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Abstract We study the isothermal d0 (Al3Li) precipita-

tion kinetics in an Al–2.3 wt% Li–0.1 wt% Zr alloy by

means of the measurement of the thermoelectric power

(TEP) in the temperature range between 120 and 180 �C.

We obtain that the nucleation-and-growth stage of d0 pre-

cipitation reaction can be well described by the Johnson–

Mehl–Avrami–Kolmogorov (JMAK) relation. This result

suggests that the JMAK relation provides a good descrip-

tion of the impingement effect of growing d0 precipitates

where interactions mainly occur on neighbouring precipi-

tates. The activation energy associated to the nucleation-

and-growth stage calculated from the JMAK fit is

52 ± 1 kJ/mol. The small activation energy obtained is

ascribed to the presence of a large amount of excess

vacancies quenched-in from the ageing temperature,

inherent to the experimental conditions of the measurement

of the TEP, reducing the activation energy to a value close

to the vacancy migration energy in aluminium (45–65 kJ/

mol). The Avrami exponent of this stage ranges between

1.5 and 1.65. These kinetic parameters indicate that d0

particles grow via a three-dimensional vacancy migration-

controlled mechanism.

Introduction

Aluminium–lithium alloys have received a great deal of

attention over the past years as structural materials in

aerospace applications because of their low specific density

(unit addition of lithium to aluminium lowers the density

by approximately 3% and increases the modulus by

approximately 6%) combined with superior stiffness

and strength than conventional aluminium alloys [1–3].

The addition of lithium promotes the precipitation of the

metastable and ordered d0 phase (Al3Li, L12 structure) and

the equilibrium Al–Li phase (d-AlLi, b.c.c. structure). The

d0 particles are fully coherent with the matrix conferring

high strength because of order strengthening [1, 4] whereas

d phase mainly precipitates at grain boundaries [5]. Latest

generation of Al–Li alloys (2198, 2196, 2050) includes

the addition of several elements, such as Cu, Mg and Ag

[3, 6–8], to modify the precipitation kinetics with forming

phases (h0-Al2Cu, T1-Al2CuLi, S-Al2CuMg), some of them

in competition with d0 and d, and enhance the mechanical

properties.

d0 precipitation has been subject of intense study in the

past years, in particular the coarsening behaviour [9–11].

Many studies have confirmed that coarsening of d0 pre-

cipitates follows the classical Lifshitz–Slyozov–Wagner

theory of precipitate ripening [12, 13] with lithium diffu-

sion through the lattice as the rate-controlling mechanism

[9–11]. d0 precipitation process has been commonly studied

in Al–Li alloys by non-isothermal measurements such as

differential scanning calorimetry (DSC) [14, 15]. These

works provide the activation energy of the precipitation

process calculated by the so-called Kissinger method [16]

but no further information of the kinetic reaction is given.

However, as d0 precipitation proceeds via a nucleation and

growth reaction, this reaction can be therefore analyzed my

means of the classical kinetic models such as the Johnson–

Mehl–Avrami–Kolmogorov (JMAK) and Austin–Rickett

(AR) relations [17–21]. These models provide valuable

understanding of the nucleation and growth processes, like

the diffusion mechanism controlling the growth of pre-

cipitates [22], and have been successfully used in the
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analysis of various precipitation reactions in aluminium

alloys [23, 24]. Isothermal reactions allow a detailed

analysis of precipitation kinetics from the direct fit of the

data to the JMAK and AR relations. From these analyses

kinetic parameters such as the so-called Avrami exponent

can be calculated that provides significant understanding of

the nucleation and growth process. The present study

provides a detailed analysis of isothermal d0 precipitation

kinetics in an Al–2.3 wt% Li–0.1 wt% Zr alloy obtained by

the measurement of the thermoelectric power (TEP) in the

temperature range between 120 and 180 �C. TEP was

selected because of its high accuracy in the determination

of variations in solute content [25, 26]. Precipitation

kinetics were analyzed to the JMAK an AR relations. The

values of kinetic parameters such as the Avrami exponent

and the activation energy were calculated and discussed.

The use of these relations to analyze precipitation reactions

is discussed.

Experimental details

d0 precipitation kinetics at 120, 140, 160 and 180 �C were

studied in an Al–2.3 wt% Li–0.1 wt% Zr alloy that was

supplied by Alcan-Europe in the form of hot rolled plate.

The thermoelectric power (TEP) measurements were per-

formed at room temperature (20 �C) on a Techmetal

instrument with an accuracy of ±0.002 lV/K. As reference

metal, pure aluminium with mass close to that of the

sample was used. To avoid any thermal gradient between

the sample and the reference blocks, the TEP samples were

machined to a convenient geometry of 50 mm in length

with a cross-section less than 2 mm2. The TEP samples

were solution heat treated at 530 �C for 20 min followed

by cold water quenching and subsequently stored in liquid

nitrogen to minimize any precipitation effect at room

temperature. Ageing treatments were performed at 120,

140, 160 and 180 �C, and finished by a quench into water

at room temperature. d0 precipitation kinetics were exam-

ined by transmission electron microscopy (TEM) in a

Philips CM200 transmission electron microscope operating

at 200 kV. Thin foils were prepared using a twin-jet

electropolisher with 25% nitric acid in methanol mixture

operating at -25 �C.

Analysis of isothermal kinetics

Physical background of the TEP measurement

The principle of the thermoelectric power (TEP) mea-

surement is based on the Seebeck effect. If a metal sample

is subjected to a temperature gradient DT, then a voltage

difference DV is generated across the sample due to the

Seebeck effect. For a low thermal gradient, it holds:

DV = DS � DT, where DS (Seebeck coefficient) is the dif-

ference between the TEP of the sample (DSt) and the TEP

of the reference metal (DS0).

The precipitation kinetics are characterized by the evo-

lution of DS with aging time. DS is affected by different

types of lattice defects, such as solute atoms and precipi-

tates, which are likely to modify the electronic or elastic

properties of the matrix. The evolution of DS with aging

time is governed by two effects [25, 27]. The first effect is

attributed to the gradual decrease of the solute content as

precipitation proceeds. This is determined by the specific

TEP of the solute atom in the matrix (lithium in aluminium

in the present alloy). This contribution is generally divided

into two terms: a diffusion component and a phonon drag

component. The first term is usually taken as a linear

function of temperature and includes the solute content.

The second term depends on the electron and phonon

scattering processes. Solute atoms can have a positive or

negative influence on the TEP of the matrix. In particular,

it is known that solutes increase the TEP of aluminium if

they precede this metal in the periodic table of elements

[25]. The second effect is ascribed to the intrinsic effect of

the precipitates formed during aging. This effect depends

on the volume fraction, type, size and morphology of the

precipitates [25, 27]. It has been reported that a low volume

fraction (below 10%) of coarse incoherent precipitates in

an aluminium alloy has a negligible influence on the TEP

whereas coherent and semi-coherent precipitates may have

a strong intrinsic effect on the TEP of the alloy. This result

has been explained in terms of Bragg scattering of elec-

trons by coherent particles [28].

Kinetic models

The analysis of reactions which proceed via nucleation and

growth, such as precipitation reactions in aluminium

alloys, is commonly performed by means of the JMAK and

AR relations [22–24]. Although the original works focused

on isothermal reactions [17–21], a considerable effort has

been put forth in recent years to extend these relations

to the analysis of non-isothermal reactions [23, 29–31].

As these relations are used in the present analysis, a brief

description of these models is given here focusing on

kinetic parameters.

The JMAK model makes use of the so-called ‘extended

volume’ concept where the individual nuclei grow without

any limitation of space. For diffusion-controlled precipi-

tation reactions, the volume V of the region transformed at

time t which nucleated at an earlier time r is defined as the

volume of an imaginary fully depleted area around a

precipitate needed to give a precipitate size equal to the
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real case with a diffusion zone. The volume V is written

as:

V ¼ A G t � rð Þ½ �m ð1Þ

where G(t - r) is the growth rate, A is a constant related to

the initial supersaturation, the dimensionality of the growth

and the mode of transformation, and m is a constant related

to the dimensionality of the growth and the mode of

transformation. From relation (1) the extended volume of

the precipitates which nucleated during the time interval

(r, r ? dr) is written as:

dVext ¼ A N rð ÞV0 G t � rð Þ½ �mdr ð2Þ

where N(r) is the nucleation rate and V0 is the initial

volume. Assuming that both the nucleation and growth

processes are thermally activated, then an Arrhenius-type

relation for both the nucleation N(T) and growth rate

G(T) can be considered as follows [29, 31]:

NðTÞ ¼ N0 exp �QN

kBT

� �

GðTÞ ¼ G0 exp �QG

kBT

� � ð3Þ

where kB is the Boltzmann constant, N0 and G0 are

constants, and QN and QG are the activation energies

associated to nucleation and growth process, respectively.

Integrating Eq. 2 over the time and introducing f(t) = Vext/

V0 as the transformed fraction, the following relation is

obtained:

f ðtÞ ¼ 1� e�kðTÞ tn ð4Þ

where n is a constant, referred to as the Avrami exponent,

and k(T) is a temperature-dependent factor, which is

usually taken as:

kðTÞ ¼ k0 exp � Q

kBT

� �
ð5Þ

where k0 is a constant, kB is the Boltzmann constant and

Q is the activation energy associated to the transformation

process. The Avrami exponent n is given as [22, 29, 31]:

n ¼ a bþ c ð6Þ

and the activation energy associated to the transformation

process Q is defined as:

Q ¼ a b QN þ c QG ð7Þ

This relation shows that the activation energy Q can be

expressed as a linear combination of the activation energies

associated to nucleation and growth processes. The

parameters a, b and c are related to the nucleation and

growth processes as follows [22–24, 29, 31]. The

parameter a is the dimensionality of the growth (1, 2 or

3). The parameter b is related to the type of growth. It takes 1

for interface-controlled growth and 1/2 for diffusion-

controlled growth. The parameter c is related to the type of

nucleation rate. In isothermal paths it takes 0 for site

saturation (nuclei are present before the start of the trans-

formation), 1 for continuous nucleation (constant nucle-

ation rate), between 0 and 1 for decreasing nucleation rate,

and higher than 1 for autocatalytic nucleation processes

where the presence of nuclei enhances the formation of new

nuclei.

The AR relation [18] is a phenomenological equation

that has been used to analyze nucleation and growth

reactions like bainite formation in shape-memory alloys

[32] and precipitation reactions in aluminium alloys [23].

In this relation the transformed fraction f(t) as a function of

time t is written as:

f ðtÞ
1� f ðtÞ ¼ kðTÞ tn ð8Þ

where n is the Avrami exponent and k(T) the temperature-

dependent factor. These kinetic parameters have the same

meaning than those in the JMAK relation.

Results and discussion

Figure 1 shows the variation with time of the thermoelec-

tric power (TEP) difference (DTEP) between the Al–2.3

wt% Li–0.1 wt% Zr alloy aged at 120, 140, 160 and 180 �C

and pure aluminium. All the curves have the same

appearance with three TEP stages clearly distinguishable.

In the first stage DTEP is almost constant. This is a short

stage that stands between 100 and 2,000 s depending on the

aging temperature. In the second stage, DTEP diminishes

steadily until the onset of the third stage where the decrease

in DTEP is less significant. The observed DTEP variation

in the present study is similar to that observed in resistivity

measurements in Al–Li alloys, which is ascribed to d0

(Al3Li) precipitation process [33–35]. d0 precipitation was

confirmed in the present study by transmission electron

microscopy (TEM). Figure 2 shows a dark-field TEM

image using a d0 reflection of the Al–2.3 wt% Li–0.1 wt%

Zr alloy aged at 180 �C for 900 s. This aging time corre-

sponds to approximately the half of the second DTEP stage

(Fig. 1). The microstructure consists of a homogeneous

distribution of d0(Al3Li) precipitates with an average size

of 40 nm and some few ‘composite’ precipitates Al3(Li,

Zr) (area fraction less than 0.1%) with an average size of

100 nm consisting of a core of Zr-rich particles surrounded

by a shell of Al3Li. It is well known that the addition of Zr

to Al–Li alloys leads to the precipitation of an Al3Zr or

Al3(Zr, Li) phase with the same crystallographic struc-

ture as the d0 phase. This promotes the heterogeneous
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nucleation of the d0 phase on these particles resulting in the

formation of the so-called ‘composite’ precipitates

[36, 37]. d (AlLi) phase was not observed during precipi-

tation kinetics. This result agrees with previous observa-

tions on similar binary Al–Li alloys [9, 34].

The TEP variation of the present alloy is ascribed to the

variation of lithium in solid solution and the presence of

coherent d0 precipitates. Although the specific TEP of

lithium in aluminium is unknown, we assume that it is

positive according to the TEP values of different solutes in

aluminium [25, 27]. Accordingly, a decrease of lithium in

solid solution leads to a decrease in the TEP of the alloy.

The effect of coherent d0 precipitates in the TEP of the

alloy is expected to be positive, according to the model of

Bragg scattering of electrons by coherent particles [28].

This model also estimates a decrease in the positive

contribution of coherent particles to the TEP of the alloy

with the coarsening of precipitates.

From the present results and previous studies on pre-

cipitation reactions in binary Al–Li alloys obtained by

resistivity measurements [33–35], we provide the follow-

ing interpretation of the TEP variation with time in the

present Al–2.3 wt% Li–0.1 wt% Zr alloy. The first TEP

stage is associated to the early stage of d0 formation

(ordered domains). The positive value of DTEP in the first

stage can be attributed to the formation of coherent d0

phases (early ordered domains) and the limited decrease of

lithium in solid solution. In this stage, the contribution of

ordered d0 domains to the TEP of the alloy is more sig-

nificant than that provided by the solid solution variation.

The second TEP stage is ascribed to d0 precipitation fol-

lowed by the coarsening of the precipitates, identified as

the third TEP stage. The decrease of DTEP in the second

stage is ascribed to the removal of lithium from solid

solution during d0 precipitation. The gradual decrease of

lithium in solid solution during precipitate coarsening and

the positive contribution (and probably small due to par-

ticle coarsening) of coherent d0 precipitates to the TEP of

the alloy results in a limited decrease of DTEP. Coarsening

of d0 precipitates is mainly attributed to the growing of

particles by the impingement and coalescence of growing

particles. This process does not involve any lithium

removal from the matrix. It can be also seen that the TEP

decrease associated to the second stage is much larger in

samples aged at 160 and 180 �C than in samples aged at

120 and 140 �C (0.4 vs. 0.3 lV/K). This is related to the

larger volume fraction of d0 precipitated in the high tem-

perature range 160–180 �C.

d0 precipitation kinetics were analyzed by means of the

JMAK and AR relations. We have assumed that DTEP is

proportional to the transformed fraction f(t) because the

variation in the amount of lithium interchanged between

one and another phase is small. Figures 3 and 4 show the fit

of d0 precipitation kinetics to the JMAK and AR relations,

respectively. It can be seen that both relations provide a

good fit of the data well up to the third TEP stage, namely

up to a transformed fraction of around 0.9. Above this

fraction, third TEP stage, both fits deviate significantly

from the kinetics data. Deviations from the JMAK relation

have been reported in several reactions such as non-

uniform transformations, transformations with anisotropic

growth or transient nucleation [38–41]. In the present study

the deviation is produced by the coarsening of d0 precipi-

tates. Figure 5 shows a dark-field TEM image using a d0

reflection of the Al–2.3 wt% Li–0.1 wt% Zr alloy aged at

180 �C for 9000 s corresponding to a transformed fraction

of 0.9. This figure reveals that at this stage the coarsening

of d0 precipitates is noticeable.
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Fig. 1 Thermoelectric power difference (DTEP) variation with time

in an Al–2.3 wt% Li–0.1 wt% Zr alloy aged at 120, 140, 160

and 180 �C

Fig. 2 Dark-field transmission electron image of the Al–2.3 wt%

Li–0.1 wt% Zr alloy aged at 180 �C for 900 s. The precipitation

distribution consists of d0 (Al3Li) precipitates and composite particles

(Al3(Li, Zr)). The dark-field image was obtained using a d0

superlattice reflection
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d0 precipitation process is characterized by two stages.

The first stage is ascribed to a nucleation-and-growth

mechanism. The second stage involves the coarsening of

precipitate particles driven by the reduction in the total

interfacial energies between precipitates and matrix. The

present results show that the first stage is well described by

the JMAK and AR relations whereas both relations fail to

fit the second stage. This deviation is related to the

impingement effect of growing precipitates. As currently

there is no clear understanding of the impingement effect

described by the AR relation, although in the past years

some attempts have been made to describe this effect given

on a physical ground [23, 32, 41], the discussion is only

focused on the JMAK relation. This relation represents an

idealized case where impingement of objects other than

neighbouring precipitates is negligible. It ignores the fact

that the growth of precipitates slows down before the

physical interaction between precipitates takes place due to

the saturation of untransformed regions with the elements

diffusing away from the interface. In this sense the JMAK

relation underestimates the impingement effect. Hence, the

approximation can be expected to hold only for limited

transformed fractions (in the present Al–Li alloy it holds up

to a transformed fraction of around 0.9).

Accordingly, the following analysis of precipitation

kinetics is restricted to the nucleation-and-growth stage.

Two kinetic parameters are obtained from the fit of the data

to both relations: the activation energy associated to the

precipitation process and the Avrami exponent. The acti-

vation energy is obtained from relation (5) after plotting

ln k vs. 1/T. According to this relation, the slope of the

straight line corresponds to –Q/kB where kB is the Boltz-

mann constant. Figure 6 shows this plot for the data fitted

to JMAK and AR relations. It can be seen that both rela-

tions provide the same value of the activation energy,

52 ± 1 kJ/mol. This value is significantly lower than the

reported activation energy for volume diffusion of lithium

in aluminium (140 kJ/mol [42]) but it is in the range of

activation energies of migration of vacancies in aluminium

alloys (45–65 kJ/mol [43]). This suggests that d0 precipi-

tation process in the present Al–2.3 wt% Li–0.1 wt% Zr

alloy is controlled by the presence of excess vacancies

quenched-in from the ageing temperature. In Al–Li alloys a

large amount of quenched-in vacancies can be trapped

during a certain time at or near d0 precipitates preventing

from being annealed out due to the high vacancy-lithium

binding energy (25 kJ/mol [43]) [44]. As the activation

energy for volume diffusion can be considered as the sum

of the contributions due to formation and migration of a

vacancy, the high concentration of excess vacancies yields

a significant reduction of the activation energy resulting in

a value close to the activation energy for migration of a

vacancy. This effect has been also reported in previous
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Fig. 3 Transformed fraction of d0 (Al3Li) precipitates in an Al–2.3

wt% Li–0.1 wt% Zr alloy at aging temperatures of 120, 140, 160 and

180 �C. Experimental data (dots) and fit to the Johnson–Mehl–

Avrami–Kolmogorov (JMAK) relation (lines)
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Fig. 4 Transformed fraction of d0 (Al3Li) precipitates in an Al–2.3

wt% Li–0.1 wt% Zr alloy at aging temperatures of 120, 140, 160 and

180 �C. Experimental data (dots) and fit to the Austin–Rickett (AR)

relation (lines)

Fig. 5 Dark-field transmission electron image of the Al–2.3 wt% Li–

0.1 wt% Zr alloy aged at 180 �C for 9000 s showing the coarsening of

d0 precipitates. The dark-field image was obtained using a d0

superlattice reflection
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studies on precipitation reactions analyzed by differential

scanning calorimetry (DSC) in aluminium alloys [44–46].

It is worth to compare the activation energy for d0 pre-

cipitation obtained in the present study by the measurement

of the TEP with that obtained by other experimental

techniques in similar binary Al–Li alloys. The present

value of 52 kJ/mol is lower than that obtained by DSC

measurements (87 kJ/mol [14]) or from the analysis of the

kinetics of d0 coarsening by TEM or small-angle X-ray

scattering (SAXS) (ranged between 76 and 134 kJ/mol

[9]). Remarkably, most of the activation energies reported

are lower than the activation energy for volume diffusion

of lithium in aluminium (140 kJ/mol [42]). As d0 precipi-

tation is extremely sensitive to the amount of quenched-in

vacancies present in the matrix, the activation energy

experimentally calculated in binary Al–Li alloys is ranged

between the migration energy of a vacancy in aluminium

(45–65 kJ/mol [43]) and the sum of the formation and

migration energies of a vacancy, namely it is ranged

between 45 and 140 kJ/mol. The amount of excess

vacancies controlling the precipitation process and hence,

the activation energy is determined by the experimental

conditions. In the measurement of the TEP the sample is

subjected to several cycles of aging and quenching (one

cycle per experimental point with an overall of around

100). As excess vacancies are created after quenching, a

large amount of vacancies can be continuously created

during the measurement of the TEP enhancing d0 precipi-

tation. However, the experimental conditions used in

techniques such as DSC, TEM and SAXS to analyze d0

precipitation process are different to that used in the

measurement of the TEP. In these techniques the sample is

subjected to only two quenches: the first quench is per-

formed after the solid solution heat treatment and the

second quench after the corresponding ageing treatment.

Consequently, the amount of quenched-in vacancies

created during the precipitation process is much lower than

that produced in the TEP measurement, and therefore, the

activation energy is larger. This result clearly shows that

the experimental conditions play a key role on the deter-

mination of the activation energy of phenomena strongly

dependent on vacancy content, such as d0 (Al3Li) precipi-

tation in Al–Li alloys, and therefore, attention must be paid

on the interpretation of the corresponding reaction. In the

present study, the experimental conditions inherent to the

measurement of the TEP results into a precipitation process

merely controlled by the vacancy migration energy in

aluminium.

Table 1 shows the values of the Avrami exponent

obtained from the fit of the kinetic data to the JMAK and

AR relations. The JMAK relation provides an Avrami

exponent ranged between 1.5 and 1.65 whereas the AR

relation provides a larger value, ranged between 2.0 and

2.40. According to relation (6), these values correspond to

a three-dimensional (a = 3) diffusion-controlled growth

(b = 1/2) of a number of nuclei which is fixed at the

beginning of the reaction, i.e. site saturation (c = 0, JMAK

relation), or increases with a decreasing rate (c \ 1, AR

relation). It can be seen that both relations provide the same

type of growth, which is consistent with the TEM image of

Fig. 2. The only difference relies on the description of the

nucleation process occurring during d0 precipitation. For

the present isothermal conditions a site-saturation nucle-

ation is more consistent than a nucleation with constant or

variable nucleation rate [22, 47]. This implies that in the

present Al–2.3 wt% Li–0.1 wt% Zr alloy, the JMAK

relation provides a more convenient description of the d0

precipitation process than the AR relation. This is an

interesting result because it suggests that the impingement

effect in d0 precipitation can be well described by the

JMAK relation until the last stage of the precipitation

process where precipitate coarsening is significant. In the

JMAK relation the impingement of growing nuclei is

considered by means of the extended volume concept

described above, i.e. the individual nuclei grow without

any limitation of space. This result is contrary to that found

in previous studies on precipitation reactions in aluminium

alloys showing that the AR relation provides a better fit

than the JMAK relation [23, 48]. In particular, Starink [23]
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Fig. 6 Arrhenius plot of the activation energy for d0 (Al3Li)

precipitation in an Al–2.3 wt% Li–0.1 wt% Zr alloy for the fit to

the Johnson–Mehl–Avrami–Kolmogorov (JMAK) relation (solid line)

and the Austin–Rickett (AR) relation (dashed line)

Table 1 Avrami exponent n calculated from the fit of d0 (Al3Li)

precipitation kinetics obtained by the measurement of the thermo-

electric power (TEP) to the Johnson–Mehl–Avrami–Kolmogorov

(JMAK) and Austin–Rickett (AR) relations for an Al–2.3 wt%

Li–0.1 wt% Zr alloy aged at 120, 140, 160 and 180 �C

Temperature 120 �C 140 �C 160 �C 180 �C

JMAK 1.55 1.50 1.53 1.65

AR 2.11 2.05 2.03 2.40
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after analyzing several reaction processes claims that the

AR relation is more appropriate in analyzing diffusion-

controlled precipitation reactions than the JMAK relation.

However, although in the past years some attempts have

been made to describe the impingement effect given by the

AR relation on a physical ground [23, 32, 41], at moment

no clear description has been finally obtained. For this

reason, the AR relation can be considered as a merely

phenomenological relation whereas the JMAK relation

provides a full description of the kinetic process. Devia-

tions from the JMAK relation are expected due to its

simple formulation, as reported in several works [38–40].

However, in order to consider further effects on the JMAK

relation, such as precipitation coarsening, different

approaches must be used, as a new formulation of the

kinetic relation or even computer simulations [10, 49].

Conclusions

Isothermal d0 (Al3Li) precipitation in an Al–2.3 wt% Li–

0.1 wt% Zr alloy has been studied in the temperature range

between 120 and 180 �C by the measurement of the ther-

moelectric power and transmission electron microscopy.

The present study shows that the nucleation-and-growth

stage of d0 (Al3Li) precipitation reaction can be well

described by the JMAK relation. The activation energy

associated to the nucleation-and-growth stage calculated

from the JMAK fit is 52 kJ/mol. The small activation

energy obtained is ascribed to the presence of a large

amount of excess vacancies quenched-in from the ageing

temperature and inherent to the experimental conditions of

the measurement of the TEP. This reduces the activation

energy to a value close to the vacancy migration energy in

aluminium (45–65 kJ/mol). The Avrami exponent associ-

ated to the nucleation-and-growth stage ranges between 1.5

and 1.65. These kinetic parameters indicate that d0 particles

grow via a three-dimensional vacancy migration-controlled

mechanism.
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