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Abstract: High-temperature and short-time (HTST) solution heat treatment combined with non-isothermal aging (NIA) 
was employed to regulate the microstructure and properties of Al−4.5Mg−2.0Zn−0.3Ag alloy. Results indicate that 
HTST solution heat treatment can not only retain partial deformation dislocations, but inhibit the recrystallization 
behavior and increase the proportion of low-angle grain boundaries (LAGBs). In the subsequent NIA process, HTST 
solution heat treatment combined with NIA is instrumental in restraining the degradation of dislocations and promoting 
precipitation of nano-scale T'-Mg32(Al,Zn,Ag)49 phase, which improves the strength of the alloy greatly. In addition, a 
higher fraction of LAGBs and the discontinuous distribution of grain boundary precipitates caused by this novel 
technology meliorate the corrosion resistance of Al−4.5Mg−2.0Zn−0.3Ag alloy. 
Key words: Al−Mg−Zn−Ag alloy; solution treatment; non-isothermal aging; microstructure; mechanical properties; 
corrosion resistance 
                                                                                                             

 
 
1 Introduction 
 

In recent years, the reduction of carbon 
emissions has increasingly become the focus of 
attention. Correspondingly, the lightweight process 
in the field of traffic and transportation is becoming 
more and more urgent [1,2]. The development of 
lightweight materials is crucial to the reduction of 
carbon emissions [3,4]. In marine transportation, 
5xxx aluminum alloy has always been the first 
choice for lightweight materials because of its 
weldability and nice corrosion resistance [5−7]. 
Nevertheless, the mechanical properties of 5xxx 
aluminum alloys are suppressed owing to the 

ascription of non-heat-treatment [8]. Some methods 
that can enhance the strength of alloys, such as 
solution strengthening and work hardening, cause 
the deterioration of corrosion resistance [9−11]. 
Thus, it is an urgent problem to enhance the 
mechanical properties of 5xxx aluminum alloy   
on the premise of ensuring its good corrosion 
performance. 

In recent studies, improving the age- 
strengthening mechanism of 5xxx aluminum alloy 
by alloying is an effective path to develop novel high- 
strength 5xxx aluminum alloys with good corrosion 
resistance [12−14]. HOU et al [15] modified the 
composition of 5xxx alloy with 2.0−3.0 wt.% Zn, 
resulting in the formation of nano-scale T-Mg32(Al,Zn)49 

                       
Corresponding author: Cheng GUO, Tel: +86-335-8074783, E-mail: chengguo@ysu.edu.cn; 

Xin-gang LIU, Tel: +86-335-8072380, E-mail: lxg@ysu.edu.cn 
DOI: https://doi.org/10.1016/S1003-6326(24)66685-9 
1003-6326/© 2025 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 



Cheng GUO, et al/Trans. Nonferrous Met. Soc. China 35(2025) 362−376 363  
phase and improving the aging-hardening  
response. Applying minor amount of Cu is also an 
efficient way to increase the strength of 5xxx 
aluminum alloys by the S-Al2MgCu phase and its 
precursors [16,17]. In addition, the alloying of   
Ag can increase the corrosion performance and 
mechanical properties of 5xxx aluminum alloy [18]. 
To reduce the cost of the alloy, in our previous 
studies, the composite microalloying of Ag and Zn 
plays a positive effect on increasing the corrosion 
performance and mechanical properties of 5xxx 
aluminum alloy [19]. This novel Al−Mg−Zn−Ag 
alloy with competitive mechanical properties and 
corrosion performance is of great significance to the 
lightweight in marine transportation. 

For heat-treatable aluminum alloys, solution 
heat treatment is vital to the microstructure, 
mechanical properties as well as corrosion 
resistance [20,21]. One the one hand, solution heat 
treatment influences the content of alloying 
elements in solid solution, subsequently affecting 
the precipitation of nano-scale particles in the 
age-hardening step [22]. On the other hand, the 
solution heat treatment regulates the recovery and 
recrystallization behavior of grains in the as- 
quenched alloys, as well as the degradation and 
diffusion of dislocations, so as to improve the 
properties of the alloy. Although many studies have 
been conducted on conventional heat-treatable 
aluminum alloy systems (2xxx, 6xxx, and 7xxx 
aluminum alloys) [20−23], the influence of solution 
heat treatment on the novel heat-treatable 5xxx 
alloys has been reported rarely. Besides, non- 
isothermal aging (NIA) is an effective method    
to promote precipitation behavior with varying 
heating temperatures [24]. Nucleation and phase 
transition of heat-treatable aluminum alloy treated 
by NIA have also been reported in recent    
studies [25]. 

To regulate the microstructure and improve  
the mechanical properties as well as corrosion 
resistance of the Al−4.5Mg−2.0Zn−0.3Ag alloy, we 
proposed a novel technology of high-temperature 
and short-time (HTST) solution heat treatment 
combined with NIA. Under the action of this 
technology, multiscale microstructure, high strength, 
and corrosion resistance can be obtained. The 
investigation provides new ideas and theoretical 
guidance for high-performance aluminum alloys. 

 
2 Experimental 
 
2.1 Materials and procedures 

The Zn and Ag bearing 5xxx alloy was 
prepared by copper mold casting at 720 °C. The 
chemical composition of the alloy is presented in 
Table 1. Alloy ingot rectangular in shape was 
homogenized at 470 °C for 24 h, and rolled to 
5 mm at 420 °C. After that, the plate was 
cold-rolled to 2 mm with a thickness reduction of 
60%. Then, a series of solution heat treatments 
(480 °C, 1 h; 480 °C, 30 min; 500 °C, 10 min) were 
employed followed by water quenching. 
Subsequently, all of them were subjected to a NIA 
treatment, heating from room temperature (about 
20 °C) to 220 °C with a heating rate of 10 °C/h. 
Detail schematic diagram of the solution−aging 
processing routes is shown in Fig. 1. 
 
Table 1 Compositions of investigated alloy (wt.%) 

Alloy Mg Zn Ag Mn Fe Al 

Designed 4.5 2.0 0.3 0.5 0.1 Bal. 

Actual 4.4 1.9 0.3 0.5 0.1 Bal. 

 
2.2 Corrosion testing and electrochemistry 

measurement 
The intergranular corrosion (IGC) resistance 

was evaluated by immersion tests according to 
GB/T 7998—2005. The dimensions of each sample 
were 40 mm (RD) × 25 mm (TD) × 2 mm (ND). 
Samples were immersed in corrosion solution (30 g 
NaCl + 10 mL HCl + 1 L deionized water) at 35 °C 
for 24 h. After immersion, the corrosion depth was 
evaluated by OM (ZEISS Axio Imager M2m) on 
the transverse section (ND × TD). The corrosion 
morphologies at the rolling front (RD × TD) of 
corroded samples were characterized by SEM 
(ZEISS Sigma 300) and confocal laser scanning 
microscope (CLSM, OLYMPUS LEXT OLS4000). 
A detailed schematic diagram of testing samples is 
shown in Fig. 2. 

An electrochemical workstation (CORRTEST 
CS310M) was employed for the measurement of 
polarization curves and electrochemical impedance 
spectra (EIS). The surface size of samples was 
1.0 cm2 and the aqueous solution was 3.5 wt.% 
NaCl. A platinum sheet was used for the counter 
electrode (CE) and the saturated calomel electrode  
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Fig. 1 Schematic diagram of solution-aging routes for 
investigated alloys 
 

 

Fig. 2 Schematic diagram of tensile and immersion 
specimens machined from rolling sheet 
 
(SCE) was the reference electrode. The EIS was 
measured at the voltage amplitude of 5 mV    
with a frequency of 100 kHz−100 mHz. ZSimpWin 
software was employed to fit EIS results. 
Polarization curves were acquired at a rate of 
2 mV/s. At least five replicate tests were performed 
to guarantee reliability. 
 
2.3 Measurement of hardness and mechanical 

properties 
A hardness instrument (Qness, Q10A+) was 

employed to measure the hardness of investigated 
alloys. The loading was 4.9 N and the loading time 
was 10 s. Each sample was measured seven times 
and its average value was calculated. Mechanical 
properties were measured by tensile tests using    
a CSS−44100 type testing machine. Tensile tests 
were conducted with an initial strain rate of 
6×10−4 s−1, according to the GB/T16865—2013. 
Detailed dimensions of tensile test samples are 
shown in Fig. 2. Three parallel tests were conducted 
to ensure reliability. 

2.4 Microstructure characterization 
The microstructure of the as-quenched and 

as-aged alloys was characterized by SEM (ZEISS 
Sigma 300, 5 kV) equipped with an EBSD detector, 
and TEM (Talos F200S, 200 kV) with EDS analysis. 
Samples for the EBSD measurements were 
mechanically polished using SiO2 suspension (3 and 
0.02 μm) after abrading by SiC sandpapers (320#, 
600#, 1000#, and 2000#). After that, samples were 
prepared via electrochemical polishing in the 
solution of V(HClO4):V(C2H5OH)=1:9 for 30 s    
at a voltage of 25 V. Aztec Crystal software was 
employed for the data analysis. TEM specimens 
were twin jet electro-polished in the electrolyte   
of HNO3 (30 vol.%) + CH3OH (70 vol.%) at 
−25 °C and a voltage of 20 V. 
 
3 Results and discussion 
 
3.1 Microstructure of as-quenched alloys 

Figure 3 shows SEM images of as-quenched 
alloys by different solution heat treatments. The 
microstructure of as-quenched alloys consists of 
coarse eutectic phases (marked by black arrows) 
and dispersed fine-scale precipitates (indicated by 
red arrows), as represented in Figs. 3(a−f). The 
corresponding EDS results in Fig. 3(g) indicate the 
major elements of Fe and Mn bearing in the coarse 
phases, and can be determined as Al6(Mn,Fe) which 
is transformed from Al6Mn + Al13Fe4 → Al6(Mn,Fe) 
during the solidification process [26]. 

To elucidate the fine-scale precipitates (red 
arrows in Figs. 3(d−f)), as well as clarify the 
dissolution behavior of solute atoms by different 
solution heat treatments, TEM images and 
corresponding EDS results of the as-quenched 
alloys are presented in Fig. 4. When the alloys are 
treated at 480 °C for 1 h (Fig. 4(a)) and for 30 min 
(Fig. 4(b)) followed by water quenching, the 
microstructure of alloys consists of diffuse Al6Mn 
with the size of hundreds of nanometers. EDS- 
mapping results (Fig. 4(e)) show clear aggregation 
of Mn element with slight segregation of Fe. The 
component analysis in Fig. 4(f) reflects the 
difference in composition of the fine-scale 
precipitates and coarse eutectic phases (Fig. 3(g)). 
However, when the alloy was heated at 500 °C   
for 10 min followed by water quenching, the 
microstructure contains not only diffuse precipitates, 
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Fig. 3 SEM images of as-quenched alloys by solution heat treatments of 480 °C, 1 h (a, d), 480 °C, 30 min (b, e) and 
500 °C, 10 min (c, f), and EDS results of analysis points A, B, and C labeled in (a−c), respectively (g) 
 

 
Fig. 4 TEM images of as-quenched alloys by solution heat treatments of 480 °C, 1 h (a), 480 °C, 30 min (b) and 500 °C, 
10 min (c, d), and EDS results of precipitates (e, f) 
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but some residue dislocations, as shown in Figs. 4(c) 
and (d). These remain dislocations can serve as 
nucleation sites, so as to elevate the precipitation of 
nano-particles during aging treatment. Besides, due 
to the low aging temperature following NIA, 
dislocations can be maintained to improve the work 
hardening of the alloy. 

According to the TEM images and EDS- 
mapping results, elements of Mg, Zn, and Ag of 
each as-quenched alloy are dissolved in the matrix 
completely. The results indicate that the investigated 
three solution technologies are all able to ensure the 
dissolution of the main alloy elements. However, 
only for alloy treated at 500 °C for 10 min, the cold 
rolling dislocations can be remainder. This also 
reflects the positive regulation of HTST solution 
heat treatment on the microstructure of the 
as-quenched alloy. 
 
3.2 Evolution of hardness during NIA 

After solution heat treatment, NIA with a 
heating rate of 10 °C/h is employed to promote the 
precipitation of strengthening phases. The evolution 
of hardness during NIA is shown in Fig. 5. During 
NIA, hardness shows a decreasing trend at the  
early aged stage, and then ascends rapidly with  
the prolonging of aging time and aging temperature. 
After solution heat treatment at 480 °C for 1 h,  
the alloy reaches the peak hardness value of 
HV (139.8±1.5) (denoted by S1 alloy) when aged 
for 16 h. When the time of solution heat treatment 

shortens to 30 min, the alloy reaches the peak 
hardness value of HV (137.5±2.3) (denoted by S2 
alloy) as aged for 18 h. For the alloy solution 
treated at 500 °C for 10 min, the peak hardness of 
the alloy reaches HV (145.2±2.5) (denoted by S3 
alloy), which is higher than that of other alloys. The 
results also reflect that a higher hardness is obtained 
with the HTST solution heat treatment followed by 
NIA. 

 

 
Fig. 5 Evolution of hardness of investigated alloys 
during NIA 
 
3.3 Corrosion behavior of peak-aged alloys 
3.3.1 IGC resistance and corrosion morphology 

IGC resistance of peak-aged alloys is 
evaluated by immersion tests and corresponding 
cross-sectional (ND × TD) observations are shown 
in Fig. 6. The maximum IGC depths of S1, S2, and  

 

 
Fig. 6 (a−c) Typical cross-sectional (ND × TD) images of S1, S2 and S3 alloys, respectively; (d−f) Enlarged images of 
yellow dashed area in (a−c), respectively 
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S3 alloys are 78, 72 and 53 μm, respectively. This 
reflects that the S3 alloy with HTST solution heat 
treatment has better corrosion resistance than other 
peak-aged alloys. 

To further clarify the corrosion behavior of the 
investigated alloys, 3D CLSM and SEM images of 
the surface (RD × TD) of immersed specimens are 
shown in Fig. 7. For the S1 alloy aged for 16 h, 
some deep corrosion areas (black dashed circles in 
Fig. 7(a)) can be observed. The maximum depth of 
the corrosion area is 86.7 μm. The corresponding 
microscopic morphology (Fig. 7(b)) shows an 
obvious outline of equiaxial grains (yellow dashed 
lines). Meanwhile, attacked grains (black arrows) 
and continuously attacked grain boundaries (red 
dashed lines) are also observed. This corrosion 
morphology indicates the sensitive intergranular 
corrosion performance of the alloy. 

The microscopic morphology of the S2 alloy 
(aged for 18 h) is similar to that of S1 alloy, while 
the maximum depth of the corrosion area is 
117.3 μm, as shown in Figs. 7(c, d). Nevertheless, 
for S3 alloy (aged for 18 h) with higher solution 

temperature and shorter solution time, the corroded 
surface is more uniform with the maximum depth 
of 70 μm (Fig. 7(e)). The microscopic morphology 
in Fig. 7(f) presents many exfoliated debris while 
attacked grain boundaries can be observed barely. 
The corrosion behavior of this alloy is prone to 
occur and penetrate along the Al-matrix rather than 
grain boundaries. This indicates that the HTST 
solution heat treatment is helpful for improving the 
corrosion resistance of grain boundaries. 
3.3.2 Electrochemical behavior 

Figure 8 shows potentiodynamic polarization 
curves of peak-aged alloys. The anodic branch 
presents an evident passivation stage, which 
demonstrates the positive role of oxide film on 
corrosion performance [27]. Comparing the 
corrosion potential (φcorr) of the three alloys, S3 
alloy represents higher φcorr than the other two 

investigated alloys, which implies better corrosion 
performance of S3 alloy. 

To further elucidate the corrosion mechanism 
of the peak-aged alloys, the electrochemical 
impedance spectra (EIS) of the alloys are depicted 

 

 
Fig. 7 3D CLSM and SEM images of corroded surfaces of S1 alloy (a, b), S2 alloy (c, d), and S3 alloy (e, f) 
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Fig. 8 Potentiodynamic polarization curves of peak-aged 
alloys 
 
in Fig. 9(a). For S1 and S2 alloys, the impedance 
diagrams contain a higher-frequency capacitive 
loop and a lower-frequency inductance loop. The 
interface ions like Al3+ and O2− induce charge 
transfer, which explains the formation of a higher 
frequency capacitive loop [28]. The lower 
frequency inductance loop is due to the reaction of 
Al3+ [29−31]. 

For S3 alloy, the impedance spectrum is 
composed of a higher-frequency capacitive loop 

and a lower-frequency capacitive loop. The 
formation of the higher frequency capacitive loop 
can also be explained by the resistance of charge 
transfer. Nevertheless, the lower frequency 
capacitive loop indicates no breach of oxide film 
during immersion, which also reflects the protective 
role of the oxide film on corrosion resistance. 
Figure 9(b) shows the corresponding Bode 
impedance and phase angle plots. It is clear that the 
impedance modulus and phase angle of S3 alloy are 
larger than those of S1 and S2 alloys, so as to have 
large polarization resistance and better corrosion 
resistance [32,33]. 

Equivalent circuits as well as fitting data are 
provided in Figs. 9(c, d), and Table 2. The charge 
transfer resistance (Rct) and surface film resistance 
(RL and Rf) are considered together to evaluate the 
corrosion resistance, while the solution resistance 
(Rs) is not considered in the corrosion term, owing 
to its much smaller resistance [34]. Besides, CPE 
represents a double-layer capacitor which is  
defined by Y0 (corrosion capacitance) and constant 
n (0−1) [35]. Inductance is described by L, which 
corresponds to the lower frequency inductance loop. 
The Rct and RL of the S2 alloy are both higher than 
those of the S1 alloy. This reflects that the broken  

 

 
Fig. 9 EIS Nyquist curves (a), Bode phase angle and impedance plots of investigated alloys (b), and equivalent circuits 
used for fitting EIS of S1, S2 alloys (c), and S3 alloy (d) 
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oxide film of S1 alloy is more prone to corrosion in 
the electrolyte. Higher values of Rct (10150 Ω⋅cm2) 
and Rf (42670 Ω⋅cm2) represent that the oxide film 
formed on S3 alloy is more stable than the others, 
which indicates its better corrosion resistance. 
 
3.4 Microstructure of peak-aged alloys 

The evolution of the microstructure of peak- 
aged alloys is shown in Figs. 10−13. Figure 10 
shows the results of grain structure on analysis   
of EBSD characterization. According to the IPF 
images (Figs. 10(a−c)) and the corresponding 
statistical results of grain size, the mean size of 
recrystallization grains decreases with the 
shortening of solution heat treatment time. The 
grain size of the S3 alloy is minimum with a   
mean size of (7.5±3.8) μm. The segregation and 
precipitation at GBs will probably be less with 
smaller grain sizes. In addition, as shown in 
Figs. 10(d−f), the distribution and frequency 
histograms of misorientation angle show that the 
fraction of low angle grain boundaries (LAGBs, 

2°−15°) of S3 alloy is 7.8%, which is higher than 
that of other alloys (S1 alloy: 6.6%, S2 alloy: 6.2%). 
The higher fraction of LAGBs has an advantage  
in protecting grain boundaries and improving 
corrosion resistance [36]. This result also explains 
the corrosion behavior of S3 alloy as shown in 
Fig. 7(f), i.e., corrosion is prone to occur and 
extends along the Al-matrix rather than grain 
boundaries. 

Figure 11 shows the secondary phases and 
aging precipitates of peak-aged alloys. The SEM 
images in Figs. 11(a−c) exhibit coarse-scale Al6(Mn,Fe) 
phase (black arrows) and fine-scale Al6Mn    
phase (yellow arrows), which is similar to the 
microstructure of as-quenched alloys in Fig. 3. The 
potential of coarse-scale Al6(Mn,Fe) phase is more 
positive than that of Al-matrix (−0.82 V) [37,38], so 
as to promote the formation of local pit corrosion. 
The finer Al6Mn particles can impede the 
dislocation movement effectively and improve the 
strength of alloy. The SEM images show no evident 
difference among the three peak-aged alloys. 

 
Table 2 Fitting results of EIS according to equivalent circuits 

Alloy 
electrode 

Rs/ 
(Ω⋅cm2)  

CPEdl Rct/ 
(Ω⋅cm2) L/H 

CPEf 
 Rf/RL χ2 

Y0/(10−5Ω−1·cm2·sn) n Y0/(10−5Ω−1·cm2·sn) n 

S1 8.30  1.08×10−5 0.95 224 379    2590 6.80×10−2 

S2 7.39  1.20×10−5 0.92 4910 6120    4525 1.92×10−2 

S3 9.57  1.90×10−5 0.87 10150  9.73×10−5 0.76  42670 2.20×10−3 

 

 
Fig. 10 EBSD results showing grain size (a−c) and misorientation angle (d−f) of different samples: (a, d) S1 alloy;    
(b, e) S2 alloy; (c, f) S3 alloy 
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Fig. 11 SEM (a−c) and TEM (d−f) images of S1 alloy (a, d), S2 alloy (b, e) and S3 alloy (c, f), HRTEM image of nano- 
precipitates (g), enlarged filter image (h), and FFT pattern of nano-particles (i)  
 

 
Fig. 12 KAM maps of S1 alloy (a), S2 alloy (b), and S3 alloy (c) based on EBSD results 
 

TEM images in Figs. 11(d−f) present the 
nano-scale precipitates formed during NIA. 
Figures 11(g−i) illustrates the HRTEM results and 
corresponding FFT pattern of the nano-scale 
particles with a size of about 5 nm. According to the 
FFT pattern in Fig. 11(i), this particle can be 

speculated as T'-Mg32(Al,Zn,Ag)49 phase (BCC, 
a=1.41 nm) [39]. Besides, as shown in Fig. 11(h), 
the precipitate presents a coherent interface with 
α-Al and can harden the alloy greatly. In addition, a 
substructure of the dislocation wall which improves 
the work hardening of the alloy can be observed in 
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Fig. 11(f) (yellow dashed area). The corresponding 
kernel average misorientation (KAM) images in 
Fig. 12 also illustrate that the alloy treated by HTST 
solution heat treatment can still retain some 
dislocation structures in the as-aged alloys. 

Figure 13 presents the microstructure of grain 
boundaries and the corresponding EDS results of 
grain boundary precipitates (GBPs) of investigated 
alloys. The distribution and composition of GBPs 
among the peak-aged alloys are similar. Based on 

the EDS results in Fig. 13(d), in addition to the 
coarse-scale Al6(Mn,Fe) phase, some discontinuously 
distributed GBPs contain the segregation of Mg  
and Zn elements, which can be determined as 
T-Mg32(Al,Zn)49 phase. 
 
3.5 Mechanical properties 

Figure 14 represents the tensile testing results 
of peak-aged alloys (S1, S2, and S3). The strength 
is dramatically promoted by HTST solution heat 

 

 
Fig. 13 TEM images of grain boundaries of S1 alloy (a), S2 alloy (b) and S3 alloy (c), and enlarged image and EDS 
results (d) of dashed area in (c) 
 

 

Fig. 14 Mechanical properties and fractographs of investigated alloys 
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treatment. For S1 alloy, the ultimate tensile strength 
(UTS) is 390 MPa, and yield strength (YS) is 
265 MPa, with an elongation of 19.7%. For the S2 
alloy, as the time of solution heat treatment shortens 
to 30 min, the UTS is 425 MPa, and YS is 317 MPa, 
with an elongation of 15.8%. The increase in 
strength can be attributed to the refinement of 
grains as presented in Fig. 10. The peak hardness of 
the S2 alloy is lower than that of the S1 alloy, and 
the S2 alloy represents a higher strength than the S1 
alloy. For S3 alloy, the UTS increases to 463 MPa, 
and YS increases to 335 MPa, with an elongation of 
16%. Fractographs of peak-aged alloys after the 
tensile test are shown in Fig. 14. It is evident that 
the tensile fracture surface of S1 alloy consists of 
deep dimples (yellow arrows), which means better 
ductility of the alloy. However, obvious cleavage 
planes (red arrows) can be observed on the fracture 
surfaces of S2 and S3 alloys, thus deteriorating the 
ductility of alloys. 
 
4 Discussion 
 
4.1 Effect of HTST solution treatment combined 

with NIA on regulation of as-aged micro- 
structure 
For the traditional T6 technology (solution 

treatment, water quenching, and isothermal aging), 
the purpose of solution treatment is to promote the 
dissolution of solute atoms as much as possible, and 
increase the supersaturation of the alloy combined 
with the subsequent water quenching [40,41]. 
Meanwhile, the deformed grains are recrystallized 
completely, and dislocations are eliminated during 
solution treatment [42]. However, the micro- 
structure is meliorated by the novel technology of 
HTST solution treatment combined with NIA in this 
study. Solution treatment is a process of diffusion 
phase transformation, and the diffusion coefficient 
(D) can be expressed as [43] 
 
D=D0exp[−Q/(RT)]                       (1) 
 
where D0 is the gas constant; Q is the atomic 
diffusion constant, R is the molar gas constant 
(8.314 J/(mol·K)), and T is the thermodynamic 
temperature. 

For HTST solution treatment, the atoms can 
obtain large amounts of energy and the diffusion of 
alloy elements can act easily [44,45], which promotes 
the supersaturation of solid solution [46,47]. More 

supersaturated atoms and vacancies can increase the 
precipitation kinetics and nucleation sites greatly. In 
addition, a shorter heating time of HTST solution 
treatment is instrumental in restraining the 
annihilation of dislocations, as shown in Figs. 4(c) 
and (d). 

In the subsequent aging process, compared 
with isothermal aging, the adopted NIA in this 
study can promote the precipitation of nano-phase 
and inhibit the degradation of dislocations at the 
initial stage with the lower heating temperature. The 
residual dislocations interact with the precipitates  
to form a dislocation substructure, as represented  
in Fig. 11(f). The corresponding KAM maps in 
Fig. 12 also illustrate the regulation behavior of 
dislocations by HTST solution treatment combined 
with NIA. 

HTST solution treatment also plays a positive 
role in inhibiting recrystallization. Recrystallization 
is a thermal activation process. Avrami equation [48] 
can be used to describe the recrystallization rate of 
samples under different solution treatments:  
Xv=1−exp[−0.693(t/t0.5)n]                   (2) 
 
t0.5=D1εa1Z 

b1exp[Qrec/(RTrec)]                (3) 
 
where Xv is the recrystallization fraction, t is the 
annealing time, n and D1 are the material constants, 
t0.5 is the annealing time required for the 
recrystallization fraction reaching 50%, Z is the 
Zener−Hollomon parameter, ε is the prior strain, a1 
and b1 are constants, Qrec represents the activation 
energy for recrystallization, and Trec is the holding 
temperature. Based on the above equation, as the 
holding temperatures in this study are all much 
higher than the recrystallization temperature of the 
alloy, the annealing time has a great influence on 
the recrystallization fraction of the alloy. This is 
consistent with the EBSD results in Fig. 10. On the 
whole, the novel technology of HTST solution 
treatment combined with NIA can regulate the 
microstructure such as precipitates, dislocations, 
and grains effectively, thus improving the properties 
of the alloy. 
 
4.2 Modification mechanism of mechanical 

properties and IGC resistance 
According to the microstructure above, the 

increase in the strength of S3 alloy is owing to the 
combined action of grain boundary strengthening 
(∆σgb), precipitation strengthening (∆σpre), and 
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dislocation strengthening (∆σdis). Firstly, grain 
refinement is an effective method to increase the 
strength of Al alloys according to the Hall−Petch 
(HP) equation [49,50]: 
 
∆σgb=σ0+kyd −1/2                          (4) 
 
where σ0 is the yield strength of the matrix, ky is the 
HP slope, and d is the grain size. For S3 alloy, the 
grain refinement caused by HTST solution heat 
treatment responds to the strength improvement. 

The precipitation strengthening mechanism 
can be explicated by the following equation [51]:  

pre 3 π
=

2
Gb f

d
σ∆                          (5) 

 
where G is the shear modulus, b is the magnitude of 
Burgers vector, d is the average diameter of 
precipitates, and f is the volume fraction of 
precipitates. The more supersaturated atoms and 
vacancies caused by HTST solution treatment 
promote the precipitation kinetics and increase the 
volume fraction of nano-scale T'-Mg32(Al,Zn,Ag)49 
phase. Besides, as shown in Figs. 4(c) and (d), the 
alloy processed by HTST solution heat treatment 
remains some dislocations in the as-quenched 
microstructure. The residual dislocations serve   
as nucleation sites to enhance the precipitation   
of nano-hardening particles during NIA, thus 
improving the precipitation strengthening response. 

Furthermore, as shown in Fig. 11(f), the 
microstructure of peak-aged S3 alloy includes the 
dislocation wall substructure, which can enhance 
the strengthening response of the alloy according to 
the Bailey−Hirsch equation [52]:  

dis =σ ραMGb∆                          (6) 
 
where M is the Taylor factor, α is a constant, and ρ 
is the dislocation density of the alloy. The higher 
density of dislocations in S3 alloy contributes to the 
improvement of the dislocation strengthening 
effect. 

The improvement of IGC resistance by the 
novel technology of HTST solution treatment 
combined with NIA can be explained through grain 
structure and GBPs. Heating temperature and 
holding time of solution heat treatment determine 
the recrystallization behavior of grains, so as to 
influence the size and orientation of the grain.   
For HTST solution heat treatment, a higher 

recrystallization temperature increases the 
nucleation possibility of grains at Al6(Mn,Fe) phase, 
so as to enhance the distribution of the Al6(Mn,Fe) 
phase along grain boundaries as shown in Fig. 13(c). 
Meanwhile, short time limits the recrystallization 
behavior and makes it possible for some deformed 
grains to maintain a finer scale. Besides, the HTST 
solution heat treatment remains some deformed 
dislocations in the as-quenched alloys, as shown in 
Figs. 4(c) and (d). 

During NIA, the movement of dislocations 
promotes the formation of some substructures. The 
maintained deformed grains and formed 
substructures promote the higher fraction of 
LAGBs in S3 alloy. For another, the residual 
dislocations provide diffusion channels for solute 
atoms and inhibit the segregation of GBPs. 
Therefore, HTST solution heat treatment can not 
only refine the grain size of as-aged alloys, but also 
increase the proportion of LAGBs and regulate the 
distribution of GBPs, hence heightening the 
corrosion performance of the alloy. 
 
5 Conclusions 
 

(1) The novel technology of HTST solution 
treatment combined with NIA inhibits the 
recrystallization behavior, restrains the degradation 
of dislocations, and promotes precipitation of 
nano-scale T'-Mg32(Al,Zn,Ag)49 phase. 

(2) HTST solution heat treatment promotes a 
higher fraction of LAGBs and increases the 
noncontinuous distribution of GBPs, which 
meliorates the corrosion performance of the alloy 
greatly. The IGC performance of this alloy is 
improved by the novel technology. The maximum 
IGC depths of S1, S2 and S3 alloys are 78, 72 and 
53 μm, respectively. 

(3) HTST solution heat treatment combined 
with NIA can enhance the strength of Al−Mg− 
Zn−Ag alloy by the combined mechanism of grain 
boundary strengthening, precipitation strengthening, 
and dislocation strengthening. The UTS of S3 alloy 
is 463 MPa, and the YS is 335 MPa, which are 
much higher than those of S1 and S2 alloys. 
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摘  要：将高温短时(HTST)固溶处理与非等温时效(NIA)相结合，对 Al−4.5Mg−2.0Zn−0.3Ag 合金的显微组织与性

能进行调控。结果表明，HTST 固溶处理不仅保留了部分变形位错，而且能抑制再结晶行为，增加合金中小角度

晶界(LAGBs)的比例。在随后的 NIA 过程中，HTST 固溶处理结合 NIA 有助于抑制位错的退化，同时促进纳米尺

度 T'-Mg32(Al,Zn,Ag)49 相的析出，进而显著提高合金强度。此外，该新工艺中产生的较高比例 LAGBs 和不连续晶

界析出相提高了 Al−4.5Mg−2.0Zn−0.3Ag 合金的耐蚀性。 

关键词：Al−Mg−Zn−Ag 合金；固溶处理；非等温时效；显微组织；力学性能；耐蚀性 

 (Edited by Wei-ping CHEN) 


