (100 °C, 200 °C, 300 °C, and 400 °C) with holding times of 30, 60,
and 90 min. From tensile curves obtained from tensile tests supported by DIC, the effects of post-aging
conditions on the material were comprehensively evaluated by assessing yield and tensile strength, elon-
gation capability, work hardening behavior, and energy absorption values, together with microstructural
and fracture-surface observations obtained by OM, SEM, and XRD.

As illustrated in figure 2, the true stress-true strain curve for the as-received T6 condition is shown.
The as-received (T6) condition exhibits a yield strength of 282.6 MPa, an ultimate tensile strength
(UTS) of 379.1 MPa, and a total elongation of 15.73%. The true stress and true strain values were cal-
culated using the standard constant-volume conversion formulations. While this conventional conver-
sion is strictly valid only up to the onset of necking, the curves in this study are plotted up to fracture
to visualize the macroscopic deformation behavior and to allow for the comparative calculation of energy
absorption per unit volume (Ev). Therefore, the data points beyond uniform elongation represent appar-
ent (nominal) true stress values without localized cross-sectional area correction.

Figures 3(a) and 3(b) show the stress—strain curves of specimens subjected to post-aging treat-
ment at 100 °C and 200 °C for 30, 60, and 90 min, respectively. After aging at 100 °C, yield strength
shows minor fluctuations around the T6 value (slight increase or slight decrease depending on holding
time), while ductility is largely preserved. At 200 °C, especially after 60 min of processing, the maxi-
mum true stress reaches approximately 400 MPa, while the elongation capability is largely preserved.
This response is consistent with strengthening by fine Mg—Si-type precipitates expected under peak-
aging conditions, which restrict dislocation motion and increase strength. In figure 3(c), after the pro-
cesses carried out at 300 °C, a significant decrease in strength values was observed. Specifically, after
90 min of aging, the maximum value of true stress reaches approximately 240 MPa, and the ductil-
ity properties of the specimen experience a decrease. The cause of this phenomenon can be attributed
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Figure 3. True stress—true strain curves of AA6082-T6 after post-aging at: (a) 100 °C, (b) 200 °C, (c) 300 °C, and (d) 400 °C for
different holding times.

to two primary factors. First, the significant reduction in strength during over-aging is consistent with
the loss of coherency as the highly coherent 3” precipitates transform into semi-coherent /3’ phases.
During this transformation, the strengthening precipitates coarsen, become unevenly distributed, and
their number density decreases, which significantly relaxes the three-dimensional coherent strain fields
that obstruct dislocation motion [30, 31]. Second, due to this precipitate coarsening and increased inter-
particle spacing, the Orowan bypassing mechanism becomes predominant rather than particle shearing
[32]. The effect is high strength after short-time treatment, which lasts about 30 min. The effect of pro-
longed aging becomes negative during advanced aging. Figure 3(d) illustrates the effect of post-aging at
400 °C. The strength diminishes around 400 °C, and elongation exhibits non-linear behavior. Following
90 min of treatment, elongation increases due to the breakdown of precipitates. Thus, there seems to be
a tendency towards developing a soft matrix rather than decreasing the overall deformability capability.
Precipitates are highly incoherent at this temperature, and the fine precipitate content that strengthens
the matrix is significantly reduced, leading to low strength values [33, 34].

Regarding the 6082-T6 aluminum alloy, there are reports that the strengthening effect is achieved at
lower temperatures from 100 °C-200 °C without sacrificing its ductility [17-20]. However, at 300 °C,
both ductility and strength have significantly reduced due to precipitation coarsening and coherency loss.
An increase to 400 °C in the aging temperature results in a significant reduction in strength; however,
this is accompanied by an enhancement in elongation due to matrix softening. Overall, post-aging at
200 °C (for 60 min) provides the best strength—ductility balance for industrial applications. High tem-
peratures and long-term processes, however, negatively affect the material’s performance [35, 36].

The effect of changing post-aging temperature and time on the yield strength of 6082-T6 aluminum
alloy is indicated in figure 4. The initial yield strength of the material under the T6 condition is around
282.6 MPa. It has been observed that the yield strength stays almost constant between temperatures of
100 and 200 °C; however, there is a significant decrease in the range of 300-400 °C. This is particularly
noticeable over longer periods of time, according to the conditions present during the post-aging process
[37].
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Figure 4. Effect of post-aging temperature and time on yield strength.

The yield strengths obtained after aging processes applied at 100 °C were measured as 288.43 MPa,
281.01 MPa, and 283.82 MPa for durations of 30, 60, and 90 min, respectively. It has been determined
that these values are quite close to the initial strength under T6 conditions. Previous studies indicate
that limited diffusion at low temperatures favors early-stage clustering and precipitation, including GP-
zone formation and 3”-related structures, while enhanced precipitate-matrix coherency can impede
dislocation motion and thereby contribute to strength retention [38-40]. Aging at 200 °C resulted in
the highest values for yield strength, which were 285.66 MPa after 30 min, 288.31 MPa after 60 min,
and 288.93 MPa after 90 min. Considering the standard deviations, the marginal difference of 0.62 MPa
between the 60- and 90 min treatments is small relative to the experimental scatter, meaning that the
material reaches a strength plateau after 60 min. This yield strength response is consistent with a peak-
aged condition, which is commonly associated with fine coherent 3" precipitates that can provide effec-
tive resistance to dislocation motion [41, 42]. Therefore, it is understood that short and medium-term
aging at 200 °C provides optimal effects in terms of precipitation hardening. After aging at 300 °C for
30 min, the yield strength is 272.04 MPa, showing only a slight decrease compared to the T6 condition.
However, it was observed that it decreased to 213.52 MPa in 60 min and to 171.59 MPa in 90 min. This
reduction may be related to precipitate coarsening, increased precipitate size and spacing, and changes
in precipitate—matrix coherency, which are commonly associated with over-aging in Al-Mg-Si alloys.
These changes can reduce the effectiveness of precipitates as barriers to dislocation motion, thereby con-
tributing to lower yield strength. Aging treatments performed at 400 °C were the most detrimental to
yield strength, with values of 102.20 MPa, 80.25 MPa, and 57.05 MPa after aging for 30, 60, and 90 min,
respectively. The pronounced strength reduction at this temperature is consistent with severe over-aging
and thermally induced changes in the precipitation state, including precipitate coarsening and dissolu-
tion, as reported in the literature [43, 44].

The correlation between UTS and aging treatment temperature—time combination for 6082-T6 alu-
minum alloy is depicted in figure 5. The UTS of the received alloy in the T6 condition is found to be
about 379.05 MPa. For samples aged at 100 °C for 30, 60, and 90 min, the UTS value is 393.02 MPa,
393.79 MPa, and 391.31 MPa, respectively. All these results indicate a close approximation to the

7
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Figure 5. Tensile strength response of AA6082-T6 under different post-aging conditions.

T6 condition, consistent with the limited precipitation evolution reported during short-term aging at
100 °C, where nanoscale clusters initially dominate and (3”-related structures develop only with fur-
ther aging [38]. At 200 °C, tensile strength values of 392.21 MPa in 30 min, 400.69 MPa in 60 min, and
394.78 MPa in 90 min were obtained. This tensile strength response is consistent with a peak-aged con-
dition, in which fine coherent 3" precipitates are expected to provide effective resistance to dislocation
motion. This stage has been found to facilitate high strength retention due to its needle-like, coherent
structure. It is thought to inhibit dislocation movement through the slip plane [41]. In the aging pro-
cesses performed at 300 °C, it was observed that there was a continuous reduction in tensile strength
as the duration of the process increased. After 30 min, the strength decreased to 336.09 MPa; after
60 min, it further decreased to 281.39 MPa; and after 90 min, it decreased to 248.41 MPa. These results
are consistent with over-aging-related changes in the precipitation state, including precipitate coarsen-
ing and changes in precipitate—matrix coherency, both of which are known to influence precipitation-
strengthening efficiency [30]. Under aging conditions applied at 400 °C, the effects on tensile strength
are much more significantly negative. The tensile strength values obtained at 30, 60, and 90 min intervals
are 196.88 MPa, 182.59 MPa, and 174.97 MPa, respectively, showing an approximate 55% decrease com-
pared to the initial strength. At this temperature level, the pronounced strength loss is consistent with a
substantial reduction in precipitation-hardening efficiency, which may be associated with extensive pre-
cipitate coarsening and/or partial dissolution at elevated temperature.

The strain hardening exponent (1) values obtained for the 6082-T6 aluminum alloy under differ-
ent post-aging temperature and time conditions are presented in figure 6. In aging tests conducted
at 100 °C, n values remained within the range of 0.119-0.122 for three different aging times (30, 60,
and 90 min). The limited range of n values indicates that the initial precipitate state inherited from
the T6 temper is preserved at this low temperature, with insufficient thermal activation to induce
microstructural degradation or significant phase transformations. The relatively stable n values at 100 °C
suggest that the strain-hardening response remains close to that of the initial T6 condition. At 200 °C,
the range for n was between 0.120 and 0.126, implying that there was no compromise in the mechani-
cal stability of the alloy. It is observed that the hardening behavior significantly differs during the aging

8
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Figure 6. Strain-hardening exponent with post-aging temperature and duration.

100

process carried out at 300 °C. The fact that the value of n decreased to 0.072 in a 30 min process sug-
gests that the distance between the precipitates widened and the interaction with the matrix weakened.
Less resistance to dislocations can lead to a decrease in hardening capacity. However, the increase in
nfrom 0.121 to 0.158 at 60 and 90 min, respectively, may be associated with changes in precipitate distri-
bution and increased dislocation accumulation during deformation. The n values of 0.238, 0.283, and
0.316 obtained at 400 °C indicate the effect of high temperature. In such cases, the dissolution and
coarsening of precipitates along with the inhomogeneous structure can cause strain localization, which
can affect the estimated value of #. It is thought that, under long-term aging conditions at 400 °C,
microstructural instabilities limit deformation propagation, causing the increased n values to reflect
strain localization rather than mechanical improvement or enhanced strain-hardening behavior [45].

As demonstrated in figure 7, the measured values of uniform elongation for the 6082-T6 aluminum
alloy were determined under various post-aging temperature and time conditions. The uniform strain
value of the as-received T6 condition was measured as 14.31%. In the context of aging processes con-
ducted at 100 °C, uniform elongation values of 14.36%, 16%, and 14.45% were obtained under con-
ditions of 30, 60, and 90 min, respectively. The findings demonstrate that matrix ductility is more
effectively preserved under lower-temperature aging conditions. This behavior aligns with the mini-
mal precipitation observed at reduced temperatures, facilitating dislocation movement during plastic
deformation [46]. Ductility reaches its maximum level at 60 min of aging, which corresponds to 16%.
During aging at 200 °C, the uniform elongation levels ranged from 14.81% to 15.90%. The formation of
fine and coherent 8"/ precipitates within this range promotes uniform plastic deformation while main-
taining strength [47]. However, a substantial change in the observed phenomenon occurs at the tem-
perature of 300 °C. The measured values in 30, 60, and 90 min treatments have decreased to a range of
8.96%-9.62%. The phenomenon is associated with precipitate development, leading to a loss of coher-
ence and less contact with the matrix. The coarsening of precipitates may lead to a reduction in ductility
as a result of stress concentration [48]. However, at 400 °C, a divergent behavioral pattern emerges. As
the uniform elongation remains at 11.06% and 12.88% for 30- and 60 min treatments, respectively, it is
evident that this value increases to 18.17% with a 90 min treatment. The increase in uniform elongation
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Figure 7. Uniform elongation response under different post-aging conditions.

100

at 400 °C, particularly after 90 min, is mainly attributed to matrix softening caused by extensive precipi-
tate dissolution/coarsening, despite the severe reduction in strength. This situation may promote a more
homogeneous dislocation distribution and continuous plastic flow during deformation [49, 50].

Figure 8 shows the total elongation capacity (%) of the 6082-T6 aluminum alloy under different
post-aging temperature and time conditions. The total elongation value for the as-received T6 condi-
tion was determined to be 15.73%. In the 100 °C aging processes, the total elongation values obtained
were measured as 15.39%, 17.50%, and 15.85% under conditions of 30, 60, and 90 min, respectively.
These results indicate that the ductile structure of the matrix is largely preserved at low aging tempera-
tures. Aging processes applied at 200 °C also show similarly high ductility values. The total elongation
values obtained for 30, 60, and 90 min treatments were 16.38%, 17.42%, and 16.37%, respectively, indi-
cating that precipitation hardening did not suppress ductility. At 300 °C, a significant decrease in total
elongation values was observed, with total elongation values of 11.69%, 11.44%, and 12.44% obtained
under conditions of 30, 60, and 90 min, respectively. The simultaneous loss of both strength and duc-
tility at this temperature is a critical finding that cannot be adequately explained by intra-granular pre-
cipitate coarsening alone. Instead, this degradation may be associated with grain-boundary effects and
heterogeneous microstructural recovery. At elevated temperatures like 300 °C, coarse precipitates tend to
nucleate and grow preferentially along grain boundaries, often accompanied by the formation of adja-
cent precipitate-free zones (PFZs). These softer PFZs, combined with coarse-grain-boundary particles,
promote early strain localization, as visually confirmed by our DIC strain maps showing premature
necking. Furthermore, as supported by the fractographic analysis (figure 17), these coarse particles act
as preferential sites for coarse-particle-controlled void nucleation, leading to the formation of larger,
irregularly distributed dimples. Consequently, the localized strain at the grain boundaries rapidly coa-
lesces into macroscopic damage, severely curtailing the macroscopic ductility before significant uniform
deformation can occur. This decrease in behavior can occur as a result of the localization of dislocation
movements by local barriers and the heterogeneity of plastic deformation [51, 52]. At 400 °C, total elon-
gation increased from 13.93% after 30 min to 20.52% after 90 min. However, this increase should not
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Figure 8. Total elongation behavior of AA6082-T6 after post-aging treatments.

be interpreted as an overall mechanical improvement, because it occurs together with a severe reduc-
tion in strength. Instead, the higher elongation at 400 °C, particularly after 90 min, can be attributed to
matrix softening caused by extensive precipitate dissolution/coarsening, which promotes easier disloca-
tion motion and more widespread plastic deformation [53].

As shown in figure 9, the energy absorption per unit volume (E,, M] m™?) of the 6082-T6 alu-
minum alloy was calculated under various post-aging temperature and time conditions. Ev was deter-
mined by numerical integration of the area under the true stress—true strain curve up to fracture, as
expressed by: Ev = foaf Otrue (€) de where oy is the true stress and e is the fracture strain. Since stress is
expressed in MPa and strain is dimensionless, the calculated Ev values are equivalent to MJ m~>. The Ev
value for the T6 condition was calculated to be 53.34 MJ m~>. Under aging conditions at 100 °C, the Ev
values for 30, 60, and 90 min treatments were 55.00, 60.71, and 54.96 MJ m~—3, respectively. At 200 °C,
the Ev values were 56.51 MJ m—> for a 30 min treatment, 61.36 MJ m~> for a 60 min treatment, and
56.95 MJ m~ for a 90 min treatment. These values indicate that the energy absorption capacity is
maintained compared to the T6 condition and even improves in medium-term aging. This behavior
can be explained by the literature-reported precipitate dislocation interactions, particularly those involv-
ing 3" precipitates, which contribute to precipitation strengthening and influence plastic deformation
[54]. Furthermore, literature studies indicate that suitable aging conditions promote the development of
B" precipitates with high number densities, which contribute significantly to precipitation strengthen-
ing in Al-Mg-Si alloys [55, 56]. At 300 °C, the Ev values exhibit a decrease. The Ev measurements for
30 min, 60 min, and 90 min are 35.99 MJ m~2, 28.78 MJ m~2, and 25.85 MJ m ™, respectively. The
notable reduction, evident after prolonged aging, may be associated with over-aging-related microstruc-
tural changes; according to the literature, 5’-type precipitates and PFZs may develop in 6xxx aluminum
alloys and contribute to strain localization and ductile fracture [57]. At a temperature of 400 °C, Ev val-
ues reached their lowest level. For treatments with durations of 30, 60, and 90 min, the values obtained
were 23.12, 23.54, and 28.67 MJ m—3, respectively. Under these conditions, the large-scale dissolution of
precipitates and the structural instability of the matrix can hinder effective energy absorption during the
deformation process [58].
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Figure 9. Effect of post-aging temperature and time on energy absorption per unit volume.

Figure 10 illustrates the impact of varying post-aging temperatures and durations on the HV5 of
6082-T6 aluminum alloy. The hardness value in the T6 condition was measured as 108.6 HV. The hard-
ness values obtained after aging processes applied at 100 °C were measured as 111.80 HV at 30 min,
114.00 HV at 60 min, and 115.20 HV at 90 min. These values are consistent with literature-reported
precipitation-hardening mechanisms involving GP zones and fine coherent 8" precipitates, which pro-
vide effective resistance to dislocation motion. However, in the present study, the hardness values indi-
cate the preservation of the highly effective 3" precipitate network inherited from the initial T6 temper.
The lack of thermal degradation at 100 °C ensures that the material retains high resistance to dislocation
movement. The slight upward trend in hardness with prolonged time may be attributed to minor sec-
ondary precipitation of residual solutes, though the primary strengthening mechanism remains the stable
T6 precipitate structure [59]. Aging processes at 200 °C resulted in the highest hardness values. Hardness
values of 112.40 HV, 115.60 HV, and 112.20 HV were obtained under 30, 60, and 90 min conditions,
respectively. At this temperature, it is understood that the mechanical and hardness responses are consis-
tent with a peak-aged condition associated with fine coherent 3” precipitates, thus maximizing resistance
to plastic deformation. Upon aging at 300 °C, a clear decreasing trend in hardness is observed. In a
30 min process, 100.18 HV was measured, in 60 min, 88.92 HV, and in 90 min, 73.98 HV. With increas-
ing aging time, the weakening of the precipitation-strengthening effect may be associated with precipitate
coarsening and reduced coherency, consistent with the 8”7 — 3’ evolution reported for Al-Mg-Si alloys
[31]. Aging processes at 400 °C were the conditions under which hardness was measured at its lowest
levels. In the 30, 60, and 90 min applications, the hardness was determined to be 56.96 HV, 51.92 HV,
and 48.68 HV, respectively. At this level, the pronounced hardness reduction may be associated with a
reduced precipitation-strengthening effect related to changes in precipitate—matrix coherency. Thus, the
effectiveness of precipitates as barriers to dislocation motion is reduced, and the material exhibits sub-
stantially lower hardness compared with the as-received T6 condition [60].

The XRD patterns presented in figures 11 and 12 show the crystallographic response of the as-
received T6 condition and the specimens aged at different temperatures and holding times. The XRD
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Figure 10. Vickers hardness variation after post-aging at different temperatures and holding times.

analysis of 6082-T6 aluminum alloy (figure 11) shows that the a-Al (FCC) matrix phase is predomi-
nantly present in the material’s crystal structure. The characteristic peaks identified in the diffractogram
are located at 26 = 38.4° (111), 44.7° (200), 65.1° (220), 78.2° (311), and 82.4° (222) respectively, and
correspond to the «-Al phase, consistent with JCPDS card number 04-0787. The lattice parameter calcu-
lated using Bragg’s law was found to be ay ~ 4.052 A, which is consistent with the values reported in the
literature for the T6 condition of 6XXX series alloys [20, 61].

As a secondary phase candidate, weak reflections that may be associated with Mg,Si are expected
around ~28.4°, 47.3°, and 56.1° (JCPDS 35-0773). However, under T6 conditions, Mg—Si precipitates
are typically nanometric and of low volume fraction; therefore, their direct detection by conventional
XRD is limited, and any Mg,Si-related signals should be interpreted qualitatively rather than as evidence
of a dominant bulk Mg,Si phase. Therefore, the crystalline structure is mainly composed of the a-Al
matrix, while possible Mg-Si-based precipitates may contribute to the mechanical response; however,
their nanoscale nature limits their direct detection by conventional XRD. Under all conditions, the dom-
inant peaks identified at 20 = 38.4° (111), 44.7° (200), 65.1° (220), 78.2° (311), and 82.4° (222) corre-
spond to the a-Al (FCC) matrix phase, consistent with the JCPDS 04-0787 reference. The lattice param-
eter values (ag ~ 4.050-4.055 A) show only minor variation across the investigated conditions, suggest-
ing that the a-Al matrix remains largely stable at the scale detectable by XRD. Nevertheless, because
peak positions can also be influenced by instrumental factors and residual micro strain, this observa-
tion should be interpreted as an indication of limited lattice-level change rather than definitive evidence
of zero stress/strain accumulation.

As the aging temperature and time increase, weak Mg, Si-related reflections (approximately 28.4°,
47.3°, and 56.1°; JCPDS 35-0773) become more noticeable in the XRD patterns. Under low-temperature
conditions (100 °C-200 °C) and short holding times, the mechanical and hardness responses are con-
sistent with the presence of fine coherent 5" precipitates. However, because of their nanoscale size and
low volume fraction, these precipitates cannot be directly resolved by conventional XRD. At medium
and high aging temperatures (300 °C—400 °C), particularly under prolonged holding times, the observed
XRD tendencies together with the hardness reduction suggest precipitate growth/coarsening and gradual
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Figure 11. Experimentally measured baseline XRD pattern of the as-received AA6082-T6 alloy.

loss of coherency with the a-Al matrix. Under these conditions, the precipitate population may evolve
toward coarser and more stable Mg, Si-type phases. However, because conventional XRD is not sensi-
tive to nanoscale coherent 5"/’ precipitates, these observations should be interpreted qualitatively as
evidence of changes in the precipitation state rather than as direct identification of 5", ', or equilib-
rium § phases. The growth of precipitates and the loss of coherence with the matrix lead to decreases
in hardness and yield strength, resulting in the material exhibiting over-aging behavior. Therefore, while
low temperatures and short-term aging conditions provide a strengthening effect, high temperatures and
long-term conditions lead to a weakening of mechanical properties. The XRD peak broadening behavior
was evaluated qualitatively to assess the microstructural evolution induced by different post-aging condi-
tions. As a limitation, the dominance of a-Al reflections and the scarcity of isolated, well-resolved peaks
(together with weak Mg,Si peaks) prevent reliable peak deconvolution/instrumental-broadening correc-
tion; hence, Scherrer/Williamson—Hall analyses were not pursued. The observed variations in peak width
and intensity may be associated with changes in Mg—Si precipitate populations rather than significant
changes in the crystallographic domain size of the o-Al matrix.

The microstructure image of the 6082-T6 alloy is given in figure 13. The changes in the microstruc-
ture after post-aging heat treatments are shown in figure 14. The images belong to specimens aged
under different temperature (100 °C, 200 °C, 300 °C, and 400 °C) and duration (30, 60, 90 min.)
conditions.

Because nanoscale 3” and 3’ precipitates, as well as distinct microstructural recovery processes, are
strictly below the resolution limit of conventional OM, the OM observations in this study are not used
to claim direct phase identification. Instead, they are interpreted qualitatively in terms of macroscopic
grain-boundary visibility, etching contrast, and coarse intermetallic particles. In the reference (T6) con-
dition, the alloy exhibits equiaxed grains; the strengthening Mg-Si-rich 8" precipitates are too fine to
be resolved by conventional OM. Therefore, the matrix appears relatively homogeneous in the presented
optical micrographs. This structure serves as the starting reference for post-aging treatments. After the
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Figure 12. XRD patterns after post-aging treatment a) 100 °C b) 200 °C ¢) 300 °C d) 400 °C.

aging processes carried out at 100 °C, the microstructure generally remained quite similar to this refer-
ence state. Grain boundaries are not clearly visible, and dark, high-contrast intermetallic particles, likely
associated with Fe-Mn-Si-containing phases typical of AA6082, are dispersed throughout the matrix.

At this temperature, the diffusion rate of Mg and Si atoms is low, so only precursor clusters occur at
the atomic scale, and no optically resolvable precipitation is observed. Since the matrix remains homo-
geneous, there is no coarsening or recrystallization at this stage. The microstructural homogeneities of
the specimens were confirmed after they were heat-treated at 200 °C for 30, 60, or 90 min. However,
there was a slight enhancement of contrast near the dark phases. These findings are consistent with
those observed during the peak aging process, in which the mechanical and hardness responses are
consistent with the presence of finely dispersed 3" precipitates. Although these precipitates cannot be
resolved by OM, their high density efficiently impedes dislocation movement and augments strength
while preserving acceptable ductility. Therefore, while hardness and yield strength increase in mechan-
ical properties, ductility values remain at an acceptable level. From a microstructural perspective, the
homogeneous brightness level of the matrix and the still weak appearance of the grain boundaries sug-
gest that the structure remains stable. In specimens aged at 300 °C, the microstructural changes became
more pronounced. Grain boundaries have become partially visible, and the size of dark intermetallic
phases has increased. This behavior may be attributed to over-aging-related precipitate coarsening and

a likely transition from coherent 3" precipitates toward semi-coherent 3’ phases. As time increases, the
microstructural features become more pronounced and exhibit a more heterogeneous distribution within
the matrix. The contrast difference between the matrix and grain boundary regions is increasing, and
phase separation and local color variations are occurring in some areas. These features indicate the onset
of the over-aging phase [62]. Microstructural examination of specimens aged at 400 °C for 30, 60, and
90 min revealed that grain boundaries could be clearly identified, and there was a noticeable contrast
between two adjacent grains. These enhanced contrasts are macroscopically consistent with literature
reports of microstructural recovery and enhanced coarse precipitation along grain-boundary regions.
With increasing temperature and aging time, network-like contrast becomes more pronounced along
the grain-boundary regions. This visible morphology is consistent with advanced precipitate coarsening,
loss of coherency, and localized microstructural degradation associated with excessive aging at elevated
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Figure 13. Microstructure of the as-received AA6082-T6 alloy.

temperatures, though definitive confirmation would require high-resolution techniques such as TEM or
EBSD.

Dimple diameter histograms obtained from fracture surfaces were analyzed to quantitatively evalu-
ate the effects of post-aging treatments on ductile fracture behavior. In this study, the distributions were
characterized using the arithmetic mean dimple diameter (d) and standard deviation (o) values, calcu-
lated from data obtained directly [63].

For each post-aging condition, the average dimple diameter was calculated by dividing the sum of all
measured dimple diameters by the total number of observations. This arithmetic mean is expressed by
equation (1):

1 X
d=ﬁlz:;d,- (1)

where d represents the average dimple diameter, d; is the diameter of the ith dimple, and N is the total
number of measured dimples.

The standard deviation value, calculated to describe the width of the distribution, is obtained by
squaring the deviation of each observation from the mean, summing these deviations, dividing by
(N—1), and taking the square root of the result. This calculation is defined by equation (2):

N

o=\ 2 (- (2)
i=1

For each post-aging condition, at least 100 clearly identifiable dimples were measured from a represen-
tative SEM fracture-surface image, and only dimples with distinguishable boundaries were included in
the quantitative evaluation. Accordingly, the calculated standard deviation represents the within-image
dispersion of dimple sizes rather than specimen-to-specimen variability. The dimple diameter distri-
butions are relatively more concentrated under low temperature and short-term post-aging conditions,
with standard deviation values that remain comparable among these conditions. This situation indicates

that microvoid nucleation and growth occur more uniformly, and the fracture surface exhibits a ductile
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Figure 14. Optical micrographs of AA6082-T6 after post-aging at 100 °C—400 °C for 30, 60, and 90 min.

character. In contrast, a modest increase in the mean dimple diameter and distribution width, together
with a clearer reduction in dimple density and the emergence of larger voids in the tail of the distri-
bution, was observed under high-temperature and long-term aging conditions. These increases indicate
that dimple formation has become more heterogeneous and the fracture surface has acquired a more
irregular morphology, consistent with the overaging-related microstructural changes inferred from the
mechanical, hardness, OM, and XRD results.

Figure 15 clearly shows that ductile fracture behavior is dominant on the fracture surface of the as-
received 6082-T6 aluminum alloy. The presence of spherical dimples seen in the fractured surface pro-
vides evidence for ductile microvoid fracture behavior, which consists of void formation, growth, and
coalescence. The lack of cleavages on the fracture surface indicates that significant plastic deformation
capability was preserved during the fracture. As illustrated in figure 16, the histogram of dimple sizes
indicates an average diameter of 0.857 um, with a standard deviation of 0.798 um. The size distribu-
tion is particularly concentrated in the 0.3-1.5 pm range, and the presence of larger dimples reaching
3.5-4.0 pm, although few in number, is also noteworthy. This situation indicates that there is some het-
erogeneity within the microstructure in terms of size and distribution; however, this heterogeneity is not
at a level that would suppress the characteristic of ductile fracture.

Figure 17 shows fracture surface images of the 6082-T6 aluminum alloy subjected to different post-
aging temperatures and durations. Compared to the fracture morphologies observed after aging pro-
cesses (100 °C—400 °C, 30-90 min), as-received 6082-T6 alloy stands out as the specimen with the finest
dimple structure and the highest microvoid density. Particularly at temperatures of 300 °C and above,
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Figure 15. Fracture surface of the as-received 6082-T6 alloy after uniaxial tensile testing.

with aging times of 60 min or longer, the fracture surface tends to exhibit lower dimple density and a
more pronounced population of larger voids, indicating increased heterogeneity in microvoid nucleation
and coalescence. These changes are consistent with precipitate coarsening/overaging and matrix soften-
ing, which promote earlier strain localization. Overall, the fracture morphology remains predominantly
ductile. The regions where large dimples are concentrated correspond to areas where void coalescence is
accelerated, resulting in a decrease in tensile strength and energy absorption capacity.

The dimple morphology observed on the fracture surface of the 6082-T6 alloy after post-aging pro-
cesses (100 °C—400 °C, 30-90 min) exhibits noticeable changes with temperature and time, as evaluated
by both the average dimple diameter data (figure 18) and the size distribution histograms (figure 19).

In aging processes conducted at 100 °C, the average dimple diameter ranges from 0.883 to 0.965 pm.
The largest average diameter (0.965 pm) was measured in the specimen processed for 30 min, while
the diameter gradually decreased with increasing processing time. The fact that the standard deviation
values remain within a comparable range, such as 0.802—0.857 pm in this range, indicates that precip-
itate coarsening is limited and the matrix hardness is largely preserved. Therefore, microvoid nucle-
ation likely initiates around coarse intermetallic particles and larger non-shearable precipitates, a well-
documented mechanism in 6xxx series alloys [44, 57], limiting premature void coalescence and main-
taining a homogeneous ductile morphology. At 200 °C, the average dimple diameters ranged from
0.880 to 0.953 um, with the maximum value (0.953 pm) obtained particularly at a processing time of
30 min. The observed variation in dimple size may be associated with changes in precipitate dislocation
interactions and local plastic deformation around second-phase particles, while the overall mechanical
response remains consistent with a precipitation strengthened condition. The standard deviation val-
ues remained within the range of 0.805-0.831 pm, indicating a broadly comparable level of dimple-size
dispersion. When the temperature reaches 300 °C, the average dimple diameter values are observed to
be between 0.888 and 0.951 um. The highest average diameter (0.951 pm) was obtained after 30 min,
followed by a decrease at 60 min and a subsequent increase at 90 min. The standard deviation values
ranging from 0.819 to 0.876 um indicate a relatively broad dimple-size distribution and a more het-
erogeneous fracture surface at this temperature. Increasing the distance between microvoids reduces the
continuity of local plastic deformation and weakens ductile fracture behavior. At 400 °C, the average
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Figure 16. Dimple size histogram of as-received 6082-T6 alloy based on our baseline experimental measurements.

dimple diameters range from 0.884 to 0.974 pm. Specifically, with a 90 min processing time, the highest
average diameter value of 0.974 um was achieved under all conditions. This situation indicates enhanced
coarse precipitate formation and matrix softening, promoting heterogeneous void growth and coales-
cence. Under these conditions, the standard deviations, which reach values as wide as 0.811-0.887 pum,
indicate that the fracture process evolved into an irregular, heterogeneous character dominated by large
voids.

Low-temperature and short-duration post-aging treatments (100 °C-200 °C, 30-60 min) maintain
homogeneous ductile fracture behavior, exhibiting dimple characteristics similar to the T6 condition;
high-temperature and long-duration treatments (300 °C—400 °C, 60-90 min) lead to heterogeneous
fracture surfaces characterized by large and widely distributed dimple morphology. In this case, it is
believed that post-aging parameters directly affect the fracture behavior through the loss of precipitate
and matrix hardness. Therefore, high temperatures and long durations should be limited when consider-
ing the material’s mechanical performance.

4. Conclusion

The effects of post-aging temperature and time on the mechanical response, microstructure, and fracture
behavior of AA6082-T6 were examined using combined experimental characterization and DIC analysis.
The findings of this study are provided below.

e The most favorable post-aging condition was determined to be 200 °C for 60 min. A favor-
able strength—ductility balance was achieved under these conditions. Under these conditions, the
yield strength was measured as 288.3 MPa, tensile strength as 400.6 MPa, uniform elongation as
15.9%, total elongation as 17.4%, hardness as 115.6 HV, and energy absorption per unit volume as
61.36 MJ m . These values indicate that effective precipitation hardening is achieved while maintain-
ing relatively homogeneous deformation.
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Figure 17. Fracture surfaces of AA6082-T6 after post-aging at 100 ®C—400 °C for 30-90 min.

e Aging at 200 °C for 60 min corresponds to a peak-aged condition in terms of precipitation harden-

ing. In addition, increasing temperature and prolonged holding times, particularly at 300 °C-400 °C,
promote over-aging effects.

The combined hardness, tensile, XRD, and OM observations suggest a progressive transition from

a fine precipitate-strengthened condition toward a coarser overaged microstructural state with
increasing temperature. At 200 °C, the mechanical and hardness responses are consistent with a peak-
aged condition associated with fine coherent 5" precipitates. In the range of 300 °C—400 °C, pre-
cipitate coarsening and microstructural heterogeneity along grain boundary regions became more
pronounced.

At 300 °C—400 °C, the mechanical response, hardness reduction, and XRD tendencies suggest pro-
gressive precipitate coarsening and a transition toward more stable Mg, Si-type precipitate structures.
At 300 °C, precipitate coarsening and loss of coherency reduce the material’s ability to accommo-
date plastic deformation, leading to reduced ductility and earlier strain localization. At 400 °C, how-
ever, pronounced matrix softening leads to increased elongation, particularly after 90 min, despite the
severe reduction in strength. However, the fracture behavior remains predominantly ductile, character-
ized by microvoid coalescence, and cleavage features are not observed.

Fracture surface examinations revealed a fine and relatively uniform dimple morphology at 200 °C,
whereas 300 °C—400 °C treatments produced more heterogeneous dimple distributions with a greater
occurrence of larger voids, indicating an enhanced tendency for void coalescence.
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Figure 18. Average dimple diameter as a function of post-aging temperature and time.
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