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The kinetics of precipitation in Al-Zn-Mg-Cu alloy 
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The kinetics of precipitation in supersaturated solid solution of 7050 aluminum alloy was investigated by a combination of 
differential scanning calorimetric (DSC) techniques with Johnson-Mehl-Avrami (JMA) equation. The results demonstrated 
that, the activation energy of GPI 353 K, η′ phase 492 K and η phase 510 K were 103.8, 195.1 and 571.9 kJ/mol, respectively. 
The constant of k0 were 10

13
, 4.8×10

16
 and 7.9×10

56
 /s, respectively. The equations of the corresponding kinetics were 

gained at the same time.  
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1. Introduction 
 

7xxx series alloys have been considered in a wide 

variety applications as in aviation and aerospace industry 

for several decades, due to their excellent mechanical 

properties, high thermal and electrical conductivity, and 

superior resistance to corrosion [1-7]. The phenomenon of 

age-hardening in aluminum alloys was discovered by 

Alfred Wilm in the first decade of the century and led to 

the development of the well-known duralumin [8]. The 

strength of Al-Zn-Mg-Cu alloy is mainly controlled by 

precipitation during aging, which occurs through a 

complex sequence as follows: supersaturated solid solution 

(SSS) → Guinier-Preston (GP) zones → metastable η' → 

stable η (MgZn2) [9]. GP zones are generally accepted as 

precipitates formed below about 120
 o

C and the early 

stages of artificial aging [9,10]. In combination with the 

evolution of quenched-in excess vacancies, these 

precipitates strongly influence the subsequent precipitation 

of the metastable η' phases, which are commonly 

considered as the main hardening phase in 7xxx series 

alloys [10]. The partly coherent η' phases are generally 

accepted as precipitates formed between 120 and 150 
o
C. 

The precipitation of non-coherent η phase takes place with 

the composition of MgZn2 between 150 and 300 
o
C [9]. 

The aging behaviour and the precipitation process of these 

alloys have been assessed by various methods, such as 

hardness, resistivity measurement, calorimetry and X-ray 

diffraction study [11]. Since any change in composition, 

processing and aging practices, etc. can affect the 

precipitation hardening behavior and lead to complex 

microstructural conditions, it is still essentially required to 

study the microstructural features and the hardening 

process of the alloy for further understanding and 

correlating the structure-property relationship [11,12]. 

Since the morphology, sizes and distributions of 

precipitates directly affect the mechanical properties of 

alloy, the organizational transformation kinetics 

parameters of the precipitation process enable us to control 

aging process and obtain the desired properties of alloys.  

Considering the limitations in quantitative 

transmission electron microscopy (TEM) method, i.e. 

susceptibility to errors and time-consuming technique, 

differential scanning calorimetric (DSC) can conveniently 

be utilized as a supplement to TEM studies to achieve 

rapid and qualitative description of solid-state phase 

transformation/precipitation in aluminum alloys [11,13-17]. 

Generally, DSC is a technique particularly well suited to 

characterize the kinetics of precipitation and dissolution 

reactions in aluminum alloys under non-isothermal 

conditions and resistivity measurements under isothermal 

conditions [11,18-23]. Hence, a key aim of this work was 

to discuss the sequences of solid state precipitation and 

dissolution reactions of a Al-Zn-Mg-Cu alloy from the 

DSC thermograms. Our present contribution contains 

various calculated kinetic parameters based upon the 

kinetics theory of Johnson-Mehl-Avrami relate the 

transformed volume fraction of the precipitation with the 

aging time, such as activation energy, frequency factor and 

the transformation function.  

 

 

2. Experimental procedure 

 

The material used in this study was rolled 7050 45 

mm thick plate (5.85 Zn, 2.28 Mg, 2.13 Cu, 0.094 Zr, 

0.055 Fe, 0.019 Mn, 0.041 Si and balance Al, in wt.%), 

provided by Northeast Light Alloy Co., Ltd.. Differential 

scanning calorimetry (DSC) was carried on different 

samples using a DSC Q2000 V24.9 Build 121 instrument. 

Specimen for DSC analysis was punched into small discs 

with thickness of 1 mm and a diameter of 4 mm. The 

quality of the specimen was smaller than 30mg. 

Specimens were submitted to DSC under a Nitrogen 

atmosphere with scanning rates of 5K/min. 
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3. Results and discussion 
 

3.1. Kinetics theory 

 

The discontinuous precipitation kinetics can be 

obtained by Johnson-Mehl-Avrami (JMA) equation of 

isothermal transformation kinetics: 

 

ξ = 1− exp(kt
n
 )               (1) 

 

ξ is the volume fraction of the initial material transformed 

at t time, n is the Avrami exponent(the exponent which 

reflects the nucleation rate and the growth morphology) 

and k is the reaction rate constant, which an Arrhenian 

temperature dependence is usually assigned: 

 

k = k0 exp[−Q /(RT)]             (2) 

 

Q is the activation energy for the crystallization reaction, 

R is the universal gas constant (8.314J/mol K), T is the 

isothermal temperature and k0 is the frequency factor. 

The volume fraction of precipitation and dissolution 

reactions with temperatures can be calculated by 

measuring the net area under a DSC trace. During the DSC 

run, the heat effects, Q(T), between the initial temperature 

Ti and temperature T of a peak is associated with the area 

under the peak between initial temperature Ti and 

temperature T. Hence, the volume fraction of precipitation 

and dissolution reactions, i.e. the amount of phase 

precipitated or dissolved at a given temperature range, can 

be given by:  

ξ=S(T)/S(f)                 (3) 

 

The derivation of equation (1) gives the volume fraction of 

precipitation: 

 

dξ / dt = k
1/ n 

f (ξ )              (4) 

 

dξ / dt = (dξ / dT)(dT / dt) =φ(dξ / dT)      (5) 

 

φ is heating rate. 

We can get the activation energy by simultaneous 

Equation (2) (4) (5),  

 

ln[(dξ / dT)( φ/ f (ξ ))] = ln k0 − (Q/ R)(1/T)    (6) 

 

n is chosen based on growth mechanism by long-range 

diffusion controlled.  

Therefore, a plot of ln[(dξ / dT)( φ/ f (ξ ))] vs (1/T), 

under different heating rates, will give a straight line of 

slope (-Q/R) from which the value of activation energy Q 

and frequency factor k0 can be determined.  

 

3.2. DSC analysis 

 

DSC curve calibrated with pure (99.999%) Al for 

as-quenched 7050 specimen was shown in Fig. 1(a). In the 

case of age hardenable aluminum alloys, normally, the 

formation of precipitates is an exothermic process whilst 

their dissolution is an endothermic process [11,24,26,27]. 

The peak temperature for the precipitation represents the 

temperature at which the two factors, i.e. the fall of the 

driving forces for the continued precipitation (i.e. the 

decrease of supersaturation with the rise of temperature 

during DSC run) and the increase of diffusivity with the 

increase of temperature which results in competing to 

reach a maximum precipitation rate [11]. In DSC curve 

with scanning rates of 5K/min, three distinct exothermic 

peaks from A to C can be observed in the temperature 

range from 300 to 550K. It was reported that there are two 

types of GP zones in Al-Zn-Mg-Cu alloys, which are GPI 

zones and GPII zones. The exothermic peak A at about 

350K was associated with the formation of GP zone. 

While the exothermic peaks B and C from 450 to 550K 

were associated with the formation of semi-coherent η' 

precipitates and transformation to η precipitates. Since the 

reaction temperature of peak B was close to that of peak C, 

the two peaks were overlapped with each other. Fig. 1(b) 

showed the separation results of overlap peak to achieve 

the accurate organizational transformation kinetics 

relationship.  
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Fig. 1. (a) DSC curve of supersaturated solid solution of 

7050  aluminum alloy  and  (b) Separation results of   

                    overlap peak 

 

 

In combination with DSC curve of supersaturated 

solid solution and separation results of overlap peak, we 

can obtain the variations of volume fraction of 

second-phase particles and precipitation rate with 

temperatures, shown in Fig. 2. Based on the growth 

mechanism by long-range diffusion controlled in JMA 

equation, we select n = 2/3, n = 1, n = 1 as phase transition 
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constant of GP zone, η' and η phase, respectively [26]. Fig. 

3 showed the fitting results of activation energy and the 

kinetic parameters for the solid state reactions of the 7050 

alloy were shown in Table 1. 
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Fig. 2. Variations of volume fraction (a) and precipitation 

 rate with temperature (b) 
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Fig. 3. Determination of activation energy 

 

 

The quenched aluminum alloy often appears 

exothermic peaks of GP zone, η' and η in the heating 

process of DSC curve. 

 

Table 1. Precipitation kinetics of GPI, η′ and η phases 

 

 Peak 

temperature/K 

Q/(kJ·mol
−1

) k0/s
−1

 

GPI 353 103.8 10
13

 

η′ 492 195.1 4.8×10
18

 

η 510 571.9 7.9×10
56

 

 

 

We calculated the kinetic parameters of phase 

transformation based on the dissolved activation energy of 

aged alloy during the heating process. The slopes of the 

three linear straight lines gave the activation energy (Q) 

for the process. Generally speaking, due to the complexity 

of the precipitation and dissolution reactions, the 

calculated activation energy cannot be determined 

accurately [11]. The activation energy value for the 

dissolution of GP zones was in good agreement with the 

values obtained by F. Wei [27]. The higher the degree of 

alloying, the higher the degree of supersaturation in matrix 

[28]. Compared with others' investigations, the activation 

energy of GP zone was higher due to the lower degree of 

alloying [11-13,16,29]. The activation energy of η' phase 

was similar with that obtained in Ref. 26. As the 

temperatures increased, the η formation process will be 

under the control of thermodynamics and kinetics starting 

from dynamics controlling. Thus, the activation energy of 

η phase formation obtained by Kinetic equations will not 

be determined accurately.  
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Fig. 4. TTT curve 

 

 

Based on the precipitation kinetics parameters of GPI, 

η′ and η phases, we can deduce the transformation function 

as follows:  

 

ξ(GP) = 1 − exp{1013exp[−12484/T]t
2

3}       (7) 

 

ξ(η′) = 1 − exp{4.8 × 1018exp[−23468/T]t}   (8) 

 

ξ(η) = 1 − exp{7.9 × 1056exp[−68787/T]t}    (9) 
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While ξ is 5% represented GPI, η′ and η phases started to 

transformation; ξ is 95% represented the finish of 

transformation. Hence, the TTT curves for phases 

transformation of 7050 aluminum alloy can be obtained, as 

shown in Fig. 4.  

 

T(GP) = 12484/[
2

3
lnt + 29.9 − lnln(1 − ξ)−1]   (10) 

 

T(η′) = 23468/[lnt + 43.0 − lnln(1 − ξ)−1]   (11) 

 

T(η) = 68787/[lnt + 131.0 − lnln(1 − ξ)−1]   (12) 

 

 

4. Conclusions 
 

In this investigation, the DSC thermograms of 7050 

alloy taken at 5K/min heating rates exhibited three 

exothermic peaks which represented the sequence of 

precipitation reactions, such as the formation of GP zones, 

the precipitation of η' phase, the precipitation of η phase. 

From the DSC data, the technique to determine the 

fraction of transformation, and the method to determine 

activation energy, frequency factor and the transformation 

function, were discussed. The values of activation energies 

of discontinuous precipitation determined using DSC 

methods based on JMA equation for 

Al-5.85Zn-2.28Mg-2.13Cu were 103.8, 195.1 and 571.9 

KJ/mol, respectively. From the present DSC thermograms, 

it was difficult to determine the kinetic parameters 

accurately for the precipitation reaction of η phase because 

of its thermodynamics and kinetics controlling process. 
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