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� Akadémiai Kiadó, Budapest, Hungary 2010

Abstract Kinetics of b00 and b0 precipitations in an

AlSiMg have been studied under non-isothermal conditions

using differential scanning calorimetry (DSC) technique.

The variation of the activation energy as a function of

transformed fraction is determined using two isoconver-

sional methods of Kissinger–Akahira–Sunose (KAS) and

Friedman. The results obtained using the two methods

show a change in the activation energy for both metastable

phases precipitations as a function of transformed fraction.

The results obtained from KAS method as compared with

those obtained from Friedman method, show some major

disagreements between the two methods. The growth

exponent, determined by Ozawa method, decreases as a

function of temperature for both phases.

Keywords Al–Si–Mg alloy � DSC � Kinetic parameters �
Isoconversional methods

Introduction

Solid-state phase transformations lead to an important

change in microstructure and hence in mechanical

properties of alloys. It is important, then, to understand the

process of phase transformation in order to optimize the

microstructure.

Phase transformations occur during both isothermal and

non-isothermal annealing, involving several nucleation and

growth mechanisms as summarized by Kempen et al. [1],

for example. The most important kinetic parameters for

solid-state phase transformation are the activation energy

(Qa), and the growth exponent (n). The determination of

these two parameters and their evolution with respect to

time and temperature is of great importance to understand

the phase transformation mechanisms.

The kinetics of solid-state reaction performed under

non-isothermal conditions at linear heating rate / = dT/dt,

can be described by the following rate equation [2–4]:

da
dT
¼ A

/
e�Q=RT � f að Þ ð1Þ

where f(a) is a function of the transformed fraction, a, that

depends on the reaction model, Qa is the activation energy.

There are many methods for determining the activation

energy from experiments under non-isothermal condition

and a linear heating rate. Isoconversional methods, which

permit activation energy to be determined as a function of

the transformed fraction, are the most generally used.

The differential isoconversional methods suggested by

Friedman [5] is based on the Eq. 2

Ln /
da
dT

� �
a

¼ Const� Qa

RT
ð2Þ

For various heating rates /i, the activation energy Qa,

for a given transformed fraction a, is estimated from the

plot of Ln (/ da/dT)ai versus 1/RTai.

The integral isoconversional methods are based on the

integral form of Eq. 1
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g a; 0ð Þ ¼
Za

0

da
f að Þ ¼

A

/

ZT

0

e�Q=RT dT ¼ AQ

/R
p xð Þ ð3Þ

where x = Q/RT. Using the more precise approximation by

Coats and Redfern [6] for p(x), we get the Kissinger–

Akahira–Sunose (KAS) [7, 8] method based on Eq. 4:

Ln
/i

T2
ai

 !
¼ const� Qa

RTai
ð4Þ

For a given transformed fraction a, Qa can be estimated

from a plot of Ln /i
�
T2

ai

� �
versus1=RTai

: Similar equation

has been proposed by Mittemeijer [9].

Others methods have been proposed that can deal with

variable activation energies. These methods include, in

addition to the method of Friedman, the advanced nonlin-

ear isoconversional method developed by Vyazovkin [10],

a new iterative linear isoconversional method by Cai and

Chen [11], the method of Ortega [12],…etc.

Phase transformation in Al–Si–Mg metallic alloys

occurs via the generally accepted precipitation sequence

[13–16]:

SSS! Solute Clusters! GPZ! b00 ! b0 ! b

where SSS represents the super-saturated solid solution,

GPZ stands for Guinier–Preston zones, b00 are metastable

needle-like precipitates, b0 are metastable rod-like (or lath-

like) precipitates and b is the equilibrium phase. b00 and b0

precipitations occur by nucleation and growth and are

diffusion controlled-growth.

Most of the studies on b00 and b0 phases in AlSiMg

alloys have been particularly focused on the qualitatively

complex precipitation sequence [17–19] and crystal struc-

tures [15, 20–22].

The present work has been undertaken to investigate the

evolution of the kinetic parameters associated to the

metastable phases formation, during non-isothermal

annealing of an AlSiMg alloy at different constant heating

rates. The differential scanning calorimetry (DSC) data is

analyzed with the help of the isoconversional methods of

Kissinger–Akahira–Sunose (KAS) and Friedman. These

isoconversional methods are extensively used for analysing

non-isothermal decomposition, crystallization and degra-

dation kinetics for large variety of materials and com-

pounds such, polymers [23–25], glasses [26, 27], liquid

crystals [28] and others [29, 30].

Experimental

The tested Al–Si–Mg alloy was received in an extruded

state and has the chemical composition (wt%) given in

Table 1:

The excess Si with respect to the balanced Al–Si–Mg

alloy is calculated using the relation reported by Gupta

et al. [18] in which we have added the Mn effect whose

role is similar to the Fe one [31] (Eq. 5).

Excess Si ¼ wt% in alloyð Þ � wt%Mg in alloy

1:73

� �� �
�

wt% Fe in alloy

4

� �
þ wt% Mn in alloy

4

� �� �

ð5Þ

The alloy was solutionized at 540 �C for 1 h, and

subsequently water quenched. The tested samples were

machined from the homogenized alloy. They have been cut

in a disc form of 5 mm of diameter and 3 mm of height,

having an average weight of 225 mg. Differential scanning

calorimetry (DSC) analysis of the samples was performed

in a purified argon atmosphere, using a SETARAM 131

instrument. Aluminium crucibles are used. High purity

aluminium (99.999) was used as a reference material.

Temperature scans were made from 20 to 600 �C with

constant heating rates of 5, 10, 15, 20 and 30 K/min.

Transmission electronic microscopy (TEM) experiments

were performed with a conventional Philips CM-12 oper-

ated at 120 kV. Specimens were thinned in Tenupol-2 jet-

polisher for which the electrolyte was kept below room

temperature and a potential of 12 V. The electrolyte was

composed of perchloric acid (18%), glycerol (18%) and

ethanol (64%).

Results and discussion

DSC experiments

The precipitation sequence for the alloy under study has

been determined by performing the DSC scan shown in

Fig. 1a, obtained at heating rate of / = 10 K/min for a

sample solutioned and subsequently water quenched. As

corroborated by previous publications [15, 17, 20–22], the

exothermic peaks are related to the formation of GPZ, b00,
b0 and b phases, formation, respectively, at around 100,

250, 300 and 500 �C.

Differential scanning calorimetry (DSC) scans obtained

in the same way at different heating rates of / = 5, 10, 15,

20 and 30 K/min are shown in Fig. 1b. Exothermic reac-

tion peaks are shifted towards higher temperatures as

Table 1 Alloy composition (wt%)

Si Mg Mn Fe Cr Cu Al

1.195 0.587 0.480 0.231 0.112 0.030 97.365
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function of heating rates, which means that these trans-

formations are thermally activated.

In order to display b00 and b0 precipitates, two samples

are heated at 10 K/min up to 240 �C for the first and up to

300 �C for the second, both aged for 5 min and 1 h,

respectively, and then water quenched. It is expected to

obtain the b00 and b0 precipitations, respectively, for the two

treatment procedures.

Indeed, Fig. 2 shows needle-like b00 and rod-like b0

precipitates as indicated by arrows in the micrographs.

Non-isothermal transformation

The transformed fraction a, as a function of temperature for

different heating rates is shown in Fig. 3, for both b00 and b0

transformations, is obtained from the DSC curves by

integrating the surface area under the exothermic peaks.

Increasing the heating rates pushes up the onset tempera-

ture for the transformation. Moreover, at fixed temperature,

the transformation is promoted by using lower heating

rates.

Determination of the activation energy

In order to investigate the variation of the activation energy

with extent of conversion, KAS and Friedman isoconver-

sional methods are used, and the activation energy values

are determined using Eq. 4 for KAS method and Eq. 2 for

Friedman method, by choosing a number of a values.

Figures 4 and 5 display the dependence of Qa on the

transformed fraction a, respectively, for the two methods.

As shown in these figures, the variation of the activation

energy as a function of the transformed fraction, a, is

observed for the two methods. For the KAS method, the

average value of the activation energy associated with the

b00 precipitation, decreases gradually with increasing

transformed fraction from about 105 to 92 kJ/mol. In

contrast, the average value of the activation energy asso-

ciated with b0 precipitation increases with increasing

transformed fraction from about 132 to 141 kJ/mol. These

values are close to the reported values of diffusion of Mg,

Si and Al in aluminium matrix which are in the range from

124 to 142 kJ/mol [32–36]. For Friedman method, the

average value of the activation energy associated with b00

precipitation, increases gradually then becomes practically
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Fig. 1 DSC scans for Al–Si-Mg alloy under study obtained at heating

rates of: (a) / = 10 K/min. (b) / = 5, 10, 15, 20 and 30 K/min

Fig. 2 Bright field TEM micrographs showing: (a) Needle-like b00

precipitates and (b) rod-like b0 precipitates
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constant for transformed fraction a [0.5, at a value of

26 kJ/mol (Fig. 5a). The average value of the activation

energy associated with b0 precipitation, increases also

gradually, reaches a maximum at value of 84 kJ/mol, then

decreases to a value of 61 kJ/mol corresponding to a

transformed fraction value of 0.9 (Fig. 5b).

The comparison between the results obtained from the

two methods shows two major disagreements. The first

concerns the tendency of the activation energy variation for

b00 precipitation. Figures 4a and 5a show that the applica-

tion of KAS method lead to a decrease of Qa as a function

of a, whereas in the case of Friedman method, the activa-

tion energy increases with increasing a. The second one is

that the values of the activation energy determined by

Friedman method are much smaller than the values deter-

mined by the other method. The latter disagreement has

been reported for non-isothermal crystallization of amor-

phous alloys [37, 38]. As pointed out by Vyazovkin [10],

Starink [39] and Ortega [12], the Friedman method tends to

be numerically unstable, especially when the rate da/dT is

estimated by numerical differentiation of experimental

data, which is the case in this work. This could lead to

smaller values for Qa

The change in the activation energy as a function of

transformed a, observed in the study of b00 and b0 non-

isothermal precipitations, could be an indication for multi-

step reactions involving different mechanisms operating at
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Fig. 3 Evolution of the transformed fraction a, as a function of

temperature for different heating rates. (a) for b00 and (b) for b0

transformations
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different degree of transformation, having likely different

activation energies.

The analysis of the variation of the activation energy in

order to understand the physical mechanisms related to this

change is not evident. However, this behaviour can be

tentatively explained, for KAS results, as follows.

Nucleation of b00 precipitates takes place on to pre-

existing precipitates constituting a phase called pre-b00

reported by Marioara et al. [40] in alloys having excess Si,

which is estimated to be 0.68 for the alloy under study,

using Eq. 5. Gupta et al. [18] and Murayama and Hono

[41] show that the excess Si promotes the formation of a

larger amount of (Mg ? Si) clusters and GPZ. Pre-b00

phase, which is the more developed GPZ, is fully coherent

with the matrix. It contains Mg, Si and a substantial amount

of Al. The transformation of pre-b00 to b00 involves a con-

tinuous replacement of Al atoms with Mg and in a less

extent by Si atoms released from clusters and the solid

solution [40–44]. As more Mg and Si are added to the pre-

b00 precipitates, the ratio Mg/Si tends to the stoichiometry

of the b00 phase (Mg5Si6). It is obvious that both quenched-

in vacancies and solute-vacancy complexes formation, play

a direct role in the pre-b00 ? b00 structural transition. The

high bounding energy of solute-vacancy complexes tends

to stabilize the pre-b00 phase during early stages of the

transformation, because of the lower mobility of bound

vacancies. However, its efficiency gradually decreases

during continuous heating, which can explain the Qa

decrease.

Figure 4 shows also that the Qa average value is prac-

tically constant for lower transformed fraction, increases

somewhat rapidly and becomes again constant for higher

transformed fraction. Nevertheless it tends to decrease for

latter stages of growth. Starink and Zahra [45] and Kempen

et al. [1] suggest that the Qa of the transformation can be

interpreted as a combination of the constant activation

energy for nucleation (QN) and growth (QG). According to

this suggestion, the average value corresponding to the first

plateau could be attributed to QN and the average value

corresponding to the second value at higher transformed

fraction to QG. Then, during the course of the transfor-

mation, the Qa is likely predominating nucleation type and

tends gradually towards predominating growth type.

Growth exponent n(T)

The values of n as a function of temperature, T, can be

determined using Eq. 6 [46, 47].

d Ln �Ln 1� aTð Þð Þ½ �
dLn/

¼ n Tð Þ/ ð6Þ

where, aT represents the transformed fraction attained at a

certain fixed value of T, as measured for different heating

rates. The dependence of n (at fixed /) on T, n(T)/, can be

determined by choosing different T values. Variation of

n with respect to temperature are presented in Fig. 6, for

the b00 and b0 transformations, respectively.

As shown in Fig. 6, n is temperature dependent and

decreases for both phases, from the value n = 4 to about

2.3 for b00 and from the value n = 4 to about 1 for b0

transformations, respectively.

As predicted by the classic theory [48] for the nucleation

and diffusion-controlled growth, the n values depend on

nucleation rate and the dimensionality growth and are in

the range of 1 to 2.5, except for the increasing nucleation

rate case where the n is superior to 2.5. The value n = 4

determined in the present study, seems to be overestimated,

but remains superior to 2.5. It can be associated with an

increased nucleation rate. One suggests that during con-

tinuous heating, more and more particles dissolve and the

Mg and Si atoms released diffuse easily towards other pre-

b00 precipitates which transform into b00 particles.

Growth exponent for b0 transformation tends to the

value n = 1. It agrees with the one predicted for the

thickening of large rod-like precipitates [49]. b0 precipi-

tates are effectively rod-like. By another way, Tsao et al.
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[31], using in situ synchrotron small-angle X-ray scattering

(SAXS) analysis, have investigated the evolution of b00 and

b0 precipitates in an AA6022 AlSiMg alloy.

They show that the radius of rod-like b0 precipitates

increases obviously during the growth stage, in contrast for

b00 radius that remains practically constant. The thickening

of the rod-like b0 precipitates could be related to the for-

mation of dislocation-loops surrounding the precipitates

(Fig. 7). The dislocation-loops have been observed in

similar alloys, by Weatherly and Nicholson [49] and Jacobs

[20], and are related to the loss of coherency between

precipitates and matrix during the last stage of growth. The

presence of those dislocation loops, surrounding b0 pre-

cipitates, more likely promotes their thickening.

Conclusions

The evolutions of the kinetic parameters, activation energy,

Qa and growth exponent, n, corresponding to the b00 and b0

precipitations under non-isothermal conditions have been

studied using DSC experiments.

The variation of the activation energy as a function of

transformed fraction is obtained by means of KAS and

Friedman isoconversional methods.

The variation of the growth exponent is obtained using

Ozawa method.

The following conclusions can be drawn:

• The activation energy determined from the two meth-

ods was found to vary with the transformed fraction for

both b00 and b0 precipitations.

• The results obtained from KAS method as compared

with those obtained by Friedman method show two

major disagreements between the two methods:

– Friedman method leads to a much smaller values of

the activation energy.

– For b00 precipitation, the activation energy was

found to decrease as a function of the transformed

fraction, for KAS method and to increase in the

case of Friedman method.

• The exponent growth decreases as a function of

temperature for both b00 and b0 precipitations.
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