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Abstract: This study was conducted for high temperature aging (HTA) to simultaneously reduce
current treatment time and increase the tensile ductility of 7075 aluminum alloy. Various high
temperatures and different durations for artificial aging were compared. We investigated the
microstructure and the tensile properties of 7075 aluminum alloy extruded rod after various HTAs,
and compared them with the outcomes of full annealing (O). The total elongation (TE) of the specimen
after solution heat treatment (490 ◦C, 1 h) and artificial aging (280 ◦C, 12 h) was about 25%. For full
annealing, it is known as 21%. The reason for this was the formation of the η phase in the matrix,
which had fewer large particles (Al-Cu phase). The hardening of HTA specimens is higher than
that of O, indicating necking resistance during homogeneous plastic deformation. Thereby, HTA
treatment increases the formability of 7075 aluminum alloy.
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1. Introduction

The 7075 aluminum alloy is a kind of precipitation-hardened aluminum alloy, with high specific
strength, and high fracture toughness. It is widely used for lightweight and high-strength structural
parts, such as aircraft wings, pipe fittings, and automotives [1–3]. The precipitation hardening
mechanism of 7075 aluminum alloy employs two strengthening phases, Guinier-Preston zones
(GP-zones), and an η′ phase, depicted by the precipitation sequence [4,5]: Supersaturated solid
solution→ GP-zones (spherical)→ η′ → η.

Here, the GP-zones are fully coherent with the Al matrix and the interface energy is low.
The main hardening precipitate, η′, is a metastable hexagonal phase, semi-coherent with the Al
matrix (a = 0.496 nm ∼= [211]/2Al; c = 1.40 nm ∼= 2[111]Al, where aAl = 0.405 nm) [6,7]. The equilibrium
phase, η, is a hexagonal laves phase, with a = 0.5221 nm, c = 0.8567 nm [8,9].

According to the industrial applications, the aging temperature ranges from 100 ◦C to 170 ◦C.
The T6 temper is produced by a peak aging treatment at 120 ◦C. The aging treatment for the T73
temper has the first aging step at low temperature (100 ◦C) followed by a second treatment at a higher
temperature (160–170 ◦C). Typically, the T73 temper is commonly one of post-process heat treatment
(PPHT) for 7075 aluminum alloy [10,11]. After PPHT, the notch sensitivity and the stress corrosion
resistance of the alloy are improved [12,13]. Bending and forging can easily make the 7075 aluminum
alloy crack. The bending position is used for making bumpers and other structural parts.

A large number of current papers address PPHT aiming at improving tensile ductility.
Full annealing is such a heat treatment, widely used for increasing ductility and decreasing plastic
deformation resistance. The full annealing of 7075 aluminum alloy is a two-step heat treatment [14,15],
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which is both time and energy consuming. Ertürk et al. [16] indicated that aging at 120 ◦C for 150 h
improves tensile ductility and workability of 7075 aluminum alloy more than natural aging and peak
aging. Thus, our goal was to develop a heat treatment with reduced time and increased tensile ductility
and formability. The tensile ductility of Al-Zn-Mg aluminum alloy and 2024 aluminum alloy was
greatly increased via solution treatment and water quenching (W heat treatment) [17,18]. The main
reason is that the solutes are completely dissolved in the matrix. The sample after W heat treatment
has a high initial elongation, but it processes natural aging behavior (mechanical properties increasing)
and causing lower workability.

The precipitation hardening mechanism for 7075 aluminum alloy mainly depends on the
interaction among the GP-zones, a part of the η′ phase, and the dislocation in the matrix. As the aging
temperature and time increase, the η phase replaces the GP-zones and the η′ phase. The precipitation
strengthening effect results in the deterioration of strength, that is, in improved ductility [19,20].

The goal of the present study is to evaluate the effects of varying temperature and aging time
during high temperature aging (HTA) (non-traditional and rapid) on the microstructure and tensile
properties of 7075 aluminum alloy. We chose full annealing as the reference treatment for comparison.
To meet the requirements of plastic processing, we need: (1) improved formability and (2) tensile
ductility of 25% or higher.

2. Experiment Procedure

Table 1 shows the chemical composition of the 7075 aluminum alloy extruded rod used.
The reference treatment was full annealing (O), and the other one was high temperature aging (HTA).
The four HTA group names (HTA240-8, HTA280-6, HTA280-12, and HTA280-18) symbolize the four
sets of conditions used. The aging temperature was chosen by differential scanning calorimetry (DSC)
(Figure 1) [21] and by the aging hardness curve (Figure 2). The hardness results of HTA treatment at
280 ◦C were similar to those of full annealing. Table 2 shows the treatment procedures.

Table 1. Chemical composition of the 7075 aluminum alloy extruded rod (mass %).

Zn Mg Cu Cr Fe Si Al

5.80 2.53 1.64 0.23 0.09 0.05 Bal.

Table 2. Experimental conditions and specimen codes.

Symbol Procedure

HTA240-8 Heating at 490 °C for 1 h then quenching, and heating at 240 °C for 8 h and
air cooling.

HTA280-6 Heating at 490 ◦C for 1 h then quenching, and heating at 280 °C for 6 h and
air cooling.

HTA280-12 Heating at 490 ◦C for 1 h then quenching, and heating at 280 °C for 12 h and
air cooling.

HTA280-18 Heating at 490 ◦C for 1 h then quenching, and heating at 280 °C for 18 h and
air cooling.

O Heating at 415 ◦C for 2 h then furnace cooling at 20 °C/h cooling rate to
230 °C, holding for 6 h and furnace cooling.
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Figure 2. The aging hardness curves of the 7075 aluminum alloy extruded rod during different treatments.

The microstructure and the distribution of the second particle phase were examined by optical
microscope (OM, OLYMPUS BX41M-LED, OLYMPUS, Tokyo, Japan). The chemical compositions of
the second phase and the fracture surfaces were evaluated by a scanning electron microscope (SEM,
HITACHI SU-5000, HITACHI, Tokyo, Japan) equipped with an energy dispersive spectrometer (EDS).

X-ray diffraction (XRD, Bruker AXS GmbH, Karlsruhe, Germany) analysis with Cu Kα

(λ = 1.541838 Å) radiation was employed for 20◦ ≤ 2θ ≤ 90◦ to identify the phase transformation of
7075 aluminum alloy after HTA and O.

The microstructure and the chemical composition of the precipitate were analyzed by transmission
electron microscope (TEM, Tecnai F20 G2, EFI, Hillsboro, OR, USA). The TEM specimens were
mechanically thinned down to 100 µm in thickness. Disk of 3-mm diameter was subsequently thinned
by twin-jet electro-polishing, using a solution of 20% HClO4 and 80% ethanol at −25 ◦C. TEM was
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performed by an FEI EO Tecnai F20 G2 Field-Emission TEM (Tecnai F20 G2, EFI, Hillsboro, OR, USA),
operating at 120 KV.

Tensile tests were conducted at room temperature to clarify the effects of tensile force during
working processes like bending and forging. The axis of the tensile specimen was parallel to the
extrusion direction. The dimensions of the tensile specimen are shown in Figure 3. The tensile test was
performed with a universal testing machine (HT-8336, Hung Ta, Taichung, Taiwan) at an initial strain
rate of 1.7 × 10−3 s−1.
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Figure 3. Schematic illustration of the tensile rod specimen.

3. Results and Discussion

3.1. The Microstructure of 7075 Aluminum Alloy Extruded Rod after Various Post-Process Heat
Treatments (PPHTs)

Figure 4 shows the microstructure of 7075 Al alloy after O. Figure 4a shows the morphology of
the O specimen with average grain size of 62 µm. There are many second phase particles in the matrix,
as shown in Figure 4b. The morphology and the composition of second phase particles come from
the SEM/EDS (Figure 4c,d, and Table 3) and XRD data (Figure 5). The second phase particles can be
divided into two types: (1) Al-Cu composition, including Al2CuMg phase (lath-like or irregular) with
particle size from 1 µm to 5 µm and (2) Al-Zn-Mg-Cu phase (irregular) with particle size from 3 µm
to 10 µm. In addition, the smaller particles (<1 µm) are η phase (MgZn2) as determined by our XRD
analysis and the reports [22,23].

According to reports [15] and our own verification, the second phase particles and MgZn2 in the
matrix became coarse during two-step full annealing. The alloy in the matrix became much softer,
yielding higher ductility and improved formability.
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Figure 4. The morphology and the distribution of second phase particles for O specimen: (a,b) display
various magnifications; (c,d) display various second phase particles in the matrix.

Table 3. Energy dispersive spectrometer (EDS) data for specimens shown in Figure 4c,d.

Al Zn Mg Cu

A 59.4 0.6 21.0 19.0
B 81.2 0.7 1.4 16.7

Unit: at. %.
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Figure 5. XRD analysis of 7075 Al alloy extruded rod after various PPHTs.

Figure 6 shows the microstructures after various high temperature aging treatments. The morphology
of the four HTA specimens was similar, with average grain sizes between 52 µm and 56 µm. From the
SEM/EDS data, we found that the second phase particles of HTA specimens mainly included an Al2Cu
phase and an Al-Zn-Mg-Cu phase, as shown in Figure 7 and Table 4. In addition, there were many
other finer particles (<1 µm) in the matrix. Based on the literature [24,25] and our XRD data (Figure 5)
along with TEM analysis (Figure 8), the finer particles are an η phase with hexagonal close-packed
(HCP) structure and particles sizes from 100 nm to 150 nm.
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We infer that different heat treatments resulted in different microstructures for the O specimen and
the HTA specimens. The O specimen had an η phase and many larger particles, mainly Al2CuMg phase
and Al-Zn-Mg-Cu phase. In the matrix of the HTA specimens, we found a high-density distribution η

phase, an η′ phase, and a small amount of Al-Cu phase. The amount of the η phase and the η′ phase
varied by the aging temperature.
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(a) matrix; (b) [001]Al SADP.
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3.2. Tensile Properties of 7075 Aluminum Alloy Extruded Rod after Various PPHTs at Room Temperature

The deformation behavior of the plastic region at various PPHTs was determined by tensile
test [26–29]. Figure 9 reveals the stress-strain flow curve of the specimens after various PPHTs at room
temperature. These results indicate dynamic strain aging (DSA) in view of the tensile deformation
flow curves of all PPHT tensile specimens. Based on the literature [30,31], this phenomenon is a type A
serrated flow.
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Figure 9. Stress-strain flow curve of 7075 Al alloy extruded rod after various PPHTs.

The yield strength (YS) and the ultimate tensile strength (UTS) of the HTA240-8 specimen are the
highest, while those of the O specimen are the lowest, as seen in Figure 10a. The tensile strength of
the HTA specimens deteriorated by aging temperature between 240 ◦C and 280 ◦C. By increasing the
extent of aging, uniform elongation (UE) and total elongation (TE) also increased. Among all PPHT
specimens, HTA280-12 had the best performance (about 25% in TE), and HTA240-8 had the lowest
ductility, as shown in Figure 10b.

We wonder, what factors affected the ductility of the HTA280-18 specimen. From DSC analysis
(Figure 1) and the literature [22,32], at 240 ◦C, the endothermic reaction of HTA240-8 is actually the
dissolution of the η′ phase due to the highest strength. At 280 ◦C, the η phase was formed during the
peak of the exothermic reaction, and it replaced the η′ phase. Hence, the highest ductility was found in
HTA280-12 because a significant η phase was formed in the matrix. At aging temperatures beyond
280 ◦C, the dissolution of η becomes endothermic, inducing natural aging and lower ductility.
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3.3. The Tensile Fracture and the Working Hardness of PPHT Specimens

Figure 11 reveals the morphology of the fracture surface of tensile specimens. All tensile specimens
have obvious necking near the fracture plane. The fracture plane presents cup- and cone-type
ductile fractures.

Figure 12 shows the fracture surface of tensile specimens, including HTA 280-12, HTA240-8,
and O. There are many dimples on the fracture surface. The large second phase particles and the
precipitates are located near the dimples. From the previous study [33], the nucleation of microvoid
and microcrack located frequently at around the second phase particles. These defects form cracks
if they are induced by larger particles. From Figures 4 and 6, the O specimen has more large-size
phase particles than the HTA group has in the matrix. Hence, the O specimen could connect large
microvoids and microcracks into fractures. Thus, the O specimen has lower TE than HTA280-12,
even if HTA280-12 has higher strength.

In order to evaluate necking resistance during homogeneous plastic deformation [23], the work
hardening rate of all PPHT specimens was analyzed, see Figure 13. The work hardening curves of all
PPHT specimens during homogeneous plastic deformation decreases by plastic strain. HT240-8 has
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the highest rate at the beginning of a homogeneous plastic deformation, then it drops off immediately.
The work hardening rate of HTA specimens is higher than that of O, indicating higher necking
resistance. Thereby, HTA treatment increases the formability of the plate material and it will not
fracture easily during tensile deformation like forging and deep drawing [34].
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Figure 11. Macrostructures of tensile fracture of 7075 Al alloy extruded rod with various PPHTs:
(a) specimens after tensile test; (b) the fracture surfaces.

A schematic diagram in Figure 14 displays the relationships among formability, elongation,
and microstructure. The formability of 7075 aluminum alloy increases with aging temperature and
with aging time up to 280 ◦C for 12 h. The main reason is that the precipitates change from the
GP-zones and the η′ phase to a lesser η′ phase and a greater η phase. The precipitation strength
decreases, and the ductility increases. In addition, the HTA specimens have fewer large particles in the
matrix than the O does.
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Figure 14. A schematic diagram of the relationships among formability, elongation, and microstructure
for 7075 aluminum alloy after various PPHTs.

4. Conclusions

The microstructure and tensile properties of 7075 aluminum alloy extruded rod via various high
temperature aging and full annealing treatments were investigated and compared:

1. High temperature aging can decrease precipitate hardening by the formation of an η phase.
2. The high temperature aging at 280 ◦C, 12 h had fewer large particles (Al-Cu phase) in the

Al matrix than full annealing did. The nucleation of microvoid and microcrack was located
frequently around the large particles. The defects form cracks mainly and cause the fractures of
the sample. Hence, the high temperature aging at 280 ◦C, 12 h presented to be superior over full
annealing in regard to the work hardening rate and formability.

3. High temperature aging can increase ductility only in a temperature range. At aging temperatures
beyond 280 ◦C, the dissolution of η becomes endothermic, inducing natural aging and
lower ductility.
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