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a b s t r a c t

Guinier–Preston (GP) zone formation and precipitation behavior of T1 (Al2CuLi) phase during the aging of
an Al–Cu–Li–Zr alloy was studied by differential scanning calorimetry (DSC) technique and electrical resis-
tance measurement of the samples. Results show that precipitation of T1 phase occurred in temperature
range of 250–300 ◦C whereas its dissolution occurred within the temperature of 450–530 ◦C. Activation
energies for precipitation and dissolution of T1 phase which were determined for the first time in this
research, were 122.1 kJ/mol and 130.3 kJ/mol respectively. Results of electrical resistance measurements
eywords:
luminum–lithium alloys
SC
ctivation energy
atural aging
l–Cu–Li–Zr alloy

showed that an increase in the age hardening time resulted in the reduction of electrical resistance of the
samples. In addition, TEM observation showed that T1 phase has plate shape morphology and its crystal
structure is in the form of hexagonal close-packed. The lattice parameters were found to be: a = 0.4672 nm
and c = 0.8785 nm.

© 2009 Published by Elsevier B.V.
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. Introduction

In response to demands of industries for new materials with
igher specific modulus and strength, aluminum–lithium alloys
ere developed. Aluminum–lithium alloys such as 2090, 2091 and

090 provide higher specific modulus than those of the previous
rades of aluminum alloys (e.g. 7075, 2024) and therefore replace-
ents of some parts of aircrafts with these new alloys have been

tarted at the same time [1–5].
Precipitation hardening process is the most important method

o improve the mechanical properties of aluminum–lithium alloys.
or example, for AA2090 alloy temperature ranges 70–120 ◦C and
50–210 ◦C were used respectively for natural and artificial aging
n order to improve its mechanical properties [6,7].

The precipitation sequence in AA 2090 alloy repre-
ented as: supersaturated solid solution → co-clusters → GP
ones → �′′ → �′ → � → T1 (Al2CuLi) [8,9].
High volume fraction of metastable phases such as �, �′, �′′, T1,
2 and TB are usually formed within the structure of Al–Li 2090
lloy after being subjected to artificial aging processes. In effect,
he major phase which has the significant effects on the properties

∗ Corresponding author. Tel.: +98 261 3505096.
E-mail address: Sh.Ahmadi@modares.ac.ir (S. Ahmadi).

925-8388/$ – see front matter © 2009 Published by Elsevier B.V.
oi:10.1016/j.jallcom.2009.03.188
of Al–Li 2090 alloy is said to be T1 (Al2CuLi) [10]. T1 phase has hexag-
onal lattice and platelet morphology which can be formed during
the aging treatments at 135–260 ◦C.

The orientation relationship between T1 phase and matrix has
been presented by the following equations [11]:

(1 1 2̄ 0)T1
||(2 1̄ 1̄)Al, (0 0 0 1)T1

||
(1 1 1)Al, (1 0 1̄ 0)T1

||(1̄ 1̄ 0)Al

However, activation energies for precipitation and dissolution of
the major strengthening phase (i.e. T1) have not been determined
in Al–Cu–Li alloys. Indeed, kinetic of precipitation and dissolution
of T1 phase has not been calculated yet.

Differential scanning calorimetric (DSC) has been effectively
used to study phase transformation kinetics in aluminum alloys
[12,13]. By fitting a kinetic model to DSC or DIC (Differential Isother-
mal calorimetry) curves, the kinetic parameters, e.g. the activation
energy (Ea) and rate constant (k) can be determined. For linear heat-
ing experiments, activation energies of reactions can be derived

from a set of DSC experiments which performed at different heating
rats (ˇ). Kissinger peak method is widely used to determine acti-
vation energies in the reactions when the temperatures of peaks
cannot be determined accurately due to overlapping heat effects
[12,13].

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:Sh.Ahmadi@modares.ac.ir
dx.doi.org/10.1016/j.jallcom.2009.03.188
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Fig. 3 demonstrates the variations in hardness of the alloy at
190 ◦C and 150 ◦C for different aging times (second set of the spec-
imens). At aging temperatures of 190 ◦C and 150 ◦C, the hardness

Fig. 1. The effect of heat treatment conditions on variation of hardness; electrical
resistance; yield strength and elongation of Al–Cu–Li alloy. Sample code: 1—Solution
annealed; 2—Natural aged (40 days); 3—Natural aged (40 days) + aged at 150 ◦C for
48 h.

Fig. 2. The effect of heat treatment conditions on variation of hardness, electrical
resistance, yield strength and elongation of Al–Cu–Li alloy. Sample code: 1—Solution
annealed; 2—Artificial aged 100 ◦C for 100 h; 3—Artificial aged 100 ◦C for 100 h + aged
at 150 ◦C for 48 h.
S. Ahmadi et al. / Journal of Allo

In this research, stability of T1 phase under the different age
ardening conditions as well as the effects of GP zones on physical
nd mechanical properties of an Al–Cu–Li–Zr alloy sheet have been
nvestigated by measuring its hardness, electrical resistant, tensile
roperties, and evaluating the transmission electron microscopic
TEM) images. Furthermore, for the first time activation energies
or precipitation and dissolution of T1 phase have been determined
y performing the DSC experiments at different heating rates.

. Method and materials

The hot rolled sheet of Al–2.35Cu–2.1Li–0.1Zr (wt.%) alloy with 0.1 wt.% Fe and
.1 wt.% Si and a thickness of 2 mm was utilized for this investigation. The original
heet was cast, homogenized, and hot rolled in several paths. Then it was solution
nnealed at 525 ◦C for one hour and subsequent cold rolled (14% reduction in thick-
ess). Three sets of specimens were prepared from this sheet to the treated under
arious aging conditions. The first set of the specimens was aged either at 25 ◦C
natural aging) or at 100 ◦C after cold rolling. The aging treatments cycles were as
ollows:

olution annealed + Natural aged (40 days) (1)

.A. + 100 ◦C
100 h

(2)

The specimens treated by the second cycle, were aged either at 25 ◦C (natural
ging) or at 100 ◦C prior to aging them at 150 ◦C for 48 h. The overall aging treatments
ere:

.A. + N.A. (40 days) + 150 ◦C
48 h

(3)

.A. + 100 ◦C
100 h

+ 150◦C
48 h

(4)

The third set of the specimens were aged either at 150 ◦C or at 190 ◦C for different
imes after solution annealing according to the following cycles.

.A. + 150 ◦C
6–100 h

(5)

.A. + 190 ◦C
1–48 h

(6)

Discs having dimension of 5 mm diameter and 1mm thickness were prepared
rom the sheet mentioned for DSC examination. Scanning of the samples over the
emperature rang of 25–1000 ◦C at three different heating rates of 5, 10 and 15 ◦C/min
ere performed in a NEC-409pc calorimeter. Argon was used as both a purge and
rotective gas during DSC test. Base lines in differential scanning calorimetry tests
ere determined by not using any sample at all or using “empty pan” method.

Hardness tests were carried out on the aged specimens obtaining from surfaces
ith #1000 grades Sic-paper. Electrical resistance was measured by a micro-

hmmeter device having 1 �� accuracy.
A 200 kV transmission electron microscope (TEM) was applied to determine

ifferent precipitates and phases in the structure of the alloy. Before applying
icrostructural determination, samples were prepared in foil shape with 3 mm

iameter. These discs were electropolished in twin jet electropolisher with a solution
omposed of 25% nitric acid and 75% methanol. It should be noted that electropol-
shing process was accomplished in −25 ◦C temperature and DC voltage.

. Results and discussion

.1. Properties in low temperature age hardening

Electrical resistance data are very useful tools for studying the
nitial stages of aging and provide indirect evidence on the interac-
ion between solute atoms and precipitates. Effects of solute atoms
n electron scattering are more important than those grain bound-
ries, dislocation, and precipitates according to Riontino et al. [14]
nd Gao et al. [15]. Solute atoms, clusters and GP zones disrupt
lectron flow through the lattice and decrease the conductivity. In

igs. 1 and 2 results of hardness, electrical resistant and tensile tests
f the natural and artificial aged samples are shown. Stabilizing of
P zones in the structure of Al–Cu–Li alloy can be claimed in this

esearch because of the increase in the hardness, yield strength and
lectrical resistant.
Compounds 484 (2009) 90–94 91

3.2. Stability of T1 phase
Fig. 3. Relation between hardness and aging time for two different temperatures
used for aging treatment.
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Table 1
T f

p for three heating rates measured for the sample aged at 190 ◦C/6 h.

Heating rate (◦C/min) 5 10 15
Tp (◦C) 255 270 275

Table 2
d ◦
ig. 4. DSC curves of the specimens aged at 190 ◦C/6 h in three different heating
ates.

radually increased with the increase of aging time and reached a
aximum hardness of 170 HB and 168 HB after 6 h and 48 h aging

ime respectively. It is clear from the aging curve that at higher tem-
erature over aging occurred in a shorter aging time as expected.
his behavior can be attributed to the mechanism of strain hard-
ning in which the dislocation density increased by cold working
nd thus enhanced the diffusion rate. Therefore, the precipitation
ate of alloying elements increased in the microstructure by more
islocation interactions.

It appears that maximum of hardness occurred in the 190 ◦C/6 h
ging condition and therefore this sample was selected for calori-
etric studies.

In Fig. 4 result of the calorimetric test of 190 ◦C/6 h specimen in
hree different heating rates are shown within which the effects of
ating rate on the DSC curves are presented. In all thermograms,
ain effects consist of: 1-exothermic effect at temperature range

f 250–290 ◦C, 2-endothermic effect at the range of 470–530 ◦C and
-endothermic effect at about 610–660 ◦C. The first peak shows an
xothermic reaction that is due to the precipitation or the forma-
ion of phases whereas the second peak represents the endothermic
ffect due to the dissolution of compounds. The main endothermic
eaks appeared around 650 ◦C in DSC curves. In other research, this
emperature was attributed to the melting point of AA2090 alloy
16,17]. One also can observe in this figure that by increasing the
eating rate, peak of precipitation (T f ) shifted from 255 ◦C to 275 ◦C
p

hile the peak of dissolution (Td
p ) shifted from 482 ◦C to 520 ◦C.

Effects of heating rate on precipitation of T1 phase is presented
n Fig. 5. Endothermic effects in the thermograms of Fig. 5 are
n indication of dissolution of phases such as T1, T2, �, �′ and

Fig. 5. Variation of T f
p for three different heating rates.
Tp in three heating rates for 190 C/6 h aged specimens.

Heating rate (◦C/min) 5 10 15
Tp (◦C) 482 498 520

TB. T1 (Al2CuLi) phase was the predominant precipitate at tem-
peratures between 135 ◦C and 260 ◦C in a similar research [11].
According to the research by Davydov et al. [18], temperature ranges
for precipitation and dissolution of T1 phase in the DSC curves
are 275–310 ◦C and 440–510 ◦C respectively. Therefore, exothermic
effects observed between 250 ◦C and 300 ◦C in this research can be
attributed to precipitation of T1 phase. The DSC diagrams at three
heating rates show that T f

p shift to higher temperatures by increas-
ing heating rate (ˇ). In Table 1, the amounts of T f

p values for three
heating rates are given.

Kissinger peak method was used for determination of activation
energy in the precipitation and dissolution of T1 phase. According
to Eq. (8), plotting ln (T f

p/ˇ) versus 1/T f
p gives a straight line, the

slope of which equals to Ea/R [15].

ln
T2

p

ˇ
= Ea

RTP
+ C (8)

Arrhenius plot for the maximum of the exothermic heat effects
has been shown in Fig. 6. Slope of the precipitation line find from
this figure was equal to 14.7 and therefore activation energy for the
precipitation of T1 phase was measured to be 122.1 kJ/mol.

Endothermic effects in the temperature range of 450–530 ◦C in
the DSC diagrams were attributed to dissolution of T1 phase. In Fig. 5
variation of the heat effects for dissolution of T1 phase (Td

p ) for three
different heating rates are shown and Table 2 gives the amounts of
Td

p for the three heating rates. The slop of the line in Arrhenius plot
(Fig. 7) for dissolution of T1 phase was 15.7. Therefore, the activation
energy for dissolution of T1 phase was measured to be 130.3 kJ/mol.

Activation energies observed for precipitation reactions within
the temperature range 200–300 ◦C are closed to the activation
energy for diffusion of precipitating elements (this is about
120–135 kJ/mol for Cu, Mg, Si). It is also reported that the activa-
tion energies for diffusion of Cu and Li atoms in Al are 135 kJ/mol

and 130.1 kJ/mol respectively [13]. In fact, the activation energies
obtained for precipitation and dissolution of T1 phase in this study,
i.e. 122.1 kJ/mol and 130.3 kJ/mol, are very close to the activation
energies reported for diffusion of alloying elements, i.e. Cu, Li and
Mg in Al-base alloys. On the other hand, the results of this research

Fig. 6. Arrhenius plot of ln (T2
p /ˇ) vs 1000/TP) for precipitation of T1 phase.
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Fig. 9. T1 phase precipitated in Al–Cu–Li alloy aging at 205 ◦C for 6 min [11].
Fig. 7. Arrhenius plot of ln (T2
p /ˇ) vs (1000/TP) for dissolution of T1 phase.

how that the activation energies (calculated from DSC curves) for
he precipitation reactions were equal to the activation energies for
iffusion of these elements in Al–Cu–Li structure. This is an indica-
ion of the stability of some strengthening phases (e.g. T1) with in
he structure of the Al–Cu–Li alloy after the aging processes.

Fig. 8 demonstrates the electrical resistivities of aged specimens
or various aging times. This figure indicates that the electrical resis-
ance of the samples decreased during the aging treatments of alloy
t both 190 ◦C and 150 ◦C. This seems to be due to the formation of
he precipitates in the structure during the aging process.

It should be noted here that the maximum of the electrical
esistance belonged to the solution heat-treated samples whereas
ormation of the stable strengthening phases (such as T1) by aging
rocess caused the electrical resistance to decrease (i.e. electrical
onductivity to increase).

.3. Transmission electron microscopy (TEM) observation

Although there are three kinds of strengthening phases in the
tructure of Al–Cu–Li alloys (i.e. T1, T2, TB), only T1(Al2CuLi) phase
as been observed in plate-shaped morphology and hexagonal
lose-packed (hcp) lattice (Fig. 9) [11]. Microstructure of the alloy
s shown in Fig. 10. The most striking feature of the figure is
late - shaped morphology of the precipitated phase. The selected
rea diffraction pattern (SADP) of the alloy prepared according
o 190 ◦C/6 h aging condition is compatible with hcp lattice. The

attice parameters of the hexagonal precipitate T1 (i.e. a, c) were
alculated by considering the camera constant (�L) and interplanar
pacing (d). In principle, a and c were calculated in this research as
.4672 nm and 0.8785 nm respectively.

Fig. 8. Relation between electrical resistance and aging time.
Fig. 10. Microstructure and selected area diffraction pattern of the alloy and precip-
itated T1 phase (foil plane was (0 0 0 1) in the TEM observation).

As a matter of fact, differential scanning calorimetric (DSC) eval-
uation and the TEM observation show that T1 (Al2CuLi) phase
precipitated in the structure of the Al–Cu–Li alloy due to the
strengthening aging treatment.

4. Conclusions

1. Exothermic effects within the temperature range 250–300 ◦C
attributed to the precipitation; and endothermic effects between
450 ◦C and 530 ◦C to the dissolution of T1 phase.

2. Activation energies for the precipitation and the dissolution of
T1 phase were 122.1 kJ/mol and 130.3 kJ/mol respectively. These
values are almost equal to the activation energies for diffusion of
Cu and Li elements in Al.

3. Low temperature aging process and formation of GP zones in
the structure of Al–Cu–Li–Zr alloys increased the electrical resis-
tance apparently by disrupting the electron flow through the
lattice. Electrical resistance also decreased by increasing the
aging time and temperature. This was probably due to a higher

degree of precipitates formation.

4. According to TEM observations, plat-shaped morphology was
the most striking feature of the strengthening precipitate in the
structure of the alloy.
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