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Abstract: The formation of the Guinier-Preston zones in aluminium alloys is closely linked with the 
excess vacancies. A plastic deformation exerts an influence on the Guinier-Preston zones 
precipitation. As well as in the non deformed alloy and in the deformed alloy, the growth kinetics 
obeys to the JMAK law of the growth controlled by the solute atoms diffusion. However, during the 
GP zones growth, two stages are observed. During the first one, the plastic deformation slows down 
the Guinier-Preston zones formation and during the second stage, the plastic deformation accelerates 
their formation. The plastic deformation promotes the formation of the metastable γ’ phase. 
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1. Introduction  

Al-Ag supersaturated solid solution evolves towards the equilibrium state following the 
sequence [1–4]:  

Supersaturated solid solution → Guinier-Preston (GP) zones → metastable γ’ phase → equilibrium γ 
phase 

The Guinier-Preston zones (GP), consisting of silver atom clusters, are coherent with the matrix. 
The metastable phase γ’ (Ag2Al) is semi-coherent with the matrix and the equilibrium phase γ 
(Ag2Al), is incoherent with the matrix.  
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In Al-Ag alloys, two step of hardening are observed. The first one is due to the GP zones 
formation while the second one, more important, is due to the precipitation of the γ’ metastable phase. 
The obtained degree of hardening depends on the volume fraction, the structure of the  
precipitates [5–10] and the nature of the interface between the metastable phases and the aluminum 
matrix [9,10,11]. It is well known that the formation of the GP zones in aluminium alloys is closely 
linked with the excess vacancies. A number of model of GP zones precipitation assisted by vacancies 
has been developed by several authors [5,12,13]. 

The GP zones formation is governed by a transport mechanism of solute atoms by solute atom-
vacancy complexes. Generally, in aluminum alloys, the precipitation phenomena is controlled by the 
solute atoms diffusion and occurs through a nucleation, growth and coarsening mechanism. Knowing 
that the plastic deformation leads to a multiplication of dislocations in the alloys and the formation of 
vacancies [14], competitive phenomenon will occurs in a deformed alloy. The elastic field 
surrounding the dislocations reduce the critical size over that the precipitate particles grow and 
promote the diffusion of the solute atoms [7,14–18]. The dislocations, also, act as sinks for the 
vacancies and reduce the number of vacancies available for the diffusion. Our purpose is to study the 
effect of the plastic deformation on the GP zones precipitation kinetics in Al-Ag alloys using a 
technique based on microhardness measurements.  

2. Materials and Method 

Al-Ag alloys were prepared by melting 99.99% and 99.99% pure aluminum and silver 
respectively, under argon protection. After a homogenization 15 days at 540 °C and an ice water 
quenching, the alloys are cut into platelets specimen which are mechanically polished, homogenized 
6 hours at 540 °C and quenched into ice water. The Vickers microhardness measurements were 
carried out under a load of 100 g on specimen treated during different times at different aged 
temperatures (100, 150, 180 and 200 °C) and quenched into ice water. The specimens are treated at 
100, 150, 180 and 200 °C. Another group of specimen are plastically deformed and then, treated at 
100, 150, 180 and 200 °C. The plastic deformation consists in a rolling reduction of 5%. The Vickers 
hardness measurements were made using a microhardness tester type SHIMADZU provided with a 
square pyramidal penetrator. The average value of ten readings was used for each data point. The 
ageing temperatures 100, 150, 180 and 200 °C, are chosen below the temperature of the GP solvus in 
the Al rich Ag alloy. 

3. Results and Discussion 

3.1. Hardening Curves 

The isothermal hardness curves, established at 100, 150, 180 and 200 °C show two steps of 
hardening in both the non deformed and the deformed alloys (Figures 1 and 2). The first one is due to 
the formation of the GP zones, while, the second one, more important, is attributed to the 
precipitation of the metastable γ’ phase. The softening occurs at the coarsening of the γ’ particles and 
the precipitation of the equilibrium phase γ [6–11]. The hardening observed is due to the interaction 
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between the GP zones and the γ’ particles with the moving dislocations. The intermediate plateau 
observed between the two steps hardening corresponds to the equilibrium state of the GP zones 
precipitation. At this stage, the maximum hardening due to the GP zones precipitation is obtained. 
The results show that this maximum hardening increases with the increasing of the volume fraction 
occupied by the GP zones at this stage maximum, fvmax = (x0 − xe)/(xpe − xe), where x0 is the alloy 
solute atom concentration, xe is the matrix solute atom concentration at the metastable equilibrium 
state and xpe is the solute atom concentration in the GP zones at the metastable equilibrium state 
(Table 1). The softening is due to the coarsening of the particles of the γ’phase and the precipitation 
of the equilibrium γ phase. 

 

Figure 1. Isothermal hardness curves of the non deformed Al-Ag alloy. 

 

Figure 2. Isothermal hardness curves of the deformed Al-Ag alloy. 
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Table 1. Volume fractions at the metastable equilibrium state of the precipitation of the 
GP zones, fvmax [19–22]. 

T (°C) xe (at%) xpe (at%) Al-2.5at%Ag Al-5at%Ag Al-7at%Ag Al-10at%Ag

100 0.42 56.74 0.029 0.081 0.117 0.17 

150 0.63 53.49 0.035 0.083 0.120 0.18 

180 0.75 41.86 0.042 0.103 0.152 0.225 

200 0.83 38.14 0.045 0.112 0.165 0.246 

The hardness increase in the deformed alloy is due to the strain hardening. The establishment of 
the equilibrium state of the GP zones precipitation is faster in the deformed alloy and the 
precipitation of the γ’ metastable phase occurs earlier in the deformed alloy. 

The dislocations generated during the deformation will provide enough nucleation sites for the 
γ’ metastable phase. In fact, γ’ metastable phase precipitates prefer to nucleate and grow on 
dislocations which are increased in number density during the deformation. Therefore, the number 
density of γ’ metastable phases in the deformed alloy is larger than that in the non deformed alloy. 
However, in the deformed alloy, which promotes the nucleation of the γ’ metastable phase, there is 
not enough space for the formation of the GP zones. The dislocations generated from the 
deformation attract the solute atoms to form the γ’ metastable phase, leading to the less concentration 
residing in matrix. Then the number density of the GP zones is decreased.  

3.2. GP Zones Growth Kinetics 

3.2.1. Growth Parameters 

Precipitation transformation in Al-Ag alloys are considered as nucleation and growth type 
transformations. In such a case, the volume fraction of transformed solid solution, F, may be 
expressed by Johnson-Mehl [23] Avrami [24] and Kolmogorov [25] (JMAK) kinetics:  
F = 1 – exp[–(kt)n], where n and k are the growth parameters. The growth parameter n is a numerical 
temperature independent exponent. For the diffusional controlled growth n is in the range  
0.5–2.5 [26,27]. The growth parameter k is a strongly temperature dependent constant whose value 
depend on both nucleation and growth rates includes nucleation and growth rates. The growth 
parameter k characterizes the precipitation kinetics and is expressed by an Arrhenius-type 
relationship with temperature as follows [28]: k = A exp[–(Q/RT)] where A is a constant, Q is the 
activation energy, R is the gas constant and T is the temperature. 

During the precipitation of the GP zones, the transformed fraction, F, which represents the ratio 
between the volume occupied by the GP zones at a time t and their volume at the metastable 
equilibrium state, is given by the Merle relation [29]:  

Hv(t) = F∙Hv(metastable equilibrium state) + (1 − F)∙Hv(0) 

where Hv(0) is the as quenched hardness, Hv(t) is the hardness of the alloy at the time t during the 
precipitation of the GP zones, and Hv(metastable equilibrium state) is the hardness of the alloy at the 
metastable equilibrium state of the GP zones precipitation. 
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In both the non deformed and the deformed alloys, the results show that the GP precipitation 
kinetics obeys to the JMAK law of the growth controlled by the diffusion of solute atoms:  
F = 1 – exp[–(kt)n] (Figures 3 and 4).  

 

Figure 3. Transformed fraction during the GP zones precipitation in the non deformed 
Al-Ag alloy. 

 

Figure 4. Transformed fraction during the GP zones precipitation in the deformed Al-Ag 
alloy. 
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The incubation times, which the determined values by extrapolation varies between 0.01 and 
0.02 hours, compared with the necessary times to reach the metastable equilibrium state, are very 
short and are characteristics of rapid nucleation in the both all alloys, because of the high 
supersaturation of the quenched in vacancies (Figures 3 and 4). 

The values of n, characteristics of heterogeneous at 100 °C and homogenous precipitation of the 
GP zones at higher temperatures [26,27] and the values of the parameter k, which characterize the 
reaction kinetics, are determined from the slopes of the LogLog(1/(1 − F)) curves (Figures 5 and 6) 
for both the non deformed and the deformed Al-Ag alloys (Table 2). 

 

Figure 5. Determination of the growth parameters during the GP zones precipitation in 
the non deformed Al-Ag alloy. 

 

Figure 6. Determination of the growth parameters during the GP zones precipitation in 
the deformed Al-Ag alloy. 
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Table 2. Growth parameters. 

T (°C) 
Non deformed alloy Deformed alloy 

n k (10−4 s−1) n k (10−4 s−1) 

100 0.7 1.48 0.7 2 

150 1.3 4.4 1.3 7.5 

180 2.3 10 2.3 11 

200 3 14 3 16 

3.2.2. Apparent Activation Energy 

The apparent activation energies during the GP zones growth in the non deformed and in the 
deformed alloys are determined using the Arrhenius-type relationship cited above:  
k = A∙exp[–(Q/RT)]. The slopes of the variation curves Log(k) in a function of 1/T give an apparent 
activation energy Q, respectively, in the order of 30.1 kJ/mol and 28.1 kJ/mol, during the growth of 
the GP zones in the non deformed alloy and in the deformed alloy showing that the reaction of the 
GP zones growth is globally faster in the deformed alloy (Figure 7). 

 

Figure 7. Activation energies determined from the k values. 

The evolution of the apparent activation energy Q during the growth progress, is determined 
using the Arrhenius law which gives the necessary time to reach a certain transformed fraction at a 
given temperature T: t = A·exp(Q/RT), where A is a constant and R is the gas constant. During the 
GP zones growth, the apparent activation energy increases in the deformed alloy and remains almost 
constant in the non deformed alloy (Figures 8 and 9). 
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Figure 8. Determination of the apparent activation energy during the GP zones growth in 
the non deformed alloy. 

  

Figure 9. Determination of the apparent activation energy during the GP zones growth in 
the non deformed alloy. 

The variation of the apparent activation energy during the GP formation shows two stages 
(Figure 10). 

During the first stage of the GP zones formation, the reaction is faster in the deformed alloy 
than that in the non deformed alloy because the preponderant effects of the dislocations introduced 
by plastic deformation are the reduction of the nucleus critical size and the promotion of the 
diffusion along the dislocations. During the second stage, a great number of the quenched in 
vacancies are eliminated at the sinks such dislocations and the preponderant effect of the dislocations 
introduced by plastic deformation is the reduction of the number of the free vacancies available to 
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promote the diffusion of the solute atoms for the formation of the GP zones and the reaction became 
slower in the deformed alloy than that in the non deformed alloy. 

 

Figure 10. Apparent activation energy during the GPB zones growth in the non 
deformed alloy and in the deformed alloy. 

4. Conclusion 

The results highligths the plastic deformation effect on the GP zones and on the γ’ metastable 
phase precipitations in an Al-Ag alloy. In both the non deformed and the deformed alloys, the GP 
zones growth obeys to the JMAK law of the precipitation controlled by the diffusion. At 100, 150, 
180 and 200 °C, the plastic deformation accelerates the establishment of the metastable equilibrium 
state of the GP zones precipitation and promotes precipitation of the γ’ metastable phase and reduce 
the duration of the metastable equilibrium state of the GP zones precipitation. During the GP zones 
growth, in the non deformed alloy, the activation energy remains constant while it increases with the 
GP zones growth progress in the deformed alloy.  
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