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Abstract: Concurrently improving the formability and post-formed strength of Al-Zn-Mg alloy
sheets is crucial for producing high-strength parts with complex shapes. A novel process of aging
warm-forming (AWF) to form solution heat-treated and water-quenched aluminum alloy sheets
is proposed in this paper. The as-quenched AA 7075 sheet was first pre-aged and then formed at
the desired temperature. The automotive paint–bake process was then utilized as the second aging
step to achieve the target strength of the formed part. Additionally, the post-formed strength and
warm formability of specimens under the AWF process conditions, as well as the warm-forming of
various heat-treated Al-Zn-Mg alloy sheets proposed in previous studies, were compared through
tensile and limit dome height tests. Precipitate characteristics of specimens subjected to different
warm-forming process conditions were examined to understand their impact on warm formability.
The warm formability of Al-Zn-Mg alloy sheets was significantly enhanced, and the post-formed
strength achieved was more than 90% of the strength of as-received AA 7075-T6 sheets under the AWF
process condition. The results demonstrated the feasibility of this novel AWF process to manufacture
Al-Zn-Mg alloy stamped parts for improved spring-back, formability, and good overall post-formed
strength. The results also indicate that microstructural characteristics in Al-Zn-Mg alloy sheets under
different warm-forming process conditions have a noticeable influence on warm formability and final
mechanical properties.

Keywords: aging treatment; aluminum alloy; formability; paint–bake

1. Introduction

The trend of reducing CO2 emissions in gasoline automobiles and enhancing the en-
ergy efficiency of electric vehicles through lightweight body design has become increasingly
prominent in the automotive industry over the past decade. With excellent properties such
as a high strength-to-weight ratio and recycling rate, Al-Zn-Mg alloys have emerged as
promising candidates to replace steel structural parts that demand a higher level of strength
to satisfy impact safety standards [1]. However, the application of this high-strength alu-
minum alloy, particularly in the production of products with complex shapes, is limited
due to poor formability and severe spring-back at room temperature. Several forming
processes to overcome this limitation have been proposed by enhancing the formability of
high-strength aluminum alloys at elevated temperatures [2].

Warm-forming a peak-aged (T6) Al-Zn-Mg alloy sheet at temperatures ranging from
approximately 180 ◦C to 250 ◦C is a process for manufacturing lightweight structural parts.
This process has attracted attention from automotive parts manufacturers due to its ability
to enhance formability while maintaining sufficient strength within this temperature range,
e.g., the BMW-i8 door beam [3]. However, the strength of as-formed parts is reduced due to
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the coarsening of precipitates during the warm-forming process [4], and the effect becomes
more pronounced after the paint–bake (PB) treatment [5].

Several studies have proposed new processes to prevent the over-aging of post-formed
parts by considering the influence of the PB treatment on the warm-forming process
and utilizing under-aged aluminum alloy sheets for warm forming. Ivanoff et al. [6]
conducted research aimed at overcoming strength loss in AA 7075-T6 warm-formed parts
by combining characteristics of retrogression–re-aging treatment and the warm-forming
process of high-strength aluminum alloy. The strength loss of warm-formed parts was
attributed to the retrogression of AA7075-T6, while the subsequent strength recovery in the
PB response was considered as re-aging. It was discovered that the strength loss in warm-
formed parts, following the PB process, was kept within 5% of that of the received T6 sheets
through the appropriate selection of warm-forming parameters. Österreicher et al. [7]
and Lin et al. [8] investigated the warm-forming process of AA 7075 sheets, which were
pre-aged at temperatures ranging from 65 ◦C to 130 ◦C, along with pre-aging treatment
parameters, warm-forming conditions, and subsequent PB response. The results indicated
that the strength of AA 7075 warm-formed parts reached approximately 95% of that of
received T6 sheets through the combination of suitable pre-aging treatment, warm-forming
process parameters, and PB response. Furthermore, it was discovered that pre-aged AA
7075 sheets exhibited superior warm formability compared to AA 7075-T6 sheets under
identical forming conditions.

It appears to be efficient to enhance the warm-forming process through the mechanism
of multi-step aging treatment. However, the mechanism causing differences in formability
at elevated temperatures among sheets treated with various aging processes has not been
addressed in previous literature. In this paper, a novel aging warm-forming process for
Al-Zn-Mg alloy sheets is proposed based on the concept of multi-step aging treatment.
The final mechanical properties of the simulated aging warm-forming (AWF) processing
procedure are examined through uniaxial tensile tests under room temperature (RT). The
warm formability of the proposed process is evaluated through limit dome height tests,
and the plastic flow behaviors of Al-Zn-Mg alloy sheets under the AWF process condition
were estimated using warm tensile tests. Additionally, final strength and formability
tests under retrogression re-aging warm-forming (RRAWF) and pre-aging warm-forming
(PAWF) processes in previous studies are assessed. Transmission electron microscopy is
used to analyze the characteristics of the microstructure under different warm-forming
processes before and after PB treatment. Finally, the formability at elevated temperatures
of Al-Zn-Mg alloy sheets treated under various aging processes will be evaluated, and the
feasibility of the novel AWF process proposed in this paper will also be explored.

2. Material and Experimental Methods
2.1. Material and Specimen Design

AA 7075-T6 sheet material with a 2 mm thickness, which is the representative Al-Zn-
Mg alloy sheet for applications of high-strength aluminum stamped parts, was chosen for
use in the research. The sheets were supplied by Austria Metall AG (AMAG) Company,
(AMAG, Ranshofen, Austria) and the composition specifications of AA 7075 are shown in
Table 1. Rectangular specimens measuring 110 mm × 80 mm were prepared to simulate
the thermal history of pre-processing procedures, while round samples with a diameter of
100 mm were prepared for the limit dome height test.

Table 1. Chemical composition of high-strength aluminum alloy (mass contents in %; Bal. = Balance).

Composition Mg Zn Mn Cu Si Al

Content 2.1–2.9 5.1–6.1 0.03 1.2–2.0 <0.4 Bal.



Metals 2024, 14, 844 3 of 19

2.2. Experimental Details
2.2.1. AWF Processing Procedure

First, specimens were solution heat treated (SHT) at 480 ◦C ± 5 ◦C for 5 min, then
water quenched to room temperature (RT) to acquire W-tempered specimens. The heating
time to SHT temperature was controlled to 12 min for each specimen. To prevent the
occurrence of nature aging, W-tempered specimens were stored at RT less than 30 min.

Subsequently, W-tempered specimens were rapidly heated (heating time: 30 s) to the
target temperature of 180 ◦C for 1 min, followed by die cooling to simulate the thermal
history in the aging warm-forming process. Based on a previous study by Jiang et al. [9],
it was shown that W-tempered specimens subjected to a short-term pre-aging treatment
at 180 ◦C, followed by subsequent PB conditions, can achieve a final component strength
comparable to that of the as-received AA 7075-T6 sheet material. Therefore, 180 ◦C was
chosen as the target forming temperature for the AWF process in this research. Finally,
die-cooled specimens were subjected to a simulated PB treatment at 185 ◦C for 20 min. A
schematic illustration of the AWF process is presented in Figure 1a.

Specimens with a gauge length of 25 mm were machined from the processing proce-
dure and as-received T6 specimens, with the principal axis aligned in the rolling direction.
Figure 1b shows the design of tensile specimens according to the ASTM sub-sized standard.
The mechanical properties of specimens after AWF and PB treatments were evaluated
through uniaxial tensile tests conducted at room temperature with a strain rate of 0.01/s.
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Figure 1. (a) Schematic illustration of aging warm-forming process; (b) Dimensions of tensile test
specimen (unit: mm).

2.2.2. Formability and Flow Behavior of Aging Warm-Forming Process

The formability of the AWF specimens was evaluated through a limit dome height
(LDH) test on an 80-ton hydraulic press (Amino UTM-855, Shizuoka Prefecture, Japan).
The forming tooling system (Figure 2a) was first heated to the target forming temperature
of 180 ◦C utilizing installed electric resistance heating cartridges. It was also equipped with
thermocouples for tooling temperature control. Graphite lubricant, commonly used as a
lubricant under elevated forming conditions for aluminum alloys, was brushed on forming
tools before experiments were performed. The specimen was transferred into the forming
tooling system within 30 min after being SHT and water quenched. Subsequently, it was
heated to the desired temperature of 180 ◦C rapidly in contact with forming tools (heating
rate: 3 ◦C/s) and soaked for the target time of 1 min. The warm LDH test then started
with a punch speed of 1.5 mm/s and blank holder pressure of 145 bar with a draw-bead to
prevent material from flowing into the die cavity.
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Figure 2. Forming tooling system of LDH test, (a) photo of forming tooling system; (b) geometry of
tooling system (unit: mm).

To further investigate the plastic flow behaviors of Al-Zn-Mg alloy sheets under AWF
conditions, warm tensile tests were also carried out on the Gleeble® 3500-GTC system
(Dynamic Systems Inc., Poestenkill, NY, USA). Warm tensile specimens with a gauge
length of 20 mm and a width of 10.28 mm (Figure 3a) were cut from AA 7075-T6 with the
principal axis aligned in the rolling direction, solution heat-treated, and water quenched.
Subsequently, deformation was started after heating specimens to 180 ◦C with a heating
rate of 3 ◦C/s and holding for a minute, as shown in Figure 3b. These parameters were
chosen to simulate the heating of specimens in the forming limit test tooling system. The
heating rate was controlled by a thermocouple welded onto the center of the reduction area
of the tensile specimen. Warm tensile tests were conducted at strain rates of 0.1/s, 1/s, and
5/s strain rate sensitivity tests. A photograph of the setup is shown in Figure 3c.
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The simulated processing procedure, warm formability, and warm tensile tests were
also implemented for the retrogression–re-aging warm-forming (RRAWF) and pre-aged
warm-forming (PAWF) processes. These tests were conducted under the optimal process
conditions (Table 2) of RRAWF [6] and PAWF [7] proposed in previous studies. Under these
conditions, superior warm formability was achieved, and the final component strength
was controlled within a 10% loss compared to the as-received AA 7075-T6 sheets. These
results were compared with those obtained from the AWF process. At least five repeats for
each test were carried out to ensure consistency.

Table 2. Parameters of experimental tests under different processing procedures.

Process Heat Treatment Heating Method Forming Conditions PB Treatment

Simulated processing
procedure

RRAWF T6 Contact heating 1 220 ◦C/30 s 185 ◦C/20 min

PAWF Pre-aged
(120 ◦C/2 h) Contact heating 1 220 ◦C/1 min 185 ◦C/20 min

AWF W-temper Contact heating 1 180 ◦C/1 min 185 ◦C/20 min

LDH test

Cold forming T6 - - -
W-temper - - -

RRAWF T6 Contact heating 1 220 ◦C/30 s -

PAWF Pre-aged
(120 ◦C/2 h) Contact heating 1 220 ◦C/1 min -

AWF W-temper Contact heating 1 180 ◦C/1 min -

Warm tensile test

RRAWF T6 Heat rate 3 ◦C/s 220 ◦C/30 s -

PAWF Pre-aged
(120 ◦C/2 h) Heat rate 3 ◦C/s 220 ◦C/1 min -

AWF W-temper Heat rate 3 ◦C/s 180 ◦C/1 min -
1 Contact heating rate ~3 ◦C/s.

2.2.3. Differential Scanning Calorimetry

DSC samples with dimensions of 3 mm (length) × 3 mm (width) × 2 mm (thickness)
were cut from simulated AWF, PAWF, and RRAWF simulated processing procedure spec-
imens and cleaned with ethanol. The DSC tests were conducted on a TA Instruments
Q20 Differential Scanning Calorimeter (TA Instruments, New Castle, DE, USA) by heating
samples from room temperature to 600 ◦C at a heating rate of 10 ◦C/min. The precipitation
states of specimens from different warm-forming procedures were preliminarily under-
stood through DSC analysis. For comparison, as-received AA 7075-T6 samples were also
prepared for testing.

2.3. Microstructure Examination

Samples taken from the as-received AA 7075-T6 and AWF, PAWF, and RRAWF sim-
ulated processing procedures specimens (both before and after PB treatment) were first
ground to a thickness of ~70 µm, and then disks with a diameter of 3 mm were punched.
After that, these discs were electro-polished in a Double Jet Polisher (E.A. Fischione Instru-
ments, Inc., Export, PA, USA) at −20 ◦C and an operating voltage of 12 V with an electrolyte
consisting of a mixture of 33% concentrated nitric acid and 67% methanol until they became
electron-transparent. Microstructure examinations of specimens were conducted utilizing a
transmission electron microscope JEOL JEM 2100 F (Japan Electron Optics Laboratory Co.,
Tokyo, Japan). In addition, the grain structure of specimens under different warm-forming
processing procedures was evaluated via electron backscatter diffraction (EBSD) analysis
using a HITACHI Regulus 8100 field emission scanning electron microscope (SEM) (Hi-
tachi High-Tech Co., Tokyo, Japan). The microstructural examination of specimens under
simulated processing procedure conditions is shown in Table 3.
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Table 3. Simulated processing procedure conditions for DSC, TEM, and EBSD analysis.

Process Heat Treatment Forming Conditions PB Treatment Microstructure Examination

As-received AA 7075-T6 - - - DSC, TEM

RRAWF T6 220 ◦C/30 s
- EBSD, TEM
✓ DSC, TEM

PAWF
Pre-aged

(120 ◦C/2 h) 220 ◦C/1 min
- EBSD, TEM
✓ DSC, TEM

AWF W-temper 180 ◦C/1 min
- EBSD, TEM
✓ DSC, TEM

-: not treated/ included. ✓: treated.

3. Results
3.1. Flow Behaviour of Al-Zn-Mg Sheets under AWF Process

The flow behavior of Al-Zn-Mg sheets under AWF, PAWF, and RRAWF process condi-
tions with strain rates of 0.1/s, 1/s, and 5/s was evaluated through warm tensile tests. The
obtained true stress–strain curves are presented in Figure 4a–c, and true uniform elongation
is illustrated in Figure 4d. The results indicate that specimens under the AWF process
condition exhibit superior ductility, followed by PAWF and, finally, RRAWF. Moreover, the
result is not affected by the studied range of strain rates.

Metals 2024, 14, x FOR PEER REVIEW 6 of 19 
 

 

microscope (SEM) (Hitachi High-Tech Co., Tokyo, Japan). The microstructural examina-
tion of specimens under simulated processing procedure conditions is shown in Table 3. 

Table 3. Simulated processing procedure conditions for DSC, TEM, and EBSD analysis. 

Process Heat Treatment Forming Conditions PB Treatment Microstructure Examination 
As-received AA 7075-T6 - - - DSC, TEM 

RRAWF T6 220 °C/30 s 
- EBSD, TEM 
✓ DSC, TEM 

PAWF 
Pre-aged 

(120 °C/2 h) 
220 °C/1 min 

- EBSD, TEM 
✓ DSC, TEM 

AWF W-temper 180 °C/1 min 
- EBSD, TEM 
✓ DSC, TEM 

-: not treated/ included. ✓: treated. 

3. Results 
3.1. Flow Behaviour of Al-Zn-Mg Sheets under AWF Process 

The flow behavior of Al-Zn-Mg sheets under AWF, PAWF, and RRAWF process con-
ditions with strain rates of 0.1/s, 1/s, and 5/s was evaluated through warm tensile tests. 
The obtained true stress–strain curves are presented in Figure 4a–c, and true uniform elon-
gation is illustrated in Figure 4d. The results indicate that specimens under the AWF pro-
cess condition exhibit superior ductility, followed by PAWF and, finally, RRAWF. Moreo-
ver, the result is not affected by the studied range of strain rates. 

  
(a) (b) 

 
 

(c) (d) 

Figure 4. The stress–strain curve with strain rates of (a) 0.1/s, (b) 1/s, (c) 5/s, and (d) true uniform
elongation of Al-Zn-Mg sheets under AWF, PAWF, and RRAWF processes.
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The plastic anisotropy of Al-Zn-Mg alloy sheets under different strain rates for AWF,
PAWF, and RRAWF process conditions was further evaluated based on Lankford coeffi-
cients R-value [10], which were determined using the following equation:

R =
εw

εt
(1)

where εw and εt are the true strain in the width and thickness direction, respectively. Lank-
ford coefficients determined under different strain rates for AWF, PAWF, and RRAWF
process conditions are illustrated in Table 4. The highest value is achieved under the AWF
process condition, followed by PAWF and RRAWF, and it slightly increases with strain rates.

Table 4. Lankford coefficients under different strain rates for AWF, PAWF, and RRAWF process.

Process 0.1/s 1/s 5/s

AWF 1.16 0.91 0.86
PAWF 0.85 0.77 0.72

RRAWF 0.49 0.55 0.54

To investigate strain hardening characteristic and strain rate sensitivity of Al-Zn-Mg
alloy sheets under AWF, PAWF, and RRAWF process conditions, we determined true
stress–strain curves utilizing the extended Hollomon equation [11] as follows:

σ = Kεn .
ε

m (2)

where σ is true flow stress, ε is true plastic strain, and
.
ε is the strain rate. n represents the

work-hardening exponent, indicating the work-hardening degree under the same plastic
deformation, m is the strain rate sensitivity exponent, and K is the strength coefficient.

Calculated n-value and m-value are shown in Figures 5a and 5b, respectively. It shows
that the highest n value is achieved under the AWF process condition, followed by PAWF
and RRAWF, and the result is not affected by the studied range of strain rates. The results of
the n-value show similar trends with uniform elongation and Lankford coefficients. It is
known that strain hardening prevents early necking, and higher n-values have a positive
effect on formability [7]. The m-values obtained under different strain rates for AWF, PAWF,
and RRAWF process conditions fall within the range of 0.015~0.025. This result indicates
that under these three forming process conditions, the material exhibits low strain rate
sensitivity, with deformation behavior closely resembling that observed in cold-forming
processes of sheet metal. The deformation behavior across the studied range of strain rates
for the AWF, PAWF, and RRAWF process condition corresponds with the strain rate-forming
temperature deformation mechanism map [12]. The results of the m-value also show similar
trends with uniform elongation and Lankford coefficients. It can be inferred that Al-Zn-Mg
alloy sheets have the best formability subjected to the AWF process condition, and the
influence of the studied range of strain rates on this outcome is negligible.

The true strain–stress curve of as-received AA 7075-T6 specimens under a strain rate
of 0.01/s at RT and a strain rate of 5/s at the AWF process condition is further compared
and shown in Figure 6. It can be seen that under the AWF process condition, even at a
higher strain rate of 5/s, the elongation is still higher compared to the as-received AA
7075-T6 at a relatively low strain rate of 0.01/s. This demonstrates that the formability of
Al-Zn-Mg alloy sheets can be significantly enhanced under AWF process conditions.
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3.2. Spring-Back Analysis of Al-Zn-Mg Sheets under the AWF Process

The spring-back of Al-Zn-Mg alloy stamped parts can significantly affect the precision
of vehicle body assembly. Analyzing the spring-back behavior of specimens under the
AWF process condition is highly important. Based on the research from the previous
literature [13], spring-back in Al-Zn-Mg alloy sheets is related to the Young’s modulus and
strength. A comparison of Young’s modulus obtained from warm-forming tensile tests
under different strain rates for AWF, PAWF, and RRAWF process conditions was conducted,
as shown in Figure 7.

Young’s modulus of PAWF and RRAWF process conditions are similar. However, it
is also evident that the strength of the material is much lower under the PAWF process
condition from the stress–strain curves. It is known that the elastic strain is positively
correlated to the degree of spring-back when the material has a similar Young’s modulus
but lower strength. Therefore, components formed under RRAWF conditions exhibit
more pronounced spring-back compared to those formed under PAWF conditions. Under
the AWF process condition, Young’s modulus is lower compared to PAWF and RRAWF.
However, the markedly reduced strength under the AWF process condition complicates
direct comparisons of spring-back with the other two process conditions.
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Further investigation was carried out by calculating the spring-back elastic strain εe
under the assumption of ideal unloading behavior, as determined by the following equation:

εe =
σ

E
(3)

where σ is true stress, selected at a true strain of 0.08 under different strain rates for AWF,
PAWF, and RRAWF process conditions. E is Young’s modulus. The results are illustrated in
Table 5.

Table 5. Calculated spring-back elastic strain εe under different strain rates for AWF, PAWF, and
RRAWF process conditions with σ chosen at a true strain of 0.08.

Process 0.1/s 1/s 5/s

AWF 0.033 0.030 0.028
PAWF 0.038 0.036 0.034

RRAWF 0.045 0.046 0.043

The findings reveal that specimens subjected to the AWF process condition exhibit
the lowest elastic strain, followed by those subjected to the PAWF and RRAWF conditions,
respectively. Notably, the results are not affected by the studied range of strain rates. It
can be concluded that Al-Zn-Mg alloy sheets processed under AWF conditions result in
stamped components with reduced spring-back, thereby enabling more effective control of
dimensional accuracy.

3.3. Warm Formability of Al-Zn-Mg Sheets under the AWF Process

The LDH test is considered an effective measurement for determining formability
in sheet metal forming. As-received T6 and W-temper specimens were formed using the
LDH forming tooling system at room temperature and were compared with the warm
formability of specimens subjected to AWF, PAWF, and RRAWF process conditions. LDH
values from different forming conditions are revealed in Figure 8. The formability of
specimens under all warm-forming conditions is significantly improved in comparison
with the LDH value of the T6 specimen at RT. However, the LDH values of PAWF and
RRAWF showed a minimal difference from that of the W-temper at RT. The maximum LDH
value of 22.1 mm achieved under the AWF process condition is 10–15% higher than those
obtained under the PAWF and RRAWF process conditions. The result indicates that the
formability of Al-Zn-Mg alloy sheets can be substantially improved by the AWF process.
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3.4. Final Mechanical Properties

The mechanical properties of as-received T6 specimens and specimens of different
warm-forming processing procedures are presented in Figure 9.

The as-received Al 7075-T6 yield strength (YS) is 540 MPa, and the ultimate tensile
strength (UTS) is 580 MPa. Compared to as-received specimens, specimens of different
warm-forming procedures show a 4~10% loss of the UTS.

The YS and UTS of specimens subjected to the AWF process condition are 430.9 MPa
and 540.7 MPa, respectively, which achieves approximately 93% of the initial UTS of the as-
received T6 specimen. The final mechanical properties are also further compared to those of
PAWF and RRAWF specimens. The UTS of specimens for different warm-forming process
conditions show little difference. However, the YS of the AWF specimens is significantly
lower than that under other warm-forming conditions. This difference might be attributed
to the microstructural evolution induced by the varying warm-forming conditions.
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3.5. Microstructural Observation
3.5.1. EBSD

The effects under the AWF, PAWF, and the RRAWF process conditions on the grain
sizes were analyzed using EBSD measurements. Figure 10 shows the EBSD images (Band
contrast [BC] + inverse pole figure [IPF] + Grain boundaries [GB]) of specimens under
different warm-forming process conditions. The grain size of as-received AA 7075-T6
sheets was measured at 7.3 µm. Specimens subjected to AWF, PAWF, and RRAWF process
conditions exhibited grain sizes of 7.6 µm, 8.7 µm, and 6.4 µm, respectively. The grain sizes
exhibit minimal variation under different warm-forming process conditions.
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3.5.2. Microstructures before PB Treatment

Figure 11a1–c1 shows TEM dark field (DF) images of samples from specimens under
AWF, PAWF, and RRAWF process conditions without simulated PB treatment. For both
samples under RRAWF and PAWF process conditions (Figure 11a1,b1) shows uniformly
and evenly distributed platelet and rod precipitates in the matrix with average matrix
precipitates (MPts) size of 7.1 nm and 6.2 nm, respectively. However, the MPts morphol-
ogy of samples from specimens under the AWF process condition (Figure 11c1) shows
spherical and platelet precipitates evenly distributed in the matrix with average MPts of
5.3 nm. It differs significantly from the samples of specimens under the PAWF and RRAWF
process conditions.

High-resolution TEM (HRTEM) was used for further observation to clarify the main
precipitates in the matrix of samples, as shown in Figure 11a2–c2. Figure 11a2,b2 reveals
that the main MPts of samples under RRAWF and PAWF process conditions are identified
as η′ and η phases. Dissimilar phases are seen in the HRTEM image of samples under the
AWF process condition (Figure 11c2). The main MPts of samples are identified to be GP
zones and η′ phases.
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3.5.3. Microstructures after PB Treatment

TEM DF images and HRTEM images of as-received T6 specimens and specimens under
AWF, PAWF, and RRAF process conditions following simulated PB treatment are shown in
Figure 12. For the as-received T6 specimen, the MPts with a size of ~6.9 nm are uniformly
distributed in the matrix. Compared to corresponding specimens without simulated PB
in Figure 11, PB treatment has some impact on the characteristics of microstructures. For
specimens under the RRAWF process condition, the coarsened mean size of MPts has been
observed to be 10.2 nm. The mean size of MPts subjected to the PAWF process condition,
at 5.2 nm, shows nearly no difference compared to before the simulated PB treatment.
However, the HRTEM images reveal that, in addition to the η′ and η phases, some GP
zones also precipitate in the matrix after the PB treatment. After the PB process, the mean
size of MPts at 4.5 nm is evenly distributed within the matrix for the AWF process samples,
as shown in Figure 12d2. More precipitates are observed in the matrix after the PB treatment.
This indicates that there is further precipitation of more precipitates in the matrix after the
PB treatment.

3.6. Results of DSC Tests

Figure 13 shows DSC curves of as-received T6 specimens and specimens under AWF,
PAWF, and RRAWF process conditions after simulated PB treatment. The results were ana-
lyzed in conjunction with microstructure examinations in Section 3.4. From the DSC results
of a previous study [14], it was found that the formation of GP zones, η′ phases, and η phases
correspond to exothermic peaks around temperature intervals of 20–120 ◦C, 120–250 ◦C, and
150–300 ◦C, respectively. The endothermic peaks around temperature intervals of 50–150 ◦C,
200–250 ◦C, and 300–350 ◦C correspond, respectively, to their dissolution.
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Figure 13. DSC results of as-received T6 and specimens subjected to AWF, RRAWF, and PAWF
process conditions.

The DSC curve of the as-received T6 specimen shows 3 main typical effects marked “2”
to “4” in the temperature range. Peak “2” around 200 ◦C can be related to the dissolution
of η′ phase. It is very significant since η′ phases are the primary strengthening phase
in as-received AA 7075-T6 sheets. Peak “3” around 260 ◦C is reported to indicate the
transformation into coarser η phases. Broad endothermic peak “4” between 310 ◦C and
450 ◦C is considered to correspond to the dissolution of η phases.

The DSC curves of RRA and PA warm-forming specimens show a similar trend to
that of the T6 specimen but with some noticeable changes. The temperature of peak “2c”
is higher than peak “2” due to coarsening η′ phases under the RRAWF process condition.
It is interesting to note that a broad endothermic peak “1a” between 75 ◦C and 125 ◦C
appears in the specimen’s curve under the AWF process condition. The peak is related
to the dissolution of GP zones. This indicates the presence of GP zones within the AWF
specimen, which is highly consistent with the observations from TEM and HRTEM.
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4. Discussion

GP zones and the η′ phase are widely recognized as primary strengthening phases
of Al-Zn-Mg alloys [15]. Fine GP zones and η′ phase precipitation follow a sequential
process during aging [16]: supersaturated (SSSS) → GP zones → metastable η′ phase
(MgZn2) → stable η phase (MgZn2). According to the precipitation theory proposed by
Chemingui et al. [17], the nucleation and distribution density of precipitates like the η′

phase are closely related to the nucleation of GP zones. This suggests that GP zones act
as critical precursors to the formation of η′ phases. The nucleation of GP zones typically
requires several hours at temperatures ranging from 107 to 120 ◦C [18]. At higher aging
temperatures, the nucleation time of GP zones can be shortened, potentially leading to
changes in precipitation morphology. Werenskiold et al. [19] indicated that GP zones
below a critical size dissolve in the matrix, while those above the critical size remain
and transform into η′ phases. This provides a clear explanation of the microstructure
morphology of specimens subjected to the AWF process before PB treatment, showing
quantitative GP zones and a small number of η′ phases are observable within the matrix, as
depicted in Figure 11c1,c2.

Figure 4 illustrates the flow behavior of Al-Zn-Mg alloy sheets subjected to different
strain rates for AWF, PAWF, and RRAWF process conditions. The results indicate that
Al-Zn-Mg alloy sheets exhibit work-hardening behavior under all warm-forming process
conditions. The work-hardening behavior is known to be influenced by key factors such
as precipitates, grain size, and solute atoms. Grain sizes of specimens subjected to the
AWF, PAWF, and RRAWF conditions, obtained via EBSD analysis, were determined to
be in the range of 6–9 µm. The variations in grain sizes are insufficient to impact work-
hardening [20] significantly and are, therefore, considered negligible. To further validate the
influence of precipitates on work-hardening behavior, graphs illustrating the relationship
between precipitate number density and average precipitate size, as well as the n-value,
are presented.

Figure 14 illustrates the relationship between the n-value and the number density
of MPts, demonstrating an exponential increase in the n-value as the precipitate number
density rises. Corresponding TEM analysis results prior to simulated PB treatment (Table 6)
indicate that the AWF process condition has the highest precipitate number density in
the matrix, followed by PAWF and RRAWF. The result elucidates why the AWF process
condition exhibits the highest n-value of flow behavior under different warm-forming
process conditions. It is well-established that an increase in dislocation density contributes
to work-hardening [21]. The rise in the n-value with the number density of precipitates
can be attributed to pre-existing precipitates within the matrix, which act as obstacles for
mobile dislocations and promote the multiplication of dislocations in the surrounding
matrix [22].
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Table 6. Statistic results about MPts and number of density of specimens under AWF, PAWF, and
PAWF before simulated PB treatment.

Process Main Phases Mean Size of MPts (nm) Number Density

RRAWF η′, η 7.10 ± 2.39 2.20 × 1022

PA WF η′, η 6.24 ± 3.00 3.24 × 1022

AWF GP Zone, η′ 5.3 ± 1.61 3.52 × 1022

The relationship between the n-value and the average size of MPts is illustrated in
Figure 15. It demonstrates that the n-value decreases with an increase in average MPts
size. TEM analysis results prior to simulated PB treatment (Table 6) indicate that the AWF
process condition has the smallest average size of MPts, followed by PAWF and RRAWF.
The result clearly elucidates the highest n-value of flow stress behavior exhibited under
the AWF process condition. Bahrami et al. [23] observed that the work-hardening behavior
decreases with an increase in the average precipitate radius until reaching a minimum
radius when the specimen is in the under-age regime due to the annihilation process
(dynamic recovery) becoming more difficult because dislocations must first pass through
precipitates to annihilate each other. Since specimens undergoing AWF, PAWF, and RRAWF
process conditions [24] are classified as being in the under-aged state, it provides a clear
explanation of the relationship between the n-value and the average size of MPts.
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The work-hardening exponent has been demonstrated in previous studies to exhibit
a clear relationship with formability capacity, suggesting that higher n-values may cor-
respond to improved formability [25]. The relation of work-hardening behavior to the
formability of Al-Zn- Mg alloys under AWF, PAWF, and RRAWF process conditions has
been studied. Figure 16 shows that the LDH value and the n-value exhibit linearly corre-
lated growth in the study. Based on the observed correlation between n-value, precipitate
morphology, and LDH values, it can be hypothesized that the varying formability of sheet
metal under different warm-forming processes is primarily influenced by the characteris-
tics of pre-existing precipitates in the matrix. Subsequent research will be conducted by
examining the connection between the forming limit diagrams for Al-Zn-Mg alloy sheets
obtained under AWF, PAWF, and RRAWF process conditions and the quantitative and
qualitative analyses of pre-existing precipitates in the sheets. The relationship between
these precipitates and the formability of the alloy sheets will be further investigated, and
a predictive formability model for Al-Zn-Mg alloy sheets at elevated temperatures with
different microstructural characteristics can be constructed to establish a process window
for processing design.
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The final ultimate tensile strength of specimens under the AWF process achieved a 10%
loss controlled to as-received AA 7075-T6 specimens, as shown in Figure 9. However, the
yield strength is much lower than that of the as-received AA 7075-T6. Since precipitation
strengthening dominates the hardening mechanism of Al-Zn-Mg alloy, according to the
precipitation hardening mechanism, the strengthening effect of precipitates on the yield
strength can be expressed by the following equation [26]:

σp = cf1/2r−1 (4)

where c is an alloy constant; f and r are the volume fraction and average size of MPts,
respectively. According to the equation, the strengthening effect of precipitates on yield
strength is enhanced with a reduction in the average size of MPts. Although the precipitate
size in AWF-treated samples is smaller than those in as-received AA 7075-T6 specimens (as
shown in Table 7), the volume fraction of precipitates, indicated by their number density
and average size, is significantly higher in the T6 specimens. The discrepancy leads to a
notable reduction in strength in the samples processed under the AWF process condition.

Table 7. Statistic results about MPts and number of density of specimens under AWF, PAWF, and
PAWF after simulated PB treatment.

Process Main Phases Mean Size of MPts (nm) Number Density

as-received AA7075-T6 η′, η 9.5 ± 2.1 1.038 × 1023

RRAWF η′, η 10.2 ± 1.8 6.41 × 1022

PAWF GP Zone, η′, η 5.2 ± 1.3 9.26 × 1022

AWF GP Zone, η′ 4.5 ± 1 6.21 × 1022

Based on the overall microstructure examination of samples under the AWF process
before (Figure 11c1,c2, Table 4) and after PB treatment (Figure 12d1,d2, Table 5), it is evident
that the number density of precipitates increases, indicating further precipitation occurs
after the PB treatment. This is in good agreement with results found by Österreicher
et al. [7], which show that combining pre-aging with PB treatment can lead to secondary
precipitation and achieve the desired strength. However, it still did not achieve a favorable
distribution of η′ phases in T6 specimens. Large quantities of GP zones are still present
within the matrix of samples under the AWF process. Optimization of the parameters
for the aging warm-forming process is still required. From previous research [27], it was
observed that dynamic precipitation and DSA (dynamic strain aging) stress emerge during
the deformation of Al-Zn-Mg alloy sheets, influenced by strain rate, significantly affecting
the forming behavior. It should be noted that the effects of dynamic precipitation, DSA, and
dislocations introduced [28] during warm-forming on the final mechanical properties have
not been considered in this study. Further investigation is needed, as these effects might
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influence flow behavior and contribute to improving the strength of parts formed under the
AWF process condition. The research integrating precipitation kinetics models to predict
microstructure characteristics under different AWF parameters [29], along with prediction
models for mechanical properties based on microstructural characteristics [30], is currently
underway to identify AWF process parameters that meet the mechanical properties of
the final product. It will be possible to incorporate the previously mentioned predictive
formability model incorporating pre-existing precipitates for Al-Zn-Mg alloy sheets in
future works. The optimal AWF process parameters can be determined at the process
design stage, thus ensuring that both the structural integrity and desired shape of the
component are achieved.

5. Conclusions

A novel aging warm-forming process of Al-Zn-Mg alloy sheets was conducted through
experimental investigation. The W-tempered Al-Zn-Mg alloy specimens were initially
subjected to a pre-aging treatment at specified conditions before being warm-formed at
the same temperature. Simulated PB treatment then served as the second aging step in
order for the formed part to achieve the target mechanical properties. In addition, proposed
RRA and PA warm-forming processes from previous studies were also involved in the
comparison. The conclusions are as follows:

1. The ultimate tensile strength (UTS) of the specimen treated with the proposed aging
warm-forming processing procedure achieved approximately 93% of AA7075-T6. A
good PB response was observed due to the secondary precipitation of pre-existing
precipitates in AWF specimens.

2. True uniform and fracture elongation, as well as the maximum LDH value, were
significantly enhanced under the AWF process compared with the RRA and PA
warm-forming processes. The formability of Al-Zn-Mg alloy sheets showed signifi-
cant improvement. This is primarily attributed to the characteristics of pre-existing
precipitates in the matrix in specimens subjected to AWF, RRA, and PA (pre-aging)
warm-forming processes.

3. The obtained results demonstrate the feasibility of the proposed novel AWF process to
manufacture Al-Zn-Mg alloy parts due to improved spring-back response, formability,
and good overall post-formed strength. It shows potential application in manufactur-
ing Al-Zn-Mg alloy sheet metal parts. However, there is still room for refinement in
this process.

Further research is needed to improve AWF process parameters to achieve the desired
component quality in the future. It may be focused on the following:

1. Establishing a predictive formability model for Al-Zn-Mg alloy sheets under elevated
temperatures based on the relationship between microstructural characteristics and
forming limit diagrams obtained under AWF, PAWF, and RRAWF process conditions.

2. Identifying AWF process parameters to meet the mechanical properties of the fi-
nal product by integrating precipitation kinetics models with prediction models for
mechanical properties based on microstructural characteristics.

It is possible to establish an optimal AWF process window during the process design
phase by integrating the two aforementioned strategies. This approach effectively ensures
that both the desired geometrical configuration of the final product and the requisite
mechanical strength of the component are simultaneously achieved.
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