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Abstract
To obtain excellent properties in 7××× series aluminum alloys, the heat treatment process used is an important factor. This 
needs to be chosen according to the different alloy compositions. A 7××× series aluminum alloy with high zinc content (Zn/
Mg > 4, Mg/Cu = 1) was prepared. Studying the heat treatment process of the alloy is important to guide companies in its 
industrial production. The optimum heat treatment process is explored from a microstructure point of view. The alloy was 
melted and cast in the laboratory using a metallurgical method. The microstructure, fracture morphology, and mechanical 
properties of the alloy were examined by metallographic microscopy, scanning electron microscopy, transmission electron 
microscopy (TEM), and tensile testing. Research on the alloy solution treatment was emphasized. The results showed that the 
solution effect was optimum at 470 °C × 1 h during a single-stage solution treatment. The recrystallization degree was low 
when the two-stage solution treatment process was 450 °C × 0.5 h + 475 °C × 0.5 h due to the release of deformation energy 
at low temperature; at the same time, the second-order solid-solution temperature was high, the solid-solution effect was 
better than in the single-stage solid-solution treatment, and the comprehensive mechanical properties of the alloy were better.

Keywords 7××× Series aluminum alloy · Solution treatment · Homogenization heat treatment · Microalloying element

Introduction

Al-Zn-Mg-Cu alloys belongs to the 7××× series of ultra-
high-strength/toughness aluminum alloys, being widely used 
in the aerospace, high-speed trains, and other transporta-
tion fields due to their low density, high specific strength, 
high hardness, prefect processing performance, and excel-
lent corrosion resistance [1–4]. Such 7××× series aluminum 

alloys are easy to produce by component segregation in 
melting and casting due to their complex composition and 
high content of alloy element [5–7]. Moreover, 7××× series 
aluminum alloys belong to the heat-treatable strengthening 
aluminum alloys. Nanosized strengthening phases such as η 
are precipitated in the crystal, and the mechanical properties 
of the alloy are improved by solution aging treatment [8–11]. 
In terms of adding alloying elements, addition of trace tran-
sition-group and rare-earth elements can have a favorable 
effect on 7××× series aluminum alloys [12, 13]. Al-Zn-
Mg-Cu wrought alloys are commonly formed by a wrought 
manufacture process such as equal-channel angular pressing 
(ECAP), severe plastic deformation (SPD), cryorolling, or 
other controlled thermomechanical treatment (TMT), result-
ing in especially excellent mechanical properties [14, 15].

The strengthening effect of heat treatment on 7××× series 
aluminum alloys mainly depends on the amount of precipi-
tation of η and η′; therefore, the solid solution treatment 
system is very important for the subsequent aging treatment. 
The solid-solution treatment mainly involves dissolving the 
coarse second phase of the alloy into the matrix followed 
by the formation of a supersaturated solid solution dur-
ing rapid cooling. It is well known that undissolved coarse 
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intermetallic phases are detrimental to the mechanical prop-
erties, especially toughness [16–19]. Therefore, the main 
purpose of studying the solid-solution treatment system is 
to make the coarse second phase dissolve into the matrix as 
much as possible and to increase the volume fraction of the 
effective precipitated phase.

Scholars have carried out much research work in the field 
of heat treatment systems [20–22]. However, different heat 
treatment processes should be adopted for different main ele-
ments. On the basis of other scholars’ research, the present 
study considers a kind of high-Zn aluminum alloy, which 
reduces the content of Cu and Mg, increases the ratio of Zn/
Mg, and adds trace rare earth Ce. An aluminum alloy sheet 
was prepared in the laboratory, and research work on the 
solid-solution treatment system of the alloy was carried out, 
thereby accumulating experience for further research on heat 
treatment processes.

Experimental Materials and Procedures

Experimental Materials and Chemical Reagents

Pure aluminum (99.85%), pure zinc (99.9%), pure magne-
sium (99.9%), Al-Cu alloy (20%), Al-Zr alloy (10%), Al-Ce 
alloy (10%),  C2Cl6 (analytical reagent), NaCl (analytical 
reagent), KCl (analytical reagent), and  Na3AlF6 (analytical 
reagent) were used in the present work.

Experimental Equipment and Tools

A well-type crucible furnace (SG2-5-10), a box-type resist-
ance furnace (SX2-12-10), a drying oven (101A-00), a 
metallographic microscope (Axio Imager M2m), a trans-
mission electron microscope (Nova-NanoSEM450), a dif-
ferential scanning calorimeter (DSC1), a hot rolling mill 
(Φ200 × 350), a cold rolling mill (Φ75 × 300), a polisher 
(P-2T), a pointing machine (Opal400), a BROVICK hard-
ness gauge (HBRV-187.5), an electronic universal testing 
machine (WDW-T100), an ICP-MS (Nexion 300) graphite 
crucible, a mold, a bell, and a sludge ladle were used in the 
present work.

Experimental Process

The experimental materials were taken according to the 
nominal compositions presented in Table 1. A well-type 

crucible furnace was used for smelting. During smelting, 
pure aluminum and intermediate alloy were put into graph-
ite crucible, and a small amount of covering agent (NaCl, 
KCl, and  Na3AlF6 in a proportion of 2:2:1) was added. 
The temperature was raised to 780 °C and held for at least 
15 min. After the melting of the experimental materials, 
mixing, degassing, and slagging-off were carried out, and 
the covering agent was then applied. When the temperature 
dropped to 730 °C, pure zinc and magnesium were added, 
and pure magnesium was calculated according to a 5% burn-
out rate. Considering the low density and flammability of 
pure magnesium, this was pressed into the bottom of the 
liquid using a bell. Once all the pure magnesium had melted, 
mixing, degassing, slagging-off, and stationary were car-
ried out. When the temperature dropped to 720 °C, pouring 
began. An aluminum alloy slab ingot with dimensions of 
200 mm × 120 mm × 20 mm was cast in the mold.

The cast aluminum alloy slab ingot was obtained after 
a homogenized annealing process in a box-type resistance 
furnace. As in previous literature [23], the annealing pro-
cess was 455 °C × 12 h + 475 °C × 12 h. After homogenized 
annealing, the actual chemical elements in the aluminum 
alloy slab ingot were measured by inductively coupled 
plasma (ICP) analysis. The results are presented in Table 1. 
Aluminum alloy sheets 4 mm thick were prepared using a 
hot rolling mill. The starting rolling temperature was 440 °C. 
Each screw-down amount was 1–2 mm; annealing was car-
ried out in the middle, and the total deformation was 80%. 
The hot-rolled sheets were then submit to recrystallization 
annealing at 440 °C × 3 h and air-cooling. Sheets 2 mm thick 
were prepared using the cold rolling mill with deformation 
of 50%.

The cold-rolled aluminum alloy sheets were treated 
by solution aging. The single-stage solution temperature 
was 460, 470, and 480 °C. The holding time was 30 min, 
60 min, and 120 min, respectively. The aging temperature 
was 120 °C. The holding time was determined using a hard-
ness test according to one of the solution temperatures. Alu-
minum alloy sheets that were treated with solution aging 
were processed into standard samples to study their mechan-
ical properties, optimum temperature, and holding time of 
single-stage solution treatment. The mechanical properties 
were measured using an electronic universal testing machine 
(WDW-T100); the gauge length of the test specimens was 
55 × 8 mm, and the stretching speed was 1 mm/min; the aver-
age value of three samples was taken. According to the opti-
mum technological parameters of the single-stage solution 

Table 1  Nominal composition 
ratio of alloys (mass fraction %)

Zn Cu Mg Zr Ce Al

Nominal composition 7.0 1.5 1.5 0.1 0.1 Bal.
Actual composition 7.06 1.48 1.51 0.12 0.09 Bal.
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treatment, the two-stage solution treatment was formulated 
and the mechanical properties were tested.

The as-cast structures, homogeneous states, and solution-
treated microstructures were observed by metallographic 
microscopy. The eutectic point of the as-cast alloys was 
measured using differential scanning calorimetry, providing 
a reference for the formulation the homogenization anneal-
ing and solution treatment of the as-cast alloys. Phase analy-
sis of the as-cast alloys was carried out by x-ray diffraction 
(XRD) analysis. The fracture morphology was analyzed by 
field-emission scanning electron microscopy. The grain inte-
rior precipitated phases of the alloy after solution aging were 
analyzed by transmission electron microscopy.

Results

Microstructure of As‑Cast Alloys

Cast aluminum alloys were mounted, roughly ground, finely 
ground, and mechanically polished. These were then ano-
dized, and their metallographic structure was observed under 
a metallographic microscope. The as-cast structure showed 
a typical dendritic structure, as shown in Fig. 1. Dendrite 
segregation is evident at grain boundaries. Due to the pres-
ence of Zr and Ce in the alloy composition, the secondary 
dendrite space can be reduced by refining grains in the alloy 
melting. Another reason is that alloys have many kinds of 
high-content and easy-to-form eutectic compounds with a 
low melting point at grain boundaries. The as-cast structure 
was observed by scanning electron microscopy. Dendrite 
segregation at the grain boundary was obvious, as shown 
in Fig. 2, where eutectic compounds with high brittleness 
and low melting point were easily formed. Therefore, it was 
necessary to apply follow-up homogenization annealing to 

eliminate dendrite segregation as far as possible, improve 
the plasticity of the alloy, and prepare for subsequent plastic 
processing.

Microstructure of Homogeneous States of Alloys

The lowest melting point of the as-cast alloys was meas-
ured using a differential scanning calorimeter (DSC-800). 
As shown in Fig. 3, there are two endothermic peaks. The 
first endothermic peak occurred at 474.48 °C, proving the 
presence of a low-melting-point alloy at this temperature, 
and the low-melting-point phase began to melt. The second 
endothermic peak of 484.91 °C was higher and absorbed 
more heat, proving that the alloy melted at this tempera-
ture. Therefore, the subsequent single homogenization 
process and single-stage solution treatment cannot exceed 
the first peak value. Also, the first heating temperature of 
the two-stage homogenization process and two-stage solu-
tion treatment should not exceed the first peak value. The 

Fig. 1  Metallographic structure of as-cast alloy

Fig. 2  Microstructure of as-cast alloy under scanning electron 
microscopy

Fig. 3  DSC curves of alloy
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second-stage heating temperature can try to slightly exceed 
the first peak, but it must not exceed the second peak tem-
perature, otherwise it will cause overburn.

The homogenizing treatment was formulated according 
to literature [23]. Two-stage homogenization annealing of 
455 °C × 12 h + 475 °C × 12 h was adopted. The microstruc-
ture of the homogenized alloy was observed using a metal-
lographic microscope. As shown in Fig. 4, the dendrite seg-
regation disappeared at the grain boundary of the alloy, and 
the boundary between the grains was only seen as a shallow 
line. Some of the grain boundaries were discontinuous and 
showed good homogenization results.

Mechanical Properties of Alloy

Study on Single‑Stage Solution Treatment Technology

Several samples with dimensions of 100 mm × 16 mm were 
prepared from the 2-mm cold-rolled sheet using a shearing 
machine. Solution treatment and water-cooling were carried 

out in a salt bath furnace. The durationb of sample transfer 
from the furnace to water was not longer than 10 s. Aging 
treatment at 120 °C × 24 h was completed in the drying oven 
after solution.

This experiment studied mainly the single-stage solution 
treatment. The solution treatment temperature was based 
on the minimum melting point temperature of the as-cast 
aluminum alloy as measured by the differential scanning 
calorimeter. As shown in Fig. 3, the first endothermic peak 
occurred at 474.48 °C. The first solid-solution treatment 
temperature was determined to be 470 °C; on based on this 
temperature, the temperatures of the other solid-solution 
treatments could then be determined with a 10°C increase or 
decrease, giving solution treatment temperatures of 460 °C, 
470 °C, and 480 °C. The holding time takes into account the 
alloy composition (high content of alloy component), sheet 
thickness (2 mm), and heating conditions (air furnace). At 
the same time, according to literature [24], the holding time 
at each temperature was 0.5, 1, and 2 h, respectively. Three 
samples were taken from each group, and the average value 
was measured.

The results of the mechanical properties tests are pre-
sented in Table 2. The tensile strength and yield strength of 
the alloy gradually increased with prolongation of the hold-
ing time when the solution temperature was 460 °C. Among 
them, the mechanical properties of the alloy were the best 
when the holding time was 2 h. When the solution treat-
ment temperature was 470 °C, the yield strength and tensile 
strength exhibited a rise and then a decrease with increasing 
holding time. At this time, the elongation values changed 
little. The comprehensive properties of the alloy were best 
when the holding time was 1 h. The yield strength, tensile 
strength, and elongation of the alloy began to decrease when 
the solution temperature was 480 °C. Comparing with the 
solution temperature, the comprehensive properties were the 
best at 470 °C, followed by 460 °C, and worst at 480 °C. 
These results show that the single-stage solution treatment 
at 470 °C × 60 min is the best process for the alloy.Fig. 4  Metallographic structure of alloy after homogenization

Table 2  Results of mechanical 
tests on alloys

Solution treat-
ment temperature 
(°C)

Holding 
time, 
min

Yield 
strength, 
MPa

Error, MPa Tensile 
strength, 
MPa

Error, MPa Elongation, % Error, %

460 30 498 ±5 529 ±5.3 12.56 ±0.13
60 500 ±5 533 ±5.3 11.83 ±0.12

120 503 ±5 542 ±5.4 11.28 ±0.11
470 30 509 ±5.1 555 ±5.6 13.01 ±0.13

60 527 ±5.3 579 ±5.8 12.45 ±0.12
120 512 ±5.1 565 ±5.7 12.85 ±0.13

480 30 486 ±4.9 532 ±5.3 10.17 ±0.1
60 479 ±4.8 519 ±5.2 9.52 ±0.1

120 452 ±4.5 501 ±5 8.92 ±0.09
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Determination of Aging Time

The heat treatment system chosen for this experiment was 
aging treatment after solution treatment. The solution treat-
ment used to determine the holding time for aging was 
470 °C × 1 h. The aging temperature was 120 °C, and 18 
small samples with dimensions of 15 mm × 15 mm were 
taken. After the solution treatment, the small samples were 
put into the drying oven to maintain a constant temperature. 
The holding times of the 18 small samples were 2, 4, 6, and 
36 h. The Vickers hardness of the small sample was tested 
with a hardness gauge after aging. The age hardening curve 
is shown in Fig. 5. With prolongation of aging and holding 
time, the hardness of the alloy exhibited a sudden rise then 
increased slowly. The hardness reached its maximum when 
the holding time was 24 h. The hardness was determined to 
be 206.13 HV. After 24 h, the hardness decreased slowly. 
After 32 h, the descent rate accelerated. The aging process 
of this experiment was determined to be 120 °C × 24 h based 
on literature [25].

Mechanical Properties after Two‑Stage Solution Treatment

The phase diagrams associated with Al alloys reveal that, the 
higher the temperature, the higher the solubility and the bet-
ter the solution effect. Therefore, on the basis of the single-
stage solution treatments, the two-stage solution treatment 
was studied. The solution temperature and solubility can be 
increased as much as possible so as to further achieve a bet-
ter solution effect and improve the mechanical properties of 
the alloy. According to Ref. [26], combined with the single-
stage solution treatment, the two-stage solution treatment 
was set at 450 °C × 0.5 h + 475 °C × 0.5 h. Moreover, this 
was compared with the single-stage solution treatment on 
the above basis.

After the two-stage solution treatment, the aluminum 
alloy sheets were treated by artificial aging at 120 °C × 24 h, 
then processed into standard samples. The mechanical 
properties were measured on an electronic universal testing 
machine. The yield strength, tensile strength, and elonga-
tion resulted as 565, 594 MPa, and 12.95%, respectively. 
The comprehensive mechanical properties were obviously 
improved compared with those resulting from the single-
stage solution treatment at 470 °C × 1 h.

Comparison of Metallurgical Structure of Alloys 
after Solution

The three samples with the best comprehensive mechanical 
properties after single-stage solution treatment at different 
temperatures were selected. After grinding and polishing, 
these samples were observed using a metallographic micro-
scope. The metallographic structure after two-stage solution 
treatment was compared and analyzed. Figure 6 shows that 
the alloy sheet obviously recrystallized when the alloy was 
treated at 460 °C × 2 h. Moreover, most of the grains were 
elongated. However, the content of the second phase was 
too high to be fully dissolved in the matrix. This would also 
lead to insufficient solubility. When the alloy was treated 
at 470 °C × 1 h, most of the second phase of the alloy was 
dissolved in the matrix. Unfortunately, recrystallization 
occurred in the alloy sheets. When the alloy was treated at 
480 °C × 0.5 h, the second phase was dissolved in the matrix, 
so less residual was found. However, it appears that most 
of the alloys were recrystallized, and even the grains grew. 
This would cause the mechanical properties of the alloy to 
decline. When the two-stage solution treatment process at 
450 °C × 0.5 h + 475 °C × 0.5 h was adopted, only a small 
amount of recrystallization occurred at a few locations in the 
alloy. Moreover, most of the second phase dissolved into the 
matrix, and only a small amount of residual second phase 
was distributed among the grains.

Analysis of Fracture Morphology of Alloys

The fracture morphology of the tested specimens was observed 
by scanning electron microscopy. As shown in Fig. 7, when the 
alloy sheet was solution aged at 460 °C × 2 h, a  large number 
of dimples were distributed on the fracture surface. Moreover, 
the alloy showed good toughness. The main fracture mode 
was transcrystalline rupture. Only a few locations presented 
intergranular fracture, which may be due to the presence of 
a coarse second phase, where cracks break along the grain 
boundaries of the second phase and the matrix. When the alloy 
sheet was solution aged at 470 °C × 1 h, the fracture morphol-
ogy showed a distribution of a large number of dimples, which 
appeared to be deeper. Moreover, intergranular fracture char-
acteristics were not found, so the toughness of the alloy can be Fig. 5  Age-hardening curve of alloy
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judged to be better. When the alloy sheet was solution aged at 
480 °C × 0.5 h, the fracture morphology showed less dimples, 
and the grain size was obviously coarse. Besides, a large num-
ber of intergranular fracture structures with smooth fracture 
surface and brittle fracture characteristics appeared, confirm-
ing the poor toughness and mechanical properties. The reason 
for this may be that the temperature was too high, resulting in 
grain growth. Furthermore, due to the complex composition 
of the alloy, low-melting-point phases appeared at individual 
locations. This is due to overburning, resulting in brittle frac-
ture. When the alloy sheet was solution aged at 450 °C × 0.5 
h + 475 °C × 0.5 h, a large number of dimples appeared in the 
fracture morphology. On the fracture surface, the grains were 
smaller and the dimples were deeper. Mainly transcrystalline 
rupture was observed, but no intergranular fracture.

Discussion

Analysis of Alloy Composition and As‑Cast 
Microstructure

The main components of the designed 7××× series alu-
minum alloy are Zn with 7.0% content, followed by 1.5% 
Mg (with Zn/Mg > 4) and 1.5% Cu (with Cu/Mg = 1). 
There are also trace amounts of Zr and rare-earth Ce, 
both of which at 0.1%. In the solidification process of 
the alloy, unbalanced solidification occurred due to the 
faster cooling rate, which resulted in segregation. There-
fore, there is a possibility of the occurrence of locally Cu-
rich regions, which are prone to formation of  Al2Cu and 

Fig. 6  Comparison of metallographic structure of alloy treated by solution treatment
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 Al2CuMg phases. However, the composition of the alloy 
is higher, and the content of Mg is only 1.5%. Another 
reason is that Mg preferentially forms nonequilibrium 
solidified Mg(Al,Cu,Zn)2, so a large amount of Mg was 
consumed during solidification. Therefore, it was difficult 
to form S  (Al2CuMg) [27], even though there were locally 
Cu-rich regions. Phase analysis of as-cast alloys was car-
ried out. As shown in Fig. 8, S  (Al2CuMg) and θ  (Al2Cu) 
phases were not found. Thus, it can be judged that the 
S and θ phases do not exist or have low content in as-
cast alloys. The diffraction peaks are weak and not shown 
in the figure, so they can be neglected. The structure of 
 MgZn2 is the same as that of Mg(Al,Cu,Zn)2, which can be 
understood as the formation of Mg(Al,Cu,Zn)2 quaternary 
phase by solid solution of Al and Cu atoms into  MgZn2. 
It is only slightly offset from the original  MgZn2 peak, 
so the phase of the diffraction peak in Fig. 8 is actually 
α(Al) + Mg(Al,Cu,Zn)2.

Fig. 7  Fracture morphology of alloy after solution aging treatment

Fig. 8  XRD patterns of as-cast alloys
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The alloy contains trace element Zr, which can react with 
Al to form  Al3Zr. The lattice constant of  Al3Zr dispersed 
phase is 0.408 nm, while that of Al is 0.404 nm, so the  Al3Zr 
particles are coherent with the matrix according to metal 
solidification theory.

where Cs is the solid solute concentration, C0 is the aver-
age solute concentration, k0 is the equilibrium distribution 
coefficient, v is the solidifying rate, and DL is solute dif-
fusion coefficient. The equilibrium distribution coefficient 
k0 of Zr element is greater than 1. Therefore, during the 
solidification, Zr diffuses to the solid side and forms  Al3Zr 
in the intercrystal. The equilibrium distribution coefficient 
k0 of the other alloying elements (such as Zn, Cu, Mg, and 
Ce) is less than 1, and these diffuse to liquid phase during 
solidification. Furthermore, the concentration of solute in 
liquid phase becomes higher and higher. Finally, segregation 
occurs at grain boundaries. Therefore, the dendrite segrega-
tion in the as-cast structure of the alloy is obvious, as shown 
in Fig. 2, and its subsequent homogenization annealing is 
very important.

Analysis on Heating Treatment of Alloys

According to homogenization theory, the relation-
ship between diffusion coefficient and temperature is 
D = D0exp(− Q

RT
 ), where D0 is the diffusion constant, Q is 

the diffusion activation energy, R is the gas constant, and T 
is temperature. The relationship between the diffusion coef-
ficient D and temperature T is exponential. The higher the 
temperature, the faster the diffusion. Therefore, increasing 
the homogenization temperature can not only improve the 
diffusion effect but also reduce the homogenization time. 
DSC was used to test the alloy. The endothermic peak 
appeared at 474.8 °C. To obtain a better homogenization 
effect, a two-stage homogenization process was adopted. 
The eutectic phase with low melting point would diffuse 
and dissolve into the matrix gradually at 455 °C. When 
the second homogenization temperature rose to 475 °C, no 
overburning phenomenon occurred, which is due to the dif-
fusion of eutectic phase with low melting point. Also, as a 
consequence of this, the diffusion rate was accelerated, the 
dissolution of coarse second phase was promoted, and the 
homogenization effect was improved. As shown in Fig. 9, 
after homogenization, all the second phases except a small 
amount of coarse Fe-rich phase dissolved into the matrix 
by diffusion.

The mechanical properties of the alloy were controlled 
by two factors during the solution treatment. On the one 
hand, the recrystallization of cold-processed aluminum alloy 

Cs = C0

[

1 −
(

1 − k0
)

exp

(

−

k0v

DL

x

)]

,

sheets occurred when the heating temperature was increased 
and the holding time prolonged, resulting in a decrease in 
strength and an increase in plasticity. At the same time, the 
second-phase particles diffused into the matrix due to the 
increase in temperature and the prolongation of the hold-
ing time during the solution. The supersaturated solid solu-
tion was formed after quenching. This is conducive to the 
precipitation of fine secondary phases in the subsequent 
aging process, and improves the strength and toughness 
of the alloy. Therefore, the supersaturated solid solution at 
the initial stage of the solution treatment plays a major role 
in the mechanical properties. With the prolongation of the 
holding time, less and less alloying elements diffused into 
the matrix, while the recrystallization degree became higher 
and higher. Recrystallization plays a major role in affect-
ing the mechanical properties. In this experiment, when the 
temperature of the single-stage solid solution treatment was 
460 °C, the holding time was 2 h. The alloy sheet with the 
best comprehensive mechanical properties was obtained 
under these conditions. The best mechanical properties of 
the alloy sheet could be obtained with single-stage solution 
treatment at 470 °C and holding for 1 h. The alloy sheet 
with the best mechanical properties will be produced with a 

Fig. 9  Energy spectrum analysis of alloy after homogenization
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temperature of 480 °C and holding time of 0.5 h, although 
the holding time will be gradually reduced with increasing 
solution temperature.

The main purpose of the two-stage solution treatment is 
to dissolve the nonequilibrium eutectic low-melting-point 
phase into the Al matrix by diffusion at low temperature. 
Then, the solid phase of the alloy is increased. The lowest 
temperature of the low-melting-point phase is higher than 
the second solution temperature, but this will not cause over-
burning. In this way, it can be ensured that the alloy will 
exhibit a better solid-solution effect at high temperature. 
Moreover, the coarse second phase can basically be elimi-
nated and the comprehensive mechanical properties of the 
alloy can be improved. In addition, because plastic deforma-
tion occurs in the alloy sheet and a large amount of deforma-
tion energy is stored, the deformation energy will become 
the driving force for alloy recrystallization at a certain tem-
perature. At low temperatures, the stored deformation can be 
released. The recovery action consumes part of the deforma-
tion energy, reduces the driving force of recrystallization, 
and reduces the percentage of recrystallization. The grain 
boundary migration rate V can be expressed through crystal 
boundary migration theory [28] as

where F is the driving force, PD is the stored deformation 
energy, PZ is the obstruction effect of particles, PSOL is the 
obstruction effect of solute atoms, M is the crystal boundary 
mobility rate, M0 is a constant, Q is the activation energy, R 
is the gas constant, and T is absolute temperature. From this 
formula, it can be seen that the stored deformation energy 
can reduce the driving force for crystallization, thus reducing 
the crystal boundary migration rate. The degree of recrystal-
lization also decreases. Ultimately, the recrystallized grain 
growth can be stunting. As seen from the metallographic 
diagram of the solution in Fig. 6, the second-stage tempera-
ture of the two-stage solution treatment is 475 °C. Although 
this temperature is not low, the corresponding recrystalliza-
tion degree is lower than that of the single-stage solution 
treatment at 470 °C.

The high strength and toughness characteristics of 7××× 
series aluminum alloys mainly depend on precipitates in 
the intracrystalline and grain boundary. The purpose of 
solution is to increase the solubility. The alloy strength can 
be improved by increasing the number of precipitates. In 
this experiment, the medium-temperature aging treatment 
system at 120 °C was selected. The precipitation sequence 

(1)V = FM,

(2)F = PD − PZ − PSOL,

(3)M = M0exp

(

−

Q

RT

)

,

is: supersaturated solid solution → Guinier–Preston (GP) 
region → η′ phase. To keep the strengthening phase in the 
GP region of the coherent relationship with matrix and the η′ 
phase of the semicoherent relationship with the matrix, it is 
necessary to have smaller grain size, larger dispersion den-
sity, and higher material strength [8, 10, 29]. In the experi-
ment, the alloy after two-stage solution aging treatment was 
observed by transmission electron microscopy. As shown in 
Fig. 10, dispersive precipitates were present. These precipi-
tates strengthen the alloys. It can be seen from the transmis-
sion morphology that a small amount of precipitates were 
also distributed at the grain boundary, which will have a cer-
tain adverse effect on the intergranular corrosion of the alloy. 
It is therefore necessary to study the corrosion resistance of 
alloys after two-stage and re-regression aging to reduce the 
number and size of precipitates at grain boundaries.

Conclusions

1. The composition of the experimentally prepared Al 
alloy was complex, and the as-cast structure exhibited 
obvious dendrite segregation. After two-stage homog-
enization annealing at 455 °C × 12 h + 475 °C × 12 h, 
all segregated alloying elements except a small amount 
of Fe-rich phase could diffuse into the matrix, and the 
homogenization effect was better.

2. The factors affecting the final mechanical properties 
were the amount of precipitated nanophase and the 
recrystallization degree of the matrix. When the sin-

Fig. 10  TEM microstructure and corresponding diffraction patterns 
of alloy after solution aging treatment
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gle-stage solution treatment was applied, the optimum 
process was 470 °C × 1 h. As long as the temperature 
was lower than that, the degree of supersaturation of the 
alloy decreased. This also led to a poor aging precipita-
tion effect. However, a higher temperature will result in 
a higher recrystallization degree of the alloy. The phe-
nomenon of grain growth affected the comprehensive 
mechanical properties.

3. The driving force of recrystallization was reduced due 
to the release of deformation energy of the treated two-
stage solution alloys during the single-stage solution 
treatment at low temperature. The recrystallization 
degree was not obvious when the second-stage solution 
treatment temperature was properly increased. Mean-
while, the supersaturation of the alloy increased, the 
aging precipitation effect improved, and the comprehen-
sive mechanical properties of the alloy were improved.
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