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Abstract: The microstructure evolution of Al−Zn−Mg−Cu alloy was studied by differential scanning calorimetry (DSC) and 
transmission electron microscopy (TEM) during different rate cooling processes. Based on the DSC results, the kinetics analysis was 
carried out. The results indicate that the precipitation of η phase is the predominant transformation for the alloy during the cooling 
process after the solution treatment. And the η phase nucleates on dispersoids and at grain boundaries. The amount of η phase 
decreases with increasing cooling rate, and reduces by 75% as the cooling rate increases from 5 to 50 °C/min. The kinetics of the 
precipitation of η phase can be described by the Kamamoto transformation model when the cooling rate is a constant. 
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1 Introduction 
 

Al−Zn−Mg−Cu (7xxx series) aluminum alloys have 
outstanding features of high specific strength, hardness, 
toughness and corrosion resistance, and present a wide 
application in aviation field [1,2]. The alloys can be 
strengthened through the solution and aging treatment. 
The major strengthening phase is GP zones and η’ 
(MgZn) phase in Al−Zn−Mg−Cu alloys [3−5]. Because 
of the high quenching sensitivity of Al−Zn−Mg−Cu 
alloys, the cooling rate will directly influence the 
hardening effects obtained in the following aging 
treatments [6−8]. With a lower cooling rate, more second 
phase will precipitate in the cooling process. On one 
hand, the precipitation will decrease the supersaturation 
of the solid solution [9,10]; on the other hand, the 
precipitates will play a role on crystal nucleus, which 
will cause the inhomogeneous precipitation reducing the 
strengthening effects. So, it is important to study the 
effects of the cooling rate on the second phase 
precipitation and the kinetics characters of the 
precipitation process. 

Kinetics analysis methods for microstructure 
evolution mainly include hardness, resistance and 
differential scanning calorimetry (DSC) method. KADI- 
HANIFI and TIRSATINE [11] obtained the volume 

fraction of GP zones in aging treatments of two 
aluminum alloys with different aging time by hardness 
method. HIROSAWA et al [12] analyzed the kinetics 
characters of the precipitation in the aging treatment of 
aluminum alloy by the resistance method, and achieved a 
series of kinetic parameters. JENA et al [13] studied the 
transformation mechanism of the precipitation and 
dissolution reaction in Al−Li−Cu alloy through the DSC 
method. They established the kinetics equation and 
calculated the kinetics parameters. DONOSO [14] and 
PAPAZIAN [15] analyzed the kinetics characters of 
phase transitions in the different aging technologies of 
the aluminum alloys by the DSC method. LUO et al [16] 
proposed a new analysis method to analyze the phase 
transition process of the Al−Li−Cu−Mg alloy by using 
the DSC method with single heating rate, from which 
they obtained a series of kinetics parameters of 
precipitation and dissolution reaction. 

Although studies on the microstructure evolution of 
the Al−Zn−Mg−Cu aluminum alloys have been widely 
developed, there are few reports about the kinetics 
analysis of precipitation during the cooling process. In 
the present study, the experimental method of TEM was 
combined with DSC to determine the solid phase 
transition during the cooling process of Al−Zn−Mg−Cu 
alloy. A kinetics model was built for the precipitation of 
η phase. 
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2 Experimental 
 

The material used was 7A09 aluminum alloy in T6 
tempered state. The chemical composition of material is 
shown in Table 1. All the samples used for the 
experiments came from the same diameter circle in a 
7A09 alloy bar. The DSC thermal analysis was made on 
a NETZSCH DSC 200F3 instrument. Samples were 
polished to disks of 3 mm in diameter and 0.5 mm in 
thickness. They were heated up to 470 °C with the 
heating rate of 10 °C/min, kept at 470 °C for solution 
treatment and then quenched to room temperature at the 
cooling rates of 5, 10, 50 °C/min, respectively. Samples 
for TEM underwent the same thermal cycle used in DSC 
experiments. Then they were polished mechanically to 
100 μm and electropolished in a solution of 75% 
methanol and 25% nitric acid at −20 °C. The TEM 
samples were observed on a Philips CM12 transmission 
electron microscope. 
 
Table 1  Chemical composition of investigated 7A09 alloy 
(mass fraction, %) 

Zn Mg Cu Cr Fe Si Ti Al 
5.8 2.8 1.49 0.23 0.45 0.063 0.024 Bal.

 
3 Results and discussion 
 
3.1 Microstructure evolution 

The DSC result shown in Fig. 1 is obtained in the 
cooling process of the solid solution alloy with the 
cooling rate of 5 °C/min. This curve has an exothermic 
peak (396 °C) which arose from the precipitation of 
second phase. 

Figure 2 shows TEM microstructure and diffraction 
pattern of 7A09 alloy cooled at the cooling rate of      
5 °C/min. Precipitates can be found in the grain interiors 
and at the grain boundaries, as shown in Fig. 2(a). In the 
 

 
Fig. 1 DSC thermogram of solution annealed 7A09 alloy 
during cooling process (cooling rate 5 °C/min) 

 

 
Fig. 2  Microstructure and diffraction pattern of 7A09 alloy 
cooled at 5 °C/min: (a) TEM images; (b) Diffraction pattern for 
[110]Al zone axis (Letter “m” refers to matrix) 
 
grain interiors, precipitates are all attached to 
Cr-containing dispersoids. The precipitates may nucleate 
on the dispersoids [17]. 

The precipitates are easy to nucleate at the gain 
boundaries because the high dislocation density is 
suitable for the diffusion of the solute elements at the 
grain boundaries. The precipitates belong to η phase and 
the orientation relationship (in the selected area) between 
precipitates and matrix can be confirmed according to 
selected area electron diffraction (SAED) pattern   
(Fig.2 (b)): η2—{00.1}η∥{111}Al, {10.0}η∥{011}Al. 
 
3.2 Kinetics analysis 

Figure 3(a) shows the DSC thermograms of 7A09 
alloy cooled at different cooling rates. The heat signals 
have been normalized by the cooling rate so that the 
different curves can be directly compared. The area 
under the exothermic peak is proportional to the volume 
fraction formed and the peak is only related to the 
precipitation of η phase. Therefore, the volume fraction 
ratio can be determined by comparing the area of the 
exothermic peak. The transformation enthalpy equals the 
area of the exothermic peak. The relationship curve 
between transformation enthalpy and cooling rates is 
shown in Fig. 3(b). It indicates that the volume fraction 
of the η phase decreases with increasing the cooling rate. 
When the cooling rate changes from 5 °C/min to 50 
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°C/min, the volume fraction decreases by 75%. 
Moreover, the temperature range in which the 
precipitation occurs is independent of the cooling rate, 
the main precipitation process arises between 300 and 
430 °C and the peak arises between 378 and 396 °C. The 
temperature corresponding to this peak is observed to 
depend very slightly on the cooling rate. There are many 
Cr-containing dispersoids in 7A09 alloy, which are stable 
at the solution temperature and suitable for η phase 
precipitating in the cooling process to nucleate. The 
immediate saturation on the nucleation site leads to a 
constant temperature for the start of precipitation. 
Moreover, a definite stop of precipitation is related to the 
slowing down of solute diffusion[17]. TEM 
microstructure of 7A09 alloy cooled at different cooling 
rates is shown in Fig. 4. It also can be found that the 
volume fraction of the η phase will decrease if the 
cooling rate increases. 

The precipitation of η phase belongs to the 
displacive transition because there is certain orientation 
relationship between precipitates and matrix and the 
transition process contains several typical stages, such as 
solute diffusion, nucleation and growth. The displacive 
transition can be divided into two categories. One is the 
non-diffusional transformation, like the martensitic 
 

 
Fig. 3 DSC thermograms of 7A09 alloy cooled at different 
cooling rates (a) and relationship between transformation 
enthalpy and cooling rates (b) 

 

 

Fig. 4 TEM images showing microstructures of 7A09 alloy 
cooled at 5 °C/min (a), 10 °C/min (b), and 50 °C/min (c) 
 
transformation; another is the diffusional transformation, 
like the bainite transformation. As for a constant rate 
non-isothermal transformation with nucleation and 
growth stages, the kinetics model is mainly based on 
Avrami equation. Johnson−Mehl−Avrami model can be 
applied to characterizing a constant heating rate of 
non-isothermal transformation. Koistinen−Marburger 
and Kamamoto model can be utilized to characterize 
martensitic and bainite transformations respectively in a 
constant rate cooling process [18]. The expression of 
Kamamoto model is given in Eq. (1): 
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where P is the ratio between the volume fraction (f) 
formed at certain temperature and the volume fraction 
formed (f0) at final temperature of transformation; T is 
the transformation temperature; Ts and Tf are start and 
final temperatures of transformation, respectively; b and 
n are fit parameters. 

Although Kamamoto model was proposed for 
describing the bainite transformation, it has been utilized 
to characterize the perlitic transformation [19] and the 
displacive transition occurring in the cooling process of 
uranium [20]. As for 7A09 alloy, the precipitation of η 
phase is also a diffusional transformation. Further, 
relationship between fraction of precipitation and 
temperature (Fig. 5) is similar to that of the bainite 
transformation in kinetics character. Therefore, 
Kamamoto model can be utilized to fit the temperature- 
dependent process of the η phase precipitation. It is 
noteworthy that the model provides a better numerical 
characterization of certain complex nucleation and 
growth kinetics but the fit parameters, b and n, are 
difficult to interpret in terms of a rigorous physical 
model. 

RAI et al [20] introduced the parameter of the 
cooling rate into Kamamoto model in their research, and 
Eq. (1) was changed into Eq. (2): 
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where b′ is a fit parameter, and β is the cooling rate. A 
simple two-parameter Kamamoto model can be obtained 
by setting (b'/β)n=b in Eq. (2). According to 
experimental data, the fitting results of parameters using 
Eq. (2) are tabulated in Table 2 and the fitting curve is 
shown in Fig. 5. 

The strength of Al−Zn−Mg−Cu alloys can be 
improved greatly through the solution and aging 
treatment. The strength of Al−Zn−Mg−Cu alloys will 
increase with increasing strengthening phase obviously. 
The amount of strengthening phase is directly decided by 
 
Table 2 Kinetics parameters obtained by fitting observed η 
phase precipitation data to Eq. (2) 

Cooling rate/ 
(°C·min−1) b′ b n R2 

5 11.046 6.186 2.299 0.999 
10 20.050 4.563 2.182 0.999 
50 102.598 4.001 1.929 0.999 

 

 
Fig. 5 Relationship between fraction of precipitation and 
temperature for 7A09 alloy cooled at different cooling rates 
 
the supersaturation of solid solution, which is sensitive to 
the cooling rate. Usually, more strengthening phase can 
be precipitated from the solid solution with higher 
supersaturation. Therefore, it is quite beneficial for the 
strength increase of Al−Zn−Mg−Cu alloys to get higher 
rate in the cooling process of solution before the aging 
treatment. 
 
4 Conclusions 
 

1) The precipitation of η phase is the predominant 
reaction during the cooling process of 7A09 alloy. 
Precipitates nucleate at the grain boundaries and on the 
Cr-containing dispersoids in the grain interiors. The 
orientation relationship between precipitates and matrix 
can be confirmed according to the SEAD pattern: η2—

{00.1}η∥{111}Al, {10.0}η∥{011}Al. 
2) The volume fraction of the η phase decreases 

with increasing the cooling rate. When the cooling rate 
changes from 5 °C/min to 50 °C/min, the volume 
fraction decreases by 75%. Moreover, the main 
temperature range of the η phase precipitation is from 
300 to 430 °C, which depends on the cooling rate 
slightly. 

3) In the constant rate cooling process, the 
precipitation of the η phase can be described by 
Kamamoto model. Kinetics parameters in the model can 
be obtained by fitting the observed precipitation data. 
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Al−Zn−Mg−Cu 合金冷却过程中组织演变及其动力学分析 
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摘  要：采用透射电镜(TEM)和差示扫描量热法(DSC)相结合的分析方法，研究不同冷却速率条件下固溶态

Al−Zn−Mg−Cu 合金冷却过程中的组织演变，并根据 DSC 结果对该过程进行动力学分析。结果表明：在冷却过程

中，合金的主要相转变是 η 相(MgZn2)的析出，且 η 相在晶内弥散体处以及晶界上形核析出。η 相的析出量随着

冷却速率的增大而明显减少, 当冷却速率从 5 °C/min 增大到 50 °C/min 时，η 相的析出量减少了约 75%。在冷却

速率恒定的情况下，可以根据 DSC 曲线，使用 Kamamoto 相变模型来描述 η 相的析出过程。 

关键词：Al−Zn−Mg−Cu 合金；组织演变；析出；动力学模型 
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