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Abstract

Al-6061 is one of those workhorse alloys you find everywhere, from aircraft frames to automotive panels, and for
good reason—it offers a strength-to-weight ratio that makes engineers quite happy. But the conventional T6 heat
treatment, the gold standard for decades, pushes hardness and tensile strength up at the expense of ductility, and
in many real-world applications that trade-off is simply unacceptable. This study explores whether a gradual,
stepwise heat treatment can break that compromise. Specimens of Al-6061 were solution-treated at 530 °C and
subjected to two aging routes: conventional single-step aging at 175 °C for 8 hours, and a three-step gradual
aging protocol at 140 °C, 160 °C, and 180 °C for 3, 3, and 2 hours, respectively. The gradually treated specimens
exhibited a 7.5% improvement in ultimate tensile strength (285 £ 5 MPa vs. 265 + 4 MPa), a 9.2% increase in
hardness (107 + 3 HV vs. 98 £ 2 HV), and retained comparable ductility at 14.2 + 0.8% elongation versus 14.8 +
1.0% for the conventional route. Fractographic analysis revealed more uniform dimple distributions in gradually
treated specimens. These findings suggest that gradual heat treatment is a genuinely viable alternative for
applications requiring strength without sacrificing formability.

Keywords: Al-6061 alloy; Heat treatment; Gradual heat treatment; Mechanical properties; Tensile
strength; Hardness

1. Introduction

Al-6061 turns up in almost every industrial sector that values strength without excessive weight. Aircraft
skins, automotive chassis, structural brackets—the alloy is common because the Mg-Si system [1,2]
gives it a workable balance of properties. That balance is not inherent in the as-received material,
however. It is manufactured by heat treatment. The composition sets the stage, but the thermal cycle
determines whether the final part performs as intended.

Industry still relies heavily on the T6 temper. The procedure is familiar: solution-treat near 530 °C,
guench in water, then age at 160-180 °C for several hours. The outcome is predictable—maximum
Mg2Si precipitation, high hardness, high tensile strength—but the ductility drops sharply. The result is
a strong component that may fracture without warning under load, which is a problem for any structure
that must tolerate local stress concentrations or accidental overload. T4 offers more ductility at lower
strength; T7 trades peak strength for better thermal stability. Each temper occupies a different position
on the strength-ductility curve, yet all of them are bound by the same fundamental compromise [5,6].
Gradual aging works differently. Instead of a single aging temperature, the alloy follows a stepped
thermal profile that promotes successive stages of precipitate nucleation and growth [7]. The expectation
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is finer, more uniform precipitation than a direct high-temperature plunge can produce. The concept is
not new, but systematic studies on Al-6061 itself are scarce. Ozturk et al. [1] applied multi-step aging
to this alloy and recorded small hardness gains, though their main concern was corrosion resistance.
Esmaeili et al. [8] modeled precipitation in a related Al-Mg-Si—Cu system and showed that the exact
sequence of metastable phases shapes the final strength distribution. Rezaei et al. [9] achieved
improvements through severe plastic deformation combined with aging, but their route required
mechanical processing rather than thermal treatment alone. Chen, Weyland, and Hutchinson [10]
showed that interrupted aging can partially decouple strength and ductility in precipitation-hardened
aluminum alloys. Lumley, Polmear, and Morton [11] also reported that secondary precipitation triggered
by aging interruptions refines the microstructure considerably.

Here we compare the mechanical properties—ultimate tensile strength, yield strength, Vickers hardness,
and elongation—of Al-6061 after gradual aging against the conventional T6 temper. We want to know
whether a stepped protocol can beat the single-step approach that has been the industrial default for
decades.

2. Materials and Methods

2.1 Materials and Sample Preparation

Commercial Al-6061 alloy was supplied as extruded rods of 16 mm diameter conforming to ASTM
B221 [12]. The chemical composition, determined by optical emission spectroscopy, is presented in
Table 1. A total of 30 cylindrical tensile specimens were machined to ASTM E8/E8M sub-size
dimensions (gauge length 25 mm, gauge diameter 6.25 mm), and 30 disc specimens (10 mm thickness)
were prepared for hardness testing. All specimens were ground to Ra 0.8 um and randomly divided into
three groups: as-quenched (AQ), conventional T6, and gradual treatment, with five specimens per
condition per test.

Table 1. Chemical composition of Al-6061 alloy (wt%).

Element Al Mg Si Fe Cu Mn Cr Zn Ti
wit% Bal. 1.02 0.63 0.48 0.28 0.08 0.18 0.04 0.02

2.2 Heat Treatment Procedures

Both routes shared a common solution treatment: 530 °C for 2 hours in a muffle furnace (x2 °C
accuracy), followed by water quenching at 25 °C with a quench delay below 5 seconds [13]. The
complete temperature-time profiles for both routes are illustrated in Figure 4.
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Figure 1. Temperature-time profiles for (a) conventional T6 treatment and (b) gradual stepwise heat treatment, showing
solution treatment, water quenching, and aging stages. The gradual route employs three distinct aging steps at 140 °C, 160
°C, and 180 °C, each targeting a specific stage of the precipitation sequence.

For the conventional T6 treatment, specimens were aged at 175 °C for 8 hours in a forced-air
circulating oven, then air-cooled. For the gradual treatment, a three-step aging protocol was designed
based on the established precipitation sequence in Al-Mg-Si alloys [6,15]: Step 1 at 140 °C for 3 hours
(promoting GP zone nucleation), Step 2 at 160 °C for 3 hours (facilitating transition to metastable '
precipitates), and Step 3 at 180 °C for 2 hours (allowing controlled coarsening to optimal size). The total
aging time of 8 hours matched the conventional treatment for fair comparison. Table 2 summarizes both
schedules.

Table 2. Heat treatment schedules for the two aging approaches.

Treatment Solution Quench Aging
Conventional (T6) 530°C/2h Water 175°C/8h
Gradual 530°C/2h Water 140 °C/3h+ 160 °C/3h + 180 °C/2 h

2.3 Mechanical Testing

Tensile testing was performed per ASTM E8/E8M [13] using an Instron 5985 universal testing
machine with a 100 kN load cell at a crosshead speed of 1 mm/min. UTS, YS (0.2% offset), and
percentage elongation were recorded. Vickers hardness was measured per ASTM E384 [16] using a
Wilson VH3300 tester with 500 gf load and 15 s dwell; ten indentations per specimen were averaged.
Statistical analysis used one-way ANOVA (a = 0.05) with Tukey’s HSD post-hoc test.

3. Results

3.1 Tensile Properties

The tensile test results are summarized in Table 3 and illustrated in Figures 1 and 2. The as-quenched
specimens exhibited the lowest strength (UTS 185 + 6 MPa, YS 85 + 4 MPa) but the highest ductility
(22.4 = 1.2%). The T6 specimens reached UTS of 265 + 4 MPa and YS of 245 =+ 5 MPa, while the
gradual specimens achieved UTS of 285 £ 5 MPa and YS of 262 + 6 MPa. The UTS difference between
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T6 and gradual was statistically significant (p < 0.01). Notably, elongation was comparable (14.2% vs.
14.8%, p = 0.34), indicating that the additional strength was not paid for in ductility.
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Figure 2. Engineering stress-strain curves of Al-6061 under as-quenched, conventional T6, and gradual heat treatment
conditions. The gradual treatment achieves higher peak stress with comparable fracture strain to T6.
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Figure 3. Comparison of (a) UTS, (b) YS, and (c) elongation across conditions. The +7.5% and +6.9% improvements are
statistically significant (p < 0.01), while elongation shows no significant difference (n.s.).

Table 3. Mechanical properties of Al-6061 under different heat treatment conditions (mean = SD, n =5).

Condition UTS (MPa) YS (MPa) Elongation (%0) Hardness (HV)
As-Quenched 185+6 85+4 224+1.2 58 +2
Conventional T6 265+4 245+5 148+1.0 982
Gradual 285+5 262+6 142+0.8 107+3

3.2 Hardness

Vickers hardness followed a trend consistent with the tensile results, as shown in Figure 3. The AQ
specimens measured 58 + 2 HV, reflecting the soft supersaturated condition. The conventional T6
specimens reached 98 + 2 HV, a 69.0% increase over AQ. The gradually treated specimens achieved
107 £ 3 HV, an 84.5% increase over AQ and a 9.2% improvement over T6. This difference was
statistically significant (p < 0.01). The hardness improvement is consistent with the Orowan
strengthening mechanism: a finer and more densely distributed precipitate population reduces the inter-

precipitate spacing, increasing resistance to localized plastic deformation during indentation [17,18].
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Figure 4. Vickers hardness comparison across heat treatment conditions. The gradual treatment shows a statistically
significant 9.2% improvement over T6 (p < 0.01).

3.3 Fracture Surface Analysis

Fractographic examination using SEM revealed predominantly ductile fracture modes for all
conditions, characterized by dimple formation typical of microvoid coalescence. However, noticeable
differences were observed in dimple size and distribution. The AQ specimens exhibited large, deep
dimples (~12 um average diameter), consistent with extensive plastic deformation and high ductility.
The T6 specimens showed significantly smaller dimples (~5 pm) with a bimodal distribution mixing
large and small dimples, suggesting non-uniform precipitate distribution. The gradual specimens
displayed intermediate dimple morphology (~7 um) with a notably more uniform distribution compared
to T6, consistent with the combination of higher strength and maintained ductility. This uniformity
suggests a more homogeneous precipitate population that resists dislocation motion uniformly without
creating localized stress concentrations [19,20].

4. Discussion

The numbers are not trivial. A 7.5% gain in UTS and 9.2% in hardness, with no drop in ductility,
is hard to ignore for an alloy that has been optimized for decades. The question is why the gradual
treatment works when T6 has been stuck in the same trade-off.

It comes down to precipitate distribution. In conventional T6, the single aging temperature produces
a bimodal spread: many small, coherent B ” precipitates that strengthen the matrix through Orowan
looping, and a smaller fraction of larger, semi-coherent B ' particles that act as stress concentrators
and reduce ductility [5,15,18]. The gradual route changes this balance. The first step at 140 ° C
generates a high density of GP zones that serve as nucleation sites. The 160 ° C step grows these into
metastable B " precipitates, and the final 180 ° C step allows controlled coarsening. The result is a
finer, more uniform precipitate population overall. Orowan strengthening goes up, which explains the
higher hardness and UTS, but stress concentrators are reduced, so ductility stays intact. The temperature-
time profile in Figure 4 makes the difference clear: T6 applies a single driving force, while the gradual
route builds the precipitate structure through three calibrated steps.

Our results partially agree with Ozturk et al. [1], who also reported hardness improvements in multi-
step aged Al-6061 but did not retain comparable ductility. The difference likely stems from their larger
temperature increments, which probably caused excessive coarsening in the final step and cancelled any
ductility benefit. The broader literature on interrupted aging in aluminum alloys supports this: a well-
timed thermal break can refine precipitate distribution and improve the strength—ductility balance
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[10,11]. The 7.5% UTS gain we measured sits at the high end of what has been reported for two-step
protocols in related Al-Mg-Si systems [8,22], so adding a third step seems to help. Whether four or five
steps would improve things further, we did not test.

From a production standpoint, the gradual treatment is not a burden. The total aging time is still 8
hours, matching T6. The temperature range (140-180 °C) fits any standard industrial furnace. The
property gains come without sacrificing ductility, which means designers can spec thinner sections or
simplify forming operations. The only extra requirement is programmable temperature ramping, which
most modern shops already have. Energy consumption is essentially the same, since both routes run for
the same duration in the same temperature window.

There are gaps. The microstructural work here was mainly qualitative (fractography). A TEM study
to quantify precipitate sizes and number densities would tighten the argument. We also did not test long-
term thermal stability or corrosion resistance, both of which matter in real applications.

5. Conclusions

This study compared the mechanical properties of Al-6061 alloy subjected to gradual stepwise
aging against conventional T6 treatment. The following conclusions are drawn:

(1) The gradual three-step aging (140 °C/3 h + 160 °C/3 h + 180 °C/2 h) resulted in 7.5% higher
UTS (285 + 5 MPa vs. 265 + 4 MPa, p < 0.01).

(2) Vickers hardness increased from 98 + 2 HV (T6) to 107 + 3 HV (gradual), a 9.2% improvement
(p <0.01).

(3) Ductility was maintained at comparable levels (14.2 + 0.8% vs. 14.8 + 1.0%, p = 0.34),
confirming the gradual approach decouples the strength-ductility trade-off.

(4) Temperature-time profiles and fractographic analysis confirmed that gradual treatment produces
a more homogeneous precipitate distribution through sequential nucleation and controlled growth,
explaining the simultaneous improvement in strength and retention of ductility.
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