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Abstract The effect of solution treatment on the

microstructure and mechanical properties of a novel 7A56

aluminum alloy plate was investigated by optical micro-

scopy (OM), scanning electron microscopy (SEM), trans-

mission electron microscopy (TEM), X-ray diffraction

(XRD), differential scanning calorimetry (DSC), conduc-

tivity, hardness and tensile tests. The results indicate that

the coarse second phases in the hot-rolled plate mainly

consist of AlZnMgCu quaternary phase and Al7Cu2Fe

phase, and no Al2CuMg phase is found. The amount of the

second phases gradually reduces with the increase in

temperature (450–480 �C) and time (1–8 h) during the

solution treatment, and the soluble particles are completely

dissolved into the matrix after solution treatment at 470 �C
for 4 h, while the residual phases are mainly Fe-rich phase

along the grain boundaries. The recrystallization fraction of

the alloy gradually increases with the degree of solution

treatment deepened. When the temperature exceeds

480 �C, over-burning takes place. The mechanical prop-

erties of samples treated at 470 �C for various times were

tested. After the solution treated at 470 �C for 4 h, the

quenching conductivity and peak-aged hardness of the

alloy are 30.8%IACS and HV 204, respectively. The ulti-

mate tensile strength and yield strength of the samples aged

at 120 �C for 24 h are 661 and 588 MPa, respectively.
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1 Introduction

Al–Zn–Mg–Cu (7xxx) alloys are typical aging hardened

materials, with the advantage of low density, high strength

and good resistance to (stress corrosion cracking) SCC

[1–5]. As a kind of crucial structural material, 7xxx alloys

have been extensively used in commercial aircraft struc-

tures [6]. In order to acquire better properties, traditionally,

the preparation process of 7xxx alloys mainly consist of

casting, homogenization, pre-heating, rolling, solution and

aging treatment. On the other hand, many researchers have

focused on designing alloy composition for many years to

obtain materials with excellent properties. [3, 7, 8]. With

the rapid development of aerospace industry, increasing the

solute content of the major alloying element, especially Zn

and Mg, has become an important trend for 7xxx alloys [9].

7A56 alloy which has high solute content was registered

inland in 2015 and shows outstanding overall properties.

For 7xxx alloys, lots of coarse constituent particles can

be found after the homogenization and rolling processing,

due to the effect of slow cooling and deformation-induced

precipitation (DIP) [10]. These constituent particles mainly

contain Mg (Zn, Cu, Al)2 (T-phase), Al2CuMg (S-phase),

Al2Cu (h-phase), Mg2Si and Al7Cu2Fe. Some studies

report that these second phases will badly deteriorate the

properties of the alloy, such as intensity, fracture toughness

and stress corrosion cracking resistance [11, 12]. There-

fore, to obtain the preferable mechanical properties for

7xxx alloys, solution treatment will be carried out to dis-

solve most of coarse constituent particles. The aim of the

present study is to investigate the optimal solution temper
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of the novel 7A56 alloy rolling plate to get the outstanding

properties for the alloy.

2 Experimental

The material used in this study was a 40-mm-thick 7A56

alloy plate (9.2 Zn, 2.1 Mg, 1.8 Cu, 0.12 Zr, 0.09 Fe, 0.06

Si and the balance Al, in wt%) in hot-rolled condition. The

samples were selected at quarter thickness of the plate, in

order to ensure a maximum homogeneity of composition

and grain structure. The solution temper for 7A56 alloy is

detailed in Table 1.

Microstructures of the specimen were investigated by

optical microscope (OM, Zeiss Axiovert 200), scanning

electron microscope (SEM, JEOL JSM 7001F) and trans-

mission electron microscope (TEM, JEOL 2010FX)

[12–14]. Analysis of the composition of the second phases

was carried out by energy-dispersive spectroscopy (EDS,

VANTACE, DI4105). Graff segment reagent was used

during the observation of OM. The melting temperature

associated with the constituent particles in the specimen

was measured by differential scanning calorimetric (DSC)

conducted on NETZSCH STA 409 C/CD instrument with a

heating rate of 10 K�min-1 ranging from room temperature

to 560 �C. The microstructural characterization was carried

out by X-ray diffractometer (XRD, Rigaku D/Max 2500)

with a step of 0.5�. The conductivity of the quenching

specimen was measured by WD-Z eddy current conduc-

tivity meter at room temperature. To ensure the validity of

the results, six values were acquired. Specimens for hard-

ness tests were prepared by mechanical grinding and pol-

ishing and then conducted on a Vickers hardness testing

machine with a load of 50 N force and a loading duration

of 10 s. For each specimen, at least ten indents were per-

formed. The tensile specimens of 5 mm in gauge diameter

and 25 mm in gauge length were cut along rolling direction

in accordance with the ASTM standard E 517-00. The

tensile test was measured by a WD 3100 test machine at a

constant speed of 2 mm�min-1.

3 Results and discussion

3.1 Observation of original microstructures

The optical microstructure of the 7A56 alloy rolling plate is

shown in Fig. 1. It can be observed that a number of coarse

constituent particles distribute along the rolling direction,

with the dimensions of 3–50 lm. According to Refs.

[10, 15], these constituent particles in the alloy were

mainly produced in the process of homogenization and

rolling deformation. EDS analysis reveals that these white

second phases are mainly AlZnMgCu phases, which form

during the dissolution of MgZn2 phase, accompanied with

Cu and Al atoms replacing Zn atoms [16]. And the gray

particles are mainly Fe-rich phases, namely Al7Cu2Fe,

which is nearly insoluble during the solution treatment in

the 7xxx alloys. No Al2CuMg phase could be found in the

alloy. Most particles are expected to be dissolved into the

matrix during the solution treatment. However, the high

solution temperature inevitably leads to over-burning and

recrystallization [17–19]. Therefore, it is necessary to

optimize the solution treatment (Table 2).

Typical DSC thermogram is obtained for the rolling

plates, and the result of DSC is shown in Fig. 2. There is an

apparent endothermic peak around the temperature of

Table 1 Solution treatment temper for rolling plate of 7A56 alloy

Test Nos. Solution treatment schedules

1 450 �C/1 h

2 460 �C/1 h

3 470 �C/1 h

4 480 �C/1 h

5 470 �C/2 h

6 470 �C/4 h

7 470 �C/6 h

8 470 �C/8 h

Fig. 1 Microstructure of as-rolled 7A56 alloy: a three-dimensional metallography of alloy (L, rolling direction; LT, long transverse; ST, short

transverse); b, c photograph of alloy obtained by SEM
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475 �C, and it is on behalf of the melting of AlZnMgCu

phase [18, 20]. According to the analysis of data, the

extrapolation initial temperature of this phase is 474.2 �C
that the solution temperature should not exceed.

3.2 Dissolution of constituent particles

and recrystallization

The typical optical microstructures of the samples, which

were heated at different temperatures holding for 1 h fol-

lowed by water quenching, are shown in Fig. 3. From the

optical photographs, it is shown that the number density of

the second-phase particles rapidly decreases after solution

treatment, and with the holding temperature increasing

from 450 to 470 �C, the number of remaining constituent

particles decreases gradually. When the temperature

exceeds 480 �C, apart from insoluble phases, the remaining

constituent particles also could be seen, because of the

over-burning of particles [20–22].

The dissolution process of the second phases was

observed by SEM (Fig. 4). A number of uniformly con-

stituent particles are dissolved into matrix after solution

treatment. It could be obviously seen from the histogram in

Fig. 5 that remaining constituent particles become less with

the increase in the temperature. The area fraction of the

second phases in the as-rolled plate is about 5.4%. After the
Fig. 2 DSC test curve of 7A56 rolling plate

Table 2 EDS analysis of second phase in Fig. 1c (at%)

Label Al Zn Mg Cu Fe

A 45.55 24.44 20.37 9.64 –

B 55.82 18.07 18.40 7.72 –

C 72.13 0.90 – 17.88 9.08

D 83.40 2.52 1.90 8.33 3.85

Fig. 3 OM images of 7A56 alloy at different solution temperatures for 1 h: a 450 �C, b 460 �C, c 470 �C and d 480 �C

Microstructure and mechanical properties of 7A56 aluminum alloy
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solution treatment at 450 �C for 1 h, the fraction reduces to

0.47%. With further elevating the solution temperature, the

values decrease slowly.

XRD patterns of the samples treated at different tempers

(Fig. 6) also prove that the primary phases are a(Al) and

MgZn2 in the rolling plate. The peaks of Al7Cu2Fe could

be covered by the peaks of Al matrix and MgZn2. After

solution treatment at all tempers, the peak of MgZn2 is not

obvious, which means that there are few MgZn2 phases in

the treated samples.

In Table 3, the composition of the phases was analyzed

by EDS. The AlZnMgCu phase, close to Mg(Zn, Cu, Al)2

phase in some positions, is observed in samples treated at

450, 460 and 470 �C for 1 h (marked as Arrows A, B, C in

Fig. 4). Even after holding for 3 h at 470 �C, the similar

composition phase (marked as Arrow D) can be found. But

the size decreases gradually. Only Fe-rich phases are

observed in the samples at 470 �C, 4 h (marked as Arrow

E). That is to say, the second phases with low melting point

are completely dissolved into the matrix [23]. When the

temperature exceeds 480 �C, the eutectic phase takes place

(marked as Arrow F). So, according to the observation of

Fig. 4 SEM images of 7A56 alloy after solution treatment: a, b 450 �C, 1 h; c, d 460 �C, 1 h; e, f 470 �C, 1 h; g, h 470 �C, 3 h; i, j 470 �C, 4 h;

k, l 480 �C, 1 h

Fig. 5 Area fraction of the second-phase particles of 7A56 aluminum

alloy

Fig. 6 XRD patterns of sample treated at different tempers
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microstructure, the optimal solution treatment temper of

7A56 alloy is 470 �C, 4 h.

The recrystallization of samples during various solution

tempers is shown in Fig. 7. With the increase in the solu-

tion temperature and time, the degree of recrystallization of

the sample deepens gradually. The area fraction of

recrystallization for the hot-rolled sample is about 61.4% in

Fig. 7a, and then, the value increases to 65.3% after solu-

tion treatment at 460 �C for 1 h (Fig. 7c). On the condition

of the optimal solution treatment temper (Fig. 7d), the

recrystallization area fraction of the sample is about 67.7%.

3.3 Quenching conductivity and hardness

Quenching conductivity and T6 aging hardness of 7A56

alloy were measured after solution treatment at 470 �C for

different holding times in Fig. 8. The conductivity of the

quenching samples decreases rapidly after solution treat-

ment. Otherwise, there is no obvious change when

extending the solution time. The minimum value of the

quenching conductivity is 30.7%IACS when holding for

6 h. The variation trend of T6 aging hardness increases

firstly and then decreases with the increase in holding time.

The maximum value of aging hardness is HV 204 at

470 �C for 4 h. Considering the result of microstructure

and properties of 7A56 alloy, the optimal solution temper

should be 470 �C, 4 h.

3.4 Result of tensile test

According to the result of solution treatment for the quarter

thickness of the plate, samples selected at the core of the

plate were treated for aging treatment at 120 �C for dif-

ferent time. The corresponding curves of ultimate tensile

strength, yield strength and elongation are presented in

Fig. 9. As shown in Fig. 9a, b, the ultimate tensile strength

(UTS) and yield strength (YS) increase rapidly during the

early 6 h, followed by a gentler increase up to 60 h. In

Fig. 9c, the elongation at break varies in the narrow range,

about 10.2%–15.9%. The UTS and YS values of the

sample after solution treatment are 570 and 388 MPa,

respectively. The values increase to 648 and 558 MPa aged

for 6 h, which increase by 14% and 44% for UTS and YS,

respectively. By extending aging time, the increase in the

values become slow, and when the aging time is 24 h, the

UTS and YS values are 661 and 588 MPa, respectively.

And then, the slow reduction of UTS is presented [24–26].

On the contrary, the YS of the alloy still increases.

3.5 Observation of precipitates

Figure 10a–c gives TEM images of the precipitates in the

matrix and the grain boundary for the alloy specimen aged

at 120 �C for 6, 24 and 40 h. All of the precipitates in the

Table 3 EDS analysis of constituent phases in Fig. 4 (at%)

Label Al Zn Mg Cu Fe

A 31.3 25.76 25.85 17.08 –

B 23.58 26.66 29.59 20.17 –

C 29.12 22.51 32.62 15.74 –

D 32.61 21.82 30.24 15.33 –

E 75.09 1.26 0.73 14.44 8.48

F 55.85 17.83 15.53 10.80 –

Fig. 7 Backscattered electron SEM images of specimens: a hot-rolled; b 450 �C, 1 h; c 460 �C, 1 h; d 470 �C, 1 h; e 470 �C, 4 h

Microstructure and mechanical properties of 7A56 aluminum alloy
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matrix are observed along the \110[Al orientation. As

shown in Fig. 10a, on the condition of aging treatment at

120 �C for 6 h, there are elliptical and elongated precipi-

tates in the matrix with the size of 1–4 nm. Furthermore,

the size of precipitates with shapes of ellipse and stick in

matrix manifests a relatively homogeneous increment with

the degree of aging treatment deepening in Fig. 10b, c.

4 Discussion

The aim of solution treatment is to dissolve the constituent

particles into the matrix extremely to form supersaturated

solid solution, so the nanophase will be precipitated mostly

in the process of artificial aging to strengthen the properties

of alloy [27–30]. At the same time, an undesirable result is

that recrystallization occurs, which will deteriorate the

properties of the alloy. For the novel 7A56 alloy, compared

with the traditional Al–Zn–Mg–Cu alloy, high solute

Fig. 8 a Quenching conductivity and b T6 aging hardness of 7A56 alloy for different time at 470 �C

Fig. 9 a Ultimate tensile strength, b yield strength and c elongation of 7A56 alloy at 120 �C for different aging time

Fig. 10 TEM images of precipitates in matrix for samples aging at 120 �C for a 6 h, b 24 h and c 40 h
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concentration (about 13%) is the apparent characteristic, so

it can get a higher intensity to meet the demand. For the as-

rolled plate, the second phases formed in the deformation

mainly contain AlZnMgCu and Fe-rich phases in the

observation of original plates, without the traditional

Al2CuMg phase [4, 5, 8]. This agrees with studies on

solution treatments that Al2CuMg phase is formed at

content of Cu ? Mg C 3.6 wt% in 7xxx alloys containing

around 6.0 wt% Zn [1]. The size of the second phase in the

as-rolled is about 3–50 lm, and the number is large.

During the solution treatment, with the increase in tem-

perature and time, the remaining soluble particles gradually

become spheroidizing and the size becomes small. The

AlZnMgCu phase disappears at 470 �C for 4 h. Only Fe-

rich phase could be found. However, the degree of

recrystallization of the sample deepens gradually. The area

fraction of recrystallization for the hot-rolled sample is

about 61.4%. The value increases to 67.7% after solution

treatment at 470 �C for 4 h. When further elevating the

temperature (C 480 �C), over-burning could occur.

According to the result of tensile test, the UTS and YS

increase rapidly during the early stage, followed by a

gentler increase in the later stage, resulting from the

growing of aging precipitates.

5 Conclusion

In the rolling plate of 7A56 alloy, it can be observed that a

number of coarse constituent particles distribute along the

rolling direction, mainly containing AlZnMgCu and

Al7Cu2Fe phases. With the increase in the temperature and

time during solution treatment, the remaining constituent

particles would be less. At the same time, the recrystal-

lization fraction of the sample increases gradually. The

optimal solution temper should be 470 �C, 4 h. Conduc-

tivity and hardness of 7A56 alloy were measured. After

solution treatment at 470 �C for 4 h, the conductivity of the

quenching samples is about 30.8%IACS. The hardness of

the specimen is HV 204 aged at 120 �C for 24 h. The result

of tensile test shows that the peak-aged UTS and YS are

661 and 588 MPa, respectively.
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