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G R A P H I C A L   A B S T R A C T 

• Retrogression and re-aging (RRA) 

heat treatment improves both the 

mechanical strength and the stress-

corrosion resistance of the 7055 

aluminum alloy. 

• After RRA heat treatment, better 

distribution and composition changes 

of the precipitates have been 

achieved. 

• With the addition of Zr, this element 

remains within the grains during heat 

treatment and inhibits grain growth, 

thereby improving the mechanical 

properties and corrosion resistance of 

the aluminum alloy. 
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Due to its high strength and corrosion resistance, aluminum alloy 7055 is widely used in aerospace 

structures. However, its susceptibility to stress corrosion cracking (SCC) limits its performance. 

In this study, the combined effects of zirconium (Zr) addition and retrogression and re-aging 

(RRA) heat treatment on the microstructure, grain boundary precipitates, and stress corrosion 

resistance (SCR) of 7055 aluminum alloy were investigated. For property evaluation, 

microstructural characterization was carried out using scanning electron microscopy (SEM) and 

energy dispersive X-ray spectroscopy (EDS), while mechanical and stress corrosion tests were 

conducted according to ASTM standards. The results showed that Zr addition refined the grains 

and promoted the formation of Al3Zr particles within the matrix, inhibiting grain growth during 

heat treatment. RRA treatment accompanied by Zr addition improved the mechanical strength 

from 528 to 608 MPa and increased the stress corrosion resistance from 68 to 96 %. The 

combined effect of Zr addition and RRA treatment resulted in a more stable microstructure, with 

improved strength and resistance to stress-corrosion cracking. 
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1. Introduction 

 

Al–Zn–Mg–Cu alloys, AA7055 series, are disposed to 

severe localized corrosion, such as intergranular corrosion 

[1]. The low resistance to localized corrosion presents a 

difficulty for the application of Al–Zn–Mg–Cu alloys in the 

aerospace industry. A heat treatment operation rearranges the 

microstructure of the alloy in order to produce the best 

mechanical properties and stress corrosion resistance [2]. 

 Commercial T61 treatment can improve the strength, but it 

decreases the stress corrosion resistance [3]. Overaging 

treatment, such as T732, improves the stress corrosion 

resistance of aluminum alloys [4], but to simultaneously 

achieve a good stress corrosion resistance and strength, a 

retrogression and re-ageing (RRA) treatment is 

recommended [5]. The RRA temper is a T6 temper, which is 

then followed by a short time retrogression at a higher 

temperature, quenching in water or cooling air, followed by a 

reaging treatment similar to the T6 temper. Changes in 

precipitate microstructures during retrogression and reaging 

treatments have been reported by several studies [6,7]. 

Investigations show that fine ή precipitates inside the 

aluminum grains and some GP3 zones partially dissolve 

during retrogression and reprecipitate during the reaging 

process [8]. Finally, the η phase precipitates and grows in the 

grain boundaries [7]. Jun-chao et al. investigated the effect of 

Zr on mechanical properties and found that with Zr addition, 

significant improvements in the mechanical properties of the 

annealed alloys could be obtained [8]. Corrosion testing 

results show that, with Zr addition, the corrosion resistance of 

the as-annealed alloy decreases. 

Liu et al. found that Zr inhibited recrystallization and 

refined grain size, which in turn allowed subgrain boundaries 

to retard the propagation of the track and improve corrosion 

resistance [9]. Meanwhile, other researchers found that by 

vibrating the alloy, the grain boundary precipitates (GBPs) 

change from continuous to discontinuous, producing the 

proper width of the precipitate-free zone (PFZ), which 

increases the electrical conductivity and corrosion resistance 

[10]. Men-Zhen et al. added Yb/Zr particles into an Al series 

7000 alloy and found that grain refinement treatment has a 

severe effect on the increase of both strength and elongation 

[11]. They found that grain refiningincreased the ultimate 

tensile strength up to 705.3 MPa, and elongation up to 8.7 %, 

with Yb/Zr modification. Moreover, by adding Yb/Zr, the 

distribution of MgZn2 phases along grain boundaries became 

more discontinuous in the alloy, which prevented the 

propagation of intergranular corrosion and improving the 

corrosion resistance. 

In recent years, increasing attention has been paid to 

optimizing the combined mechanical and corrosion 

performance of 7xxx aluminum alloys through advanced heat 

treatments and microalloying strategies. Ren et al. 

systematically investigated the RRA treatment of AA7055 

[12]. They reported that an optimized retrogression 

temperature effectively modified grain boundary precipitates 

from continuous to semi-discontinuous morphologies, 

leading to a significant improvement in stress corrosion 

cracking resistance while retaining high strength. Meanwhile, 

Jiang et al. demonstrated that minor Zr addition promoted the 

formation of fine Al3Zr dispersoids, which effectively 

inhibited recrystallization and stabilized subgrain structures 

during subsequent heat treatments, resulting in enhanced 

corrosion resistance and mechanical stability [13]. More 

recently, Liu et al. studied the synergistic effect of RRA 

treatment and Zr microalloying in 7xxx alloys and found that 

Zr-containing alloys exhibited a narrower and more uniform 

precipitate-free zone (PFZ) after RRA, which played a critical 

role in suppressing intergranular corrosion propagation [14]. 

In addition, Rodinger et al. reported that the presence of Zr 

improved the thermal stability of η′ precipitates during 

retrogression, contributing to a better balance between 

strength and corrosion resistance compared with 

conventional RRA-treated alloys without Zr [15]. 

In this study, the combined effects of Zr addition and 

retrogression and re-aging (RRA) heat treatment on the 

microstructure and stress corrosion behavior of 7055 

aluminum alloy were systematically investigated. While 

previous studies have mainly focused on either Zr 

modification or RRA treatment alone, the present work aims 

to reveal the synergistic influence of Zr and RRA on grain 

boundary precipitation, phase composition, and stress 

corrosion resistance. This integrated approach provides new 

insight into the optimization of both mechanical strength 

and corrosion resistance in high-strength 7000-series 

aluminum alloys. 

 

2. Materials and methods  

 

2.1. Materials 

 

The aluminum material in this study was selected as 6 mm 

thick sheets. To prepare the sheets, they were first melted, and 

then alloyed, cast, homogenized, hot rolled, and heat treated.

__________________________________________________________ 
1 The T6 temper involves solution treatment, quenching, and low-

temperature aging, producing fine η′ precipitates and Guinier-Preston 
(GP) zones responsible for peak strength. 

2   The T73 temper represents an overaged condition obtained by extended 

aging at higher temperatures, forming coarser and more stable precipitates 

with improved stress‑corrosion resistance. 
3   GP zones are nanoscale clusters of solute atoms (Zn–Mg) that act as 

precursors for η′/η phases during artificial aging.



 M. Shakoory et al. / Journal of Particle Science and Technology 11 (2) (2025) 93-100 95 

The chemical composition of the alloy was the commercially 

available 7055 alloy (Table 1).  

An amount of 0.3 wt% Zr was added to the alloy after the 

melting for control of grain growth during heat treatment and 

solutionizing operations. For alloying preparation, an 

induction melting furnace with a 5 kg melting capacity was 

used.  

 

Table 1. Chemical composition (wt%) of the base 7055 aluminum 

alloy. 

Zn Mg Cu Zr Fe Si Mn Cr Ti Al 

7.6 2.0 1.6 0.08 0.10 0.05 0.05 0.04 0.03 Bal. 

 

2.2. Sample preparation 

 

For sample making, the molten metal was cast in a water-

cooled copper mould. After moulding, the as-cast specimens 

were homogenized at 490 ºC for 24 h and then hot rolled to 

about 35 % reduction. Hot rolling was performed by a lab 

rolling mill with a 50 rpm rolling speed at 440 ºC. The 

samples were then cut into tensile size according to ASTM 

E8M standard [16].  After cutting and preparing the samples, 

solution heat treatment was applied at 471 ºC for 6 h, and then 

the samples were quenched in water. The 6 percent 

predeformation was applied to samples before the next heat 

treatment, and then artificial aging at 120 ºC for 24 h was 

performed (T6 temper). After this operation, the RRA heat 

treatment was applied to the samples. The retrogression stage 

was carried out in a preheated air-circulation furnace at a 

precise temperature of 200 ± 2 °C for a duration of 40 min. 

Following this, the samples were rapidly water-quenched 

(quenching rate > 100 °C.s-1) to room temperature to retain 

the solute distribution achieved during retrogression. Finally, 

the samples underwent re-aging in an oil bath at 120 ± 1 °C 

for 24 h to complete the RRA cycle. The schematic of this 

process is shown in Fig. 1. 

Fig. 1. Scheme of the RRA heat treatment procedure. 

2.3. Testing instruments 

 

All mechanical testing was performed at ambient 

temperature according to the ASTM B557-06 small size 

standard test with a strain rate of 4 to 10 s-1. Three parallel 

specimens were prepared and tested for each heat treatment 

condition (T6 and RRA with Zr addition), to ensure 

reproducibility. The reported values of ultimate tensile 

strength (UTS) and stress corrosion resistance represent the 

average of three independent measurements, and the error 

bars in the figures and tables correspond to one standard 

deviation from the mean. 

The SEM analysis was performed using a TESCAN scanning 

electron microscope. An SEM equipped with an EDS was used 

to characterize the second-phase precipitations in alloys.  

The stress corrosion tests were performed according to 

ASTM G139 standard [17]. A neutral 3.5 % sodium chloride 

solution was prepared and used according to ASTM G44 

standard [18]. ASTM G49 standard [19] was used for sample 

preparation of the direct tension stress corrosion test. Briefly, 

a constant 207 MPa stress was first applied to the samples, 

and then a 4-day cycle time was used according to section 8-

2 of the ASTM G139 standard. To eliminate the corrosion 

effects, other than SCC (such as pitting), some specimens 

were placed in a corrosion solution without stressing. 

 

3. Results and discussion 

 

The remaining strength for stressed samples compared to 

unstressed samples by percent, which is the SCC factor, is 

shown in Table 2 for different alloys. 

As can be seen, RRA heat treatment increases the 

mechanical strength from 528 to 608 MPa. After the reversion 

stage, unstable and metastable precipitates dissolve in the 

aluminum matrix and form a solid solution for re-aging. 

Dissolved elements in the matrix will precipitate as fine and 

more distributed particles after re-aging and prevent 

dislocation movement, which results in increasing the 

mechanical strength. Fig. 2 shows a comparison between the 

precipitate distributions of particles in the matrix after Zr 

addition, RRA, and T6 heat treatments. 

Table 2 shows the test results and SCR criteria. It can be 

concluded that the stress corrosion resistance of each alloy 

with different tempers can be easily calculated and compared 

with each other. Table 2 shows that the stress corrosion 

resistance increased after RRA heat treatment and Zr 

addition. After T6 heat treatment, the SCR is 68 %, but after 

Zr addition and RRA heat treatment, it increases to 96 %. This 

means that 96 % of the strength in 7055 alloys is retained after 

RRA heat treatment and Zr addition. 
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Table 2. Mechanical strength and stress corrosion test of 7055 alloy. 

Temper UTS-MPa  

(A) 

UTS after 4 days 

without stress MPa 

(B) 

UTS after 4 days 

with 207 MPa stress 

(MPa) (C) 

Remaining strength after 

4 days without stress 

(%) (D = B/A) 

Remaining strength after 4 

days with 207 MPa stress 

(%) (E= C/A) 

Stress corrosion 

resistance  

(%) (E/D) 

T6 528 ± 1.8 490 ± 1.4 333 ± 0.9 92.8 ± 0.7 63.1 ± 0.2 68 ± 1 

RRA 608 ± 2.1 557 ± 2 534 ± 1.5 91.6 ± 0.8 87.8 ± 0.5 96 ± 0.8 

 

A more detailed comparison of Fig. 2 reveals that the 

precipitate morphology and distribution are strongly 

dependent on the applied heat treatment. In the T6 condition 

(Fig. 2(a)), the precipitates are relatively coarse, densely 

distributed along the grain boundaries, and partially 

continuous, which leads to severe micro‑galvanic coupling 

and reduced stress‑corrosion resistance. In contrast, after 

RRA treatment with Zr addition (Fig. 2(b)), the precipitates 

become finer and more uniformly dispersed within the 

matrix, while grain boundary precipitates exhibit a more 

discontinuous morphology. The presence of stable, nanoscale 

Al3Zr dispersoids restricts grain growth and provides 

preferential nucleation sites, retarding precipitate coarsening. 

Fig. 2. SEM of 7055 alloy after (a) T6 and (b) RRA heat treatment 

and Zr addition.

This microstructural refinement enhances the Orowan 

strengthening mechanism and simultaneously reduces the 

potential difference between the matrix and grain boundary 

regions, thereby improving both tensile strength and 

corrosion resistance. The SEM micrographs in Fig. 2 provide 

critical insight into the microstructural mechanisms behind 

this performance enhancement. In the T6 condition (Fig. 2a), 

the coarse and semi-continuous network of grain boundary 

precipitates (GBPs) creates a preferential path for both crack 

propagation and anodic dissolution, explaining the lower 

SCR. Conversely, the RRA+Zr treatment (Fig. 2(b)) produces 

a refined and discontinuous distribution of GBPs. This 

morphological change is attributed to the partial dissolution 

of metastable phases during retrogression and the subsequent 

nucleation of finer, more stable precipitates during re-aging, 

aided by the grain-stabilizing effect of Al3Zr dispersoids.The 

resulting microstructure effectively obstructs dislocation 

motion (enhancing strength) while breaking the continuity of 

corrosive pathways along boundaries (improving SCR). 

Fig. 3 shows the EDS analyses of precipitates in the grain 

boundary after Zr addition, T6, and RRA heat treatment. As 

can be seen in Fig. 3, grain boundary precipitates have been 

enriched in copper after RRA heat treatment. Copper and zinc 

are the main alloying elements in 7055 aluminum alloy.  

They have different diffusivity and atomic radius in the 

aluminum matrix; the atomic radius of Zn (≈ 0.134 nm) is 

slightly larger than that of Cu (≈ 0.128 nm), while the 

diffusivity of Zn atoms is about forty times higher than that 

of Cu atoms in aluminum alloys at approximately 150 °C 

[17].  Moreover, Zn atoms move faster and immigrate to 

grain boundary precipitates after one-step T6 heat treatment, 

so that grain boundary precipitates will be enriched with Zn 

atoms. During the reversion stage, the Zn atoms move faster 

than Cu and immigrate from the grain boundaries and 

dissolve in the aluminum matrix. After the re-aging heat 

treatment, Zn atoms will precipitate in the matrix, and more 

Cu atoms will remain in the grain boundary precipitates. 

Copper and zinc have opposite effects on the corrosion 

behavior of aluminum alloys [20,21]. Composition changes 

in precipitate composition, particularly depletion of Cu 

inside the grains and enrichment of grain boundaries from 

Cu after RRA treatment, lead to an increase in corrosion 

resistance of 7000 series aluminum alloy [22]. 

(a) 

(b) 
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Fig. 3. Shows EDS analyses of grain 10 precipitates after (a) T6 and 

(b) RRA heat treatment with Zr addition. 
 

Moreover, as can be seen, there are no changes in the 

composition of Zr in the boundaries, which means that Zr can 

compose with Al to produce ZrAl3 particles that remain inside 

the grains and prevent growth of grains, resulting in increases 

in mechanical properties and corrosion resistance of the 

aluminum alloy, and this is consistent with other researchers' 

works [23,24]. The EDS point analysis in Fig. 3 

quantitatively corroborates the proposed elemental 

redistribution mechanism. The significant Cu enrichment at 

the grain boundary in the RRA-treated sample (Fig. 3(b)) 

compared to the T6 condition (Fig. 3(a)) is a direct 

consequence of the different diffusivities of Zn and Cu. 

During retrogression, the faster-diffusing Zn migrates back 

into the matrix, leaving behind Cu-rich precipitates at the 

boundaries. This Cu enrichment alters the electrochemical 

nature of the GBPs, reducing their anodic activity relative to 

the matrix and the adjacent precipitate-free zone (PFZ). This 

decreased potential gradient is a key factor in mitigating 

intergranular corrosion and stress corrosion cracking, as it 

lowers the driving force for galvanic attack. Fig. 4 illustrates 

the schematic ternary phase diagram of the Al–Cu–Zn system 

near the Al‑rich corner. The diagram represents the primary 

solid‑solution region of α‑Al along with the two‑phase areas 

(α + Al2Cu) and (α + MgZn2). The approximate composition 

of the commercial 7055 aluminum alloy (∼ 7.6 wt% Zn, ∼ 

1.6 wt% Cu, balance Al) is marked by the red dot located 

inside the α‑Al field. This location indicates that the alloy 

mainly exists as a supersaturated solid solution after 

quenching, from which strengthening precipitates (η/MgZn2 

and θ/Al2Cu) evolve during aging. The proximity to the α + 

MgZn2 region confirms that Mg and Zn together dominate the 

precipitation sequence, while minor Cu enrichment 

contributes to secondary phase formation at grain boundaries. 

Microstructural examinations revealed that the addition of 

zirconium markedly refined the grain structure, reducing the 

average grain size from approximately 80 µm to less than 

30 µm (Fig. 5). This observation is consistent with previous 

reports [24]. The favorable properties achieved after heat 

treatment are directly correlated with this grain refinement. 

Since zirconium exhibits very limited solubility in 

aluminum, its addition promotes the formation of fine Al3Zr 

dispersoids, as confirmed by several studies. These 

tetragonal equilibrium particles possess a lattice mismatch 

of less than 1 % with the aluminum matrix and typically 

form with dimensions below ~20 nm. 

 

             

Fig. 4. Schematic ternary phase diagram of the Al–Cu–Zn system (Al‑rich corner), showing major phase regions and the approximate 

composition of 7055 aluminum alloy indicated by the red dot. 

(b) 

(a) 
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Fig. 5. Effect of zirconium on 7055 alloy after casting and T6 heat treatment: (a) Sample without zirconium; (b) Sample with 0.2 wt% 

zirconium. Fine-grain is evident in the sample containing zirconium (solution etching graph). 

Owing to their coherent interface and thermal stability, 

these Al3Zr dispersoids effectively inhibit grain growth 

during hot working and subsequent heat treatment, thereby 

contributing to improved strength and corrosion resistance 

[24].  

To provide a deeper mechanistic understanding, it should 

be noted that the improvement in both strength and corrosion 

resistance during the RRA process is closely related to the 

evolution and redistribution of precipitates and the stabilizing 

role of Zr in the microstructure.  

During the retrogression stage, partial dissolution of 

metastable η′ and GP zones occurs, creating a supersaturated 

solid solution in the matrix. Subsequent re‑aging enables the 

reprecipitation of a finer and more uniformly dispersed 

distribution of η′ and η phases, which effectively impedes 

dislocation motion through the Orowan bypass mechanism, 

leading to the substantial increase in tensile strength. 

Simultaneously, Zr atoms exhibit limited solid solubility 

and a very low diffusion coefficient in Al, resulting in the 

formation of stable Al3Zr dispersoids. These fine coherent 

particles pin high‑angle grain boundaries and inhibit 

recrystallization during both solution treatment and 

retrogression, thus maintaining a refined subgrain structure. 

This effect restricts the continuous precipitation of 

grain‑boundary η‑phase and promotes a discontinuous 

morphology with wider precipitate‑free zones (PFZs), which 

are beneficial for stress corrosion resistance.  

Moreover, the compositional change after RRA (Cu 

enrichment within grain‑boundary precipitates and Zn 

enrichment within the matrix) reduces the electrochemical 

potential difference between the matrix and boundaries, 

thereby suppressing anodic dissolution pathways during 

exposure to chloride media. Consequently, the concurrent 

action of reprecipitation kinetics, boundary stabilization by 

Al3Zr particles, and compositional homogenization accounts 

for the superior combination of strength and corrosion 

resistance observed in the Zr‑modified 7055 alloy after RRA 

treatment. 

 

4. Conclusion 

 

This study aimed to clarify the combined effect of Zr 

addition and RRA heat treatment on the microstructure, grain 

boundary precipitation, and stress‑corrosion behavior of 

high‑strength 7055 aluminum alloy.  

Through systematic mechanical testing and microstructural 

examination, the synergistic role of Zr and RRA was 

quantitatively evaluated. 

1. RRA treatment significantly enhanced the alloy 

performance, raising the ultimate tensile strength from 528 to 

608 MPa and increasing the stress‑corrosion resistance from 

68 to 96 %. These improvements are attributed to the 

dissolution and fine reprecipitation of η′/η phases during the 

retrogression and re‑aging sequence.  

2. Zirconium addition refined the grain structure, reducing 

average grain size from about 80 µm to below 30 µm through 

the formation of stable nanoscale Al3Zr dispersoids (~20 nm), 

which effectively pinned grain boundaries and inhibited 

recrystallization and grain growth during heat treatment. 

3. Microstructural analysis revealed that grain‑boundary 

precipitates transformed from coarse, continuous networks 

(T6 condition) to finer, discontinuous morphologies after 

RRA+Zr treatment. This discontinuity widened precipitate‑ 

free zones and minimized galvanic coupling, contributing to 

improved SCC resistance. 

4. Compositional redistribution of alloying elements—Cu 

enrichment at grain boundaries and Zn enrichment within the 

matrix—combined with Zr‑induced boundary stabilization, 

(b) (a) 
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reduced the electrochemical potential difference between the 

grain boundary and matrix. This dual mechanism accounts for 

the superior balance of strength and corrosion resistance 

achieved in the RRA‑treated Zr‑modified 7055 alloy. 
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