Kinetics of Solid-State Reactions in Al-Li-Cu-Mg-Zr Alloys
from Calorimetric Studies

K.S. GHOSH, K. DAS, and U.K. CHATTERJEE

Differential scanning calorimetric (DSC) studies at different heating rates have been carried out
to examine the solid-state reactions in 1441 and 8090 Al-Li-Cu-Mg-Zr alloys of water-quenched
(WQ) and retrogressed tempers. The DSC peaks indicating the reactions sequence such as
formation of GPB zones, precipitations of 6" phase, dissolution of GPB zones and ¢’ precipi-
tates, and precipitations of S’, T, T>, and § phases have been identified. From the heat flow
associated with the peaks of the thermograms, the fraction transformation (Y), the rate of
transformation (dY/dt), the activation energy (Q*), the frequency factor (ky), and the trans-
formation function f{(Y) for all the reactions of the 1441 and 8090 alloys have been determined.
The appearance of separate peaks of GPB zone formation and ¢” precipitation in the 1441 alloy
of retrogressed tempers has enabled determination of the kinetic parameters, which is otherwise
not possible from the thermograms of the WQ state due to peak overlapping, by varying heating
rate method. The kinetic parameters determined from the DSC data of all the reactions of the

alloys are in good agreement with the previously published data.
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I. INTRODUCTION

THE attractive combination of Al-Li alloys of 5 to
10 pct decrease in density, 15 to 25 pct increase in elastic
modulus, and 10 to 15 pct increase in specific strength
over the widely used 2xxx and 7xxx aluminum alloys has
rendered them as candidate materials for aerospace
applications.!" " However, Al-Li alloys have unattrac-
tive fracture behavior, especially poor ductility and
toughness arising due to the inhomogeneous nature
of slip resulting from matrix strengthening ordered
¢’ (Al;Li) and coarse equilibrium 6 (AlLi) grain bound-
ary precipitates.!**1 Al-Li alloys are also susceptible
to environment-induced cracking (EIC).®) In commer-
cial pentanary Al-Li-Cu-Mg-Zr alloys, slip is homoge-
nized by introducing dispersoids f° (AlsZr) and
semicoherent/incoherent precipitates of 7 (Al,CuLi),
0" (Al,Cu), or S (Al,CuMg) phases, with the additions
of Zr, Cu, and Mg."*” A large number of metastable
precipitate phases that occur in the alloys and the
wide variety of aging treatments employed can lead to
complex microstructural conditions. Thus, a good
description of the microstructure is essential to the
understanding of structure-property relationships. The
microstructural changes that occur in these alloys upon
aging and retrogression and reaging treatment have
been examined by a number of investigators.!!:¢-7-%:10]
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METALLURGICAL AND MATERIALS TRANSACTIONS A

For a rapid and quantitative description of solid-state
phase transformations, differential scanning calorimetry
(DSC) study is considered as a supplement to transmis-
sion electron microscopy (TEM) studies.'"'?! The
kinetics of precipitation and dissolution reactions in
aluminum-base alloys have been analyzed by various
researchers using resistivity measurements and the DSC
technique.l'> 1%

The retrogression and reaging (RRA) treatment
applicable to precipitation hardenable aluminum alloys
has been studied in detail to assess microstructural
changes,'>”!”! mechanical properties.”” and EIC.P!2¥
However, the DSC studies of the retrogressed and RRA
tempers are scanty. In the present work, the kinetics of
the precipitation and dissolution reactions of 1441
(Russian grade) and 8090 Al-Li-Cu-Mg-Zr alloys have
been studied from the DSC data, and the significance of
retrogression treatment that enabled determination of
the kinetic parameters for the overlapping peaks of the
water-quenched (WQ) states has also been discussed.

II. EXPERIMENTAL PROCEDURES

A. Materials

The DSC studies were carried out on the 1441 and 8090
Al-Li-Cu-Mg-Zr alloys. The compositions of the alloys
are given in Table I. The alloys were obtained in sheet
form from the Defence Metallurgical Research Labora-
tory (DMRL), Hyderabad, India. The 1441 and 8090
alloys were cast, homogenized, hot rolled, and cold rolled
to a thickness of 2.0 and 2.8 mm, respectively. The cold-
rolled sheet of the 1441 alloy was solutionized at 530 °C
to 535 °C, WQ, stretched by 1.5 to 2.5 pct, followed by
low-high duplex artificial aging at 150 °C for 4 hours and
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Table I. Chemical Compositions (Weight Percent) of the
8090 and 1441 Al-Li-Cu-Mg-Zr Alloys

Alloy Li Cu Mg Zr Fe Si Al
1441 1.90 2.0 090 0.09 0.11 0.05 balance
8090 229 124 082 0.12 0.09 0.044 balance

then 170 °C for 24 hours to the peak-aged T8 temper.
However, the 8090 alloy sheet was solutionized at 530 °C
to 535 °C, WQ, stretched 1.5 to 2.5 pct, followed by
artificial aging at 170 °C for 24 hours to the peak-aged
T8 temper. The T8 temper alloy sheets were subjected to
retrogression treatments above the ¢ solvus line,
followed by immediate cooling in ice-cold water. The
T8 temper of the 1441 alloy was retrogressed at 230 °C
for 15 minutes and at 270 °C for 5 minutes, whereas the
T8 temper of the 8090 alloy was retrogressed at 250 °C
for 12 minutes and at 280 °C for 8 minutes.!>"*"

B. DSC Runs and Baseline Correction

The DSC runs to the 1441 and 8090 alloys of solution-
treated and WQ and retrogressed tempers were initiated
in an argon atmosphere from ambient temperature to
540 °C at different heating rates of 5 °C/min, 10 °C/min,
15 °C/min, and 20 °C/min, using a Stanton Redcroft
(PL Thermal Sciences & Rheometric Scientific Thermal
Analysers, Surrey, UK) model STA 625 (heat flux type)
simultaneous thermal analyzer. Specimens of approxi-
mately 30 mg were cut from the coupons of the various
tempers of both the alloys. The sides of the specimens
were made absolutely flat and smooth for very good
contact with the crucible.

In the DSC studies, baseline and baseline drift are
properly accounted for in measuring accurate and
reliable calorimetry heat evolution and absorption,
because no instrument is perfect and free from parasitic
effects, although modern DSC instruments are reliable
and show remarkably high accuracies in measurements.
The STA system used for DSC studies was purged with
argon gas for half an hour before starting the experi-
ment. The STA thermal analyzer was connected to a
computer with a suitable interface; the data for each run
was continuously stored. After a run was completed, the
output, i.e., the net heat flow as a function of temper-
ature was recorded using the established calibration of
the DSC cell. Baseline calibration runs on annealed pure
aluminum as well as on the standard sapphire sample
were made. The baseline and sapphire data were used to
generate a “look-up” table. Further, calibration run on
an ICTA temperature standard, e.g., indium, was stored
in the default data area of the computer, where the
experimental run data were also stored. During sub-
sequent experiments, this table was used to convert the
raw data counts to rate of heat transfer. The output, the
net heat flow, to the reference (high-purity annealed
aluminum) relative to the samples was recorded as a
function of temperature. At least two runs were made
for each sample in order to establish reproducibility.
The procedure for analysis of DSC data for determining
kinetic parameters is discussed in Section III.
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III. RESULTS AND DISCUSSION

A. Identification of DSC Peaks

Figures 1 and 2 show the DSC curves of the 1441 and
8090 alloys of solution-treated and WQ states at heating
rates of 2.5 °C/min, 5 °C/min, 10 °C/min, and 20 °C/min,
respectively. The thermograms of the alloys of WQ state
and annealed pure aluminum, at the heating rate of
10 °C/min, are also shown separately within the insets.
In the case of age-hardenable aluminum alloys, nor-
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Fig. 1—DSC thermograms of the solution-treated and WQ 1441

alloy at different heating rates. Thermograms within the subset are
for the alloy and annealed pure aluminum at 10 °C/min.
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mally, the formation of precipitates is an exothermic
process while their dissolution is an endothermic pro-
cess.? 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 precip-
itation (i.e., the decrease of supersaturation with the rise
of temperature during DSC run) and the increase of
diffusivity with the increase of temperature compete and
result in a maximum precipitation rate. The exothermic
and endothermic peaks in Figures 1 and 2 are marked
with A through F, which indicate the sequence of
precipitation and dissolution reactions occurring in the
alloys. The peaks are identified as follows: A—formation
of GPB zones, B—precipitation of ¢" (AlzLi) phase,
C—dissolution of GPB zones and ¢ precipitates,
D—precipitation of S’, T}, T, and ¢ phases, E—disso-
lution of §", T}, T», and 0 phases, and F—dissolution of
Li-bearing zones. The identification of the peak regions
and temperatures is consistent with the literature.!'®>> 28

B. Analysis of DSC Data

In the DSC run, the total heat effects, Q(T), observed
between the initial temperature of a peak 7; and at a
temperature 7 are given by

o -=0 1]

where M is the mass of the sample; ¢ is the heating
rate; E is the (calibration) constant; and A(T) is the
area under the peak between temperatures 7; and 7,
which is the observed heat flow that is associated with
the precipitation and dissolution reactions. The A(7T)
term can be expressed as

T

A(T) = / (6g)dT 2

T;

where dq is the measured heat flow, involved for the
specific precipitation or dissolution reactions, to the in-
ert reference (high-purity annealed aluminum) relative
to the sample as a function of temperature at a con-
stant heating rate ¢.

If T is the final temperature of the peak,

EA(Ty)

o(ry) == " 3

If Oy is the heat effect per mole of precipitate, then the
heat effect dQ is given by

dQ = Qodn [4]

where dn in the number of moles of precipitate that
form or dissolve per unit mass of the alloy.

Integrating Eq. [4] [yields O(T) = Q, n(T)] and
putting in Eq. [1], we obtain
EA(T)

") = 500

[5]
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and
_ EA(Ty)
QoM

n(Ty) [6]

Thus, the mole fraction of the precipitation, Y(7), at
temperature 7, can be expressed as

_ ()
Therefore, from Egs. [5] through [7],
_AM

From the DSC thermograms, the fraction transformed
Y(T), i.e., the amounts of phase precipitated or dissolved
at a given temperature range, can be expressed according
to Eq. [8] and is illustrated schematically in Figure 3.

The rate of transformation can be written

dy _dy dr
dt — dT dt
Thus,
dy dY
Z = dr [9]

C. Kinetic Parameters of Solid-State Reactions
in the 1441 and 8090 Alloys

1. 1441 alloy: peak A—GPB zones and & phase
Figure 1, the thermogram of the 1441 alloy, at low
temperature, shows only the peak A region. The peak B
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Fig. 3—Shaded area showing the fraction transformation within the
temperature range T; to 7.
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region (usually the temperature range for the precipita-
tion of 0" phase in the Al-Li alloy system) has not been
resolved clearly with a sharp peak; instead, a small
thermal fluctuation is observed. This suggests that the ¢’
phase has precipitated at some other temperature,
preferably at lower temperature; otherwise, the question
arises, how the strength properties are met in the alloy.
Thus, the peak region A is considered to be a purely
compound one comprising overlapping peaks for the
formation of GPB zones and precipitation of ¢’ phase.
Because the Li content is less in the 1441 alloy, the ¢’
solvus line is lowered by about 20 °C with respect to that
in the 8090 alloy, as estimated from the Al-Li phase
diagram.®! Further, the presence of higher amounts of
Cu and Mg in the 1441 alloy (compared with the 8090
alloy) decreases Li solubility in Al, which favors both
the precipitation and growth of ¢ particles, mostly in
the first stages of aging. All of these effects cause ¢
precipitation in the 1441 alloy at a lower temperature,
with respect to that in the 8090 alloy, resulting in
overlapping of peak B with peak A. So, the determina-
tion of activation energy from the peak region A of
Figure 1 will not be accurate and representative either
for the formation of GPB zones or for the precipitations
of ¢’ phase.

Figures 4(a) through (c), DSC thermograms of the
retrogressed states, exhibit separate peak regions A and
B and represent the formation of GPB zones and ¢’
phase precipitation at different temperatures, respec-
tively. This will enable accurate determination of the
kinetic parameters for either of the reactions. Noble and
Trowsdale®® also employed a slow quench to produce
the 0" peak plus one precursor peak in Al-10 at. pct Li
alloy, so that the thermal events were sufficiently well
separated to enable consistent activation energy to be
measured, as they observed overlapping peaks in rapidly
quenched alloy.

2. Precipitation of & phase in the 1441 alloy
of retrogressed tempers

Figures 4(a) and (b), the DSC thermograms of the
1441R2300 and 1441R270 retrogressed tempers of the
1441 alloy at a heating rate 10 °C/min, exhibit two
clearly distinct exothermic peaks, A (formation of GPB
zones) and B (precipitation of §” phase), compared to
the overlapping compound peak A for the WQ state
(Figure 1). This is because of the differences in concen-
trations of solutes in the retrogressed and WQ states. In
the retrogressed temper, the solid solution is supersat-
urated largely with Li atoms and with small amounts of
Cu and Mg, as retrogression treatment of the T8 temper
has caused dissolution primarily of 6" and partially of S
and 7, phases, confirmed in the literature.[>7-19-201
However, in the as-quenched state, the solid solution
is fully supersaturated with the entire contents of solutes
Cu, Li, and Mg. Thus, the retrogressed tempers, being
supersaturated largely with Li atoms in the presence of
small amounts of Cu and Mg in the solid solution,
require higher thermal energy for the precipitation of ¢’
phase as compared to that required for the WQ state.
Hence, during the DSC run, the precipitation of ¢’ in the
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Fig. 4—DSC thermograms of the (a) 1441R230 and (b) 1441R270
retrogressed tempers at the heating rate of 10 °C/min and (c)
1441R230 temper at different heating rates.

retrogressed tempers has occurred at a higher temper-
ature compared to that in the as-quenched state.

The peak B of the 1441R230 retrogressed state at
different heating rates is shown in Figure 5(a). From
these curves, the precipitate amount (mole fraction, Y)
and precipitate rate (dY/dr) can be calculated after Egs.
[8] and [9] and are shown as a function of temperature in
Figures 5(b) and (c), respectively. The Y vs T curves for
the ¢" precipitations in the 1441 alloy are sigmoidal in
shape and the curves have shifted to higher temperatures
with the increase in heating rates. There are also
considerable shifts in the maxima of the rate of
transformation curves (Figure 5(c)) to the higher tem-
peratures with the increase in heating rates, implying
that the precipitation process is thermally activated and
kinetically controlled.

For nonisothermal reactions, the kinetic parameters
can be determined using Eq. [10], which is also described
in the literature:"!

In [(dY/dT) ¢] = In[f(Y)ke] — (Q*/R) (1/T) [10]

where kg is the frequency factor, f{Y) is a function of
Y only, O* is the activation energy, R is the gas con-
stant, 7 is the absolute temperature, and (dY/dT) is
obtained from Y vs T curves (Figure 5(b)). The activa-
tion energy (Q*) of the process can be determined by
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Fig. 5—(a) The " phase precipitation of the retrogressed 1441R230 state at different heating rates. (b) Y vs T plots of 6" phase precipitation of
the 1441R230 retrogressed temper. (¢) Plot of (dY/df) x 10* vs T of the peak region B of the 1441R230 temper. (d) Plot for the determination of
activation energy for ¢’ precipitation in the 1441R230 temper after Eq. [11]. (¢) Plot after Eq. [16] for determination of f{Y) for the peak region
B of 1441R230 retrogressed temper. (f) Plot after Eq. [15]if (Y) = [1 — (1 — Y)"*]* for the peak region B of the 1441R230 temper.

varying heating rate method; if, for a heating rate ¢,
the temperature at which a constant mole fraction (Y)
of precipitate obtained is 7}, then

In[(dY/dT)y¢;] = In[f(Y')ko] — (Q*/R)(1T;)  [11]
where ¢, is the jth heating rate, (dY/dT) yis the rate at
a given mole fraction (Y’), and 7} is the temperature

at which the mole fraction is (Y’) at heating rate ¢;.

METALLURGICAL AND MATERIALS TRANSACTIONS A

Therefore, a plot of In [(dY/dT)y¢;] vs (1/T}), under
different heating rates, will give a straight line of slope
(—Q*/R) from which the value of activation energy,
Q%*, can be determined.

The data obtained from Figures 5(a) through (c) are
plotted after Eq. [11] in Figure 5(d) for three values of
mole fraction transformed, Y’ (0.25, 0.50, and 0.75). The
slopes of the three linear straight lines give the average
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Table II. Kinetic Parameters for Solid-State Reactions in the 1441 and 8090 Alloys
Peak A B C D F
Nature of GPB Zone o o S’ Li-Bearing
Alloy the Peak Formation Precipitation Dissolution Precipitation Dissolution
1441  Q* (kJ/mol) (Eq. [11]) — 114.34 £+ 6.65 — 7546 £ 7.09  38.79 + 5.85
0* (kJ/mol) (Eq. [16]) — 122.50 + 9.48 132.19 + 4.16 70.99 + 5.03 —
ko 571 214 x 10" + 0.6 x 10 1.16 x 10" + 2.88 3.21 x 10* £ 2.69
AY) 1-1 1-1 1-1
8090 Q* (kJ/mol) (Eq. [11])  68.42 £+ 5.70 — 137.33 + 8.58 77.67 £ 2.87  40.25 + 6.40
Q* (kJ/mol) (Eq. [16])  71.99 + 3.07 — 143.58 + 9.31 87.78 + 4.5 —

ko 571 1.44 x 10% + 2.75
) 1-y

8.84 x 1012 + 9.33 4.42x 10° £ 2.77
1-y 1-1

activation energy, which is found to be about
114.34 £ 6.65 kJ/mol.

To describe the progress of reactions at all temper-
atures and for all temperature-time programs, the
function f(Y), the constants ky, and Q* need to be
determined. In general, the reaction function f(Y) is
unknown at the outset of the analysis. A range of
standard functions, which represent particular idealized
reaction models, have been proposed.”!* The function
f(Y) is determined by assuming suitable forms and using
experimental data to verify. Reactions that occur by
nucleation and growth yield sigmoidal behavior. A
general relationship?® that gives sigmoidal behavior is

) =Y (1-1" [12]

where exponents r and m are constant. The formalism
can incorporate Johnson—-Mehl-Avrami—-Kolmogorov
(JMAK) kinetics and the forms that also yield sigmoi-
dal behavior are

SY) =n[~In (1 -

where the exponent n, growth parameter, is a constant
that depends on the precipitate growth modes. If 7 is
considered to be unity, Eq. [13] reduces to

SY)=(1-7Y) [14]

V)"~ y) [13]

Further, for a three-dimensional diffusional equation,

thﬁ 5t]ransformaltion function f{Y) may also be expressed
as

) =[1-(1-1"2 [15]

Plots are made to verify the validity of the preceding
expressions for the precipitation of 6" phase. However,
the relationship in Eq. [14] is most satisfactory, as shown
in Figure 5(e), whereas the other relationship after Eq.
[15] is unsatisfactory, as shown in Figure 5(f). Combin-
ing Egs. [9], [10], and [14] yields

[aren(£5)] ~mie- (£)(2) g

The activation energy for the ¢’ precipitation in the
1441R230 retrogressed temper after Eq. [16] is found to
be 122.50 £ 9.48 kJ/mol and kq, is found to be
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2.14 x 10" + 0.6 x 10°s™". The activation energies,
Q%*, obtained after Eqgs. [16] and [11] are in close match.
Thus, the transformation function for the precipitation
of ¢’ phase in the 1441 alloy is f(Y) = (1 — Y). The
kinetic parameters and transformation functions ob-
tained from the DSC data for all the precipitation and
dissolution reactions occurring in the 1441 and 8090
alloys are given in Table II.

In the preset work, the activation energy for the ¢’
precipitation in the 1441 alloy determined from the
retrogressed state is higher than the value 86 kJ/mol
reported bP/ Noble et al.P” and 84 kJ/mol reported by
Luo et al!" The activation energy for diffusion of
lithium in aluminum is 130 to 140 kJ/mol, but for the
movement of vacancies in aluminum, it is in the range of
41 to 67 kJ/mol.1"3 So, our present observation is in
agreement with the data for diffusion of lithium in
aluminum. It is therefore likely that the excess vacancies
will be present at or near the regions forming ¢” and thus
increase the diffusivity of lithium in aluminum to the
growing precipitate.

In the present work, the average activation energy of
114 to 122 kJ/mol for the precipitation of ¢’ phase
reveals that the precipitation is predominantly associ-
ated with the diffusion of lithium in aluminum, and the
movement of vacancies in aluminum assisting the
formation of ¢ precipitates in the retrogressed state is
marginal. This is because the excess vacancy level is
quite low in the retrogressed state, as the retrogressed
state (and, further, the peak-aged temper is subjected to
retrogression treatment) is quenched only from 230 °C
to 270 °C, whereas the solution-treated water state is
generally quenched from high-temperature 530 °C to
540 °C.

Peak A in Figure 1 is a compound one and represents
the formation of GPB zones and the precipitation of ¢
phase. Therefore, the determination of activation energy
after Eq. [11] by the varying heating rate method will not
be accurate and representative for either of the reac-
tions. Further, it is also not possible to do so after Eq.
[11] from peak A of the DSC thermograms of the
retrogressed tempers (Figures 4(a) through (c)), because
peak A is not well developed in all the heating rates.

3. 8090 alloy: peak A—GPB zones
The kinetic parameters for peak A of GPB zone
formation in 8090 alloy can be determined after Eq. [11],

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 6—(a) Plot for the determination of activation energy for the dissolution of GPB zones and ¢’ precipitates of the 8090 alloy after Eq. [11].
(b) Determination of activation energy after Eqgs. [18] and [16] for the dissolution of GPB zones and 6" phase of the 1441 alloy.

and the average activation energy value was found to be
68.42 £+ 5.70 kJ/mol. The activation energy value is in
good agreement with the value obtained by others.!!*!#!
The obtained activation value is also consistent with the
value expected for the formation of GPB zones in the
presence of excess quenched-in vacancies generated
upon quenching from solutioning temperature
(530 °C). The migration energy of vacancies in Al-Cu,
Al-Li alloys has been reported to be in the range of 41 to
69 kJ/mol 3034331

Further, the activation energy, Q*, for the formation
of GPB zones determined after Eq. [16] has been found
to be 71.99 + 3.07 kJ/mol, which is excellent agreement
with the value obtained after Eq. [11]. The frequency
factor, ko, value is found to be 1.44 x 10% + 2.75s7". In
this method of calculating the activation energy after
Eq. [16], the growth parameter, n, is taken as unity.
Generally, n may be an integer or a fraction and depends
on the precipitate growth modes i.e., spherical rods or
discs.”®) The GPB zones have been reported to be
cylindrical in shape.*” If the growth of the cylindrical
particles occurs by diffusion control, the radius of the
zone will be progmrtional to /7 and the function fY)
will be (1 — ¥):1*¥ hence, this transformation function is
considered to be consistent.

The calculated activation energy, Q*, has to be taken
as the apparent activation energy, because the process
involved is not unique and also not precisely definable.
In fact, the peak A region should be considered as a
compound one, involving the formation of GPB zones
and precipitation of ¢’ phase, as the latter one also
commences from the room temperature itself. However,
the formation of GPB zones is the dominant reaction in
this peak A region; thus, the calculated activation
energy can be taken as reasonably accurate and repre-
sentative for the GPB zone formation. The determina-
tion of kinetic parameters for the GPB zones in the
aluminum alloys is also likewise reported in the litera-
ture [1418.26
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4. Peak C—dissolution of & precipitates and GPB
zones in the 1441 and 8090 alloys

The peak region C is identified for the dissolution of
o" precipitates and GPB zones. The kinetic parameters
for the dissolution of ¢’ phase and GPB zones in the 8090
alloy are calculated from peak C using the varying
heating rate method, after Eqgs. [8], [9], and [I1].
Figure 6(a) shows the plot of the logarithm of [(Z—;) X7

L for peak C, and the activation energy Q* is found

Vs T,

to be 137.33 £ 8.58 kJ/mol. The term QO* obtained
after Eq. [16] is found to be 143.58 £ 9.31 kJ/mol. Thus,
the function of ¢” phase dissolution can be expressed
as J(Y) = (1-=Y). The ky is found to be 8.84 x
10" + 9.33 s7'. The activation energy determined in
the present work for the 6" phase dissolution is in good
agreement with the value 131.5 kJ/mol for ¢’ dissolution
in binary Al-Li alloy and 128.50 £+ 3.5 kJ/mol for Al-Li-
Cu-Mg-Zr alloy reported in the literature.'”'® Because
the obtained activation energy value lies around 120 to
140 kJ/mol, the dissolution of ¢ precipitates in 8090
alloy is believed to be associated with the diffusion of
lithium in aluminum.

In the peak region C of Figures 1 and 2, thermal
fluctuation or even doublets have been observed. This
thermal fluctuation phenomenon is so prominent for the
1441 alloy that a distinct exothermic peak C is exhibited.
A similar observation has also been reported in the
literature for Al-Li as well as in other Al-base alloys.”!”!
The existence of a distinct exothermic peak C’ in the peak
region C is the net effect of the commencement of
exothermic precipitation reactions and the endothermic
dissolution process of " precipitates. The appearance of
the exothermic C’ peak in the peak region C indicates
that exothermic precipitation reactions have dominated
over the dissolution reactions of ¢” precipitates.

Beyond the temperature of the C” peak, the thermo-
grams showing heat flow again in the endothermic
direction indicate the ongoing continued dissolution of
¢’ precipitates, especially which are larger in size,
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pinned, and engulfed with f’ dispersoids.”'” A similar
exothermic C’ peak has also appeared in retrogressed
1441R230 and 1441R270 tempers as well, as shown in
Figures 4(b) and (c). Therefore, unless some corrections
and modifications are incorporated for calculating the
fraction dissolution after Eq. [8], it is difficult to
determine accurately the fraction dissolution Y and
activation energy for the dissolution of ¢’ precipitates of
the 1441 alloy in the peak region C from the thermo-
grams of the WQ (Figure 1) and retrogressed tempers
(Figure 4(c)) as well.

Jena et al" stated that, under the situation of
overlapping peaks, the total area under the peak region
of contention could be estimated by considering and
doubling the area of the overlapping region. Thus, the
total area A(7y) for the dissolution process in the peak
region C should be estimated by considering the double
of the area (say, A4,) of the C’ peak, and adding this with
the area in the peak region C, A(T}), without considering
the C’ peak. Thus,

A(Ty) = A(Ty) + 24, [17]

Therefore, Eq. [8] becomes modified as

N e

The kinetic parameters for the dissolution of ¢’
precipitates and GPB zones in the 1441 alloy are
calculated from the peak region C, after Egs. [18] and
[16], and the plot of In [(dY/dT)(%)] vs F is shown in
Figure 6(b). The activation energy and k, for peak C in
1441 alloy are found to be 132.19 + 4.16 kJ/mol and
1.16 x 10> + 2.88 s7!, respectively. The Q* is in good
agreement with the reported value 128.5 + 3.5 kJ/mol
for the dissolution of ¢ precipitates and GPB
zones. 242!

5. Peak D: precipitations of S" and T; phases in 1441
and 8090 alloys

The peak region D in Figures 1 and 2 is associated
with the reciipitation of 8 (S), Ty, T,, and o
phases.?>20340 1 4o er al"® observed that the heat
effects observed in this peak region for the 8090 alloy are
close to twice that of GPB zones and ¢ precipitation
and suggested that the peak D represents both S” and ¢
phases. Gupta er all'” have proposed that " is only a
slightly strained version of S, and the heat effects
associated with the & — S transformation will be
minimal and the DSC trace is unlikely to exhibit a
separate peak. Mukhopadhyay er al.*¥ stated that, over
the range of the exothermic peak, the S-phase precip-
itation exotherm also overlaps with the precipitation of
 phase. Miller e al!® found the coprecipitation of S’
phase with 7| and ¢ phases in the microstructure of
8090-T8 alloy. The relative amounts of these phases are
difficult to estimate and are critically dependent on the
relative concentrations of the alloying elements. How-
ever, in the 8090 type alloy, the S” phase is predomi-
nantly more than the 7' phase and also is in relatively
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much higher proportions compared with the 7, and ¢
phase. Although the peak D region is associated with
precipitation of S” (S), T, T>, and ¢ phases, the relative
amounts of 7, and J phases are less in the DSC
thermograms of the WQ state of the alloys compared to
those of the T8 and retrogressed and reaged (RRA)
tempers. In fact, authors!®” have observed a wider peak
D for the DSC thermograms of the T8 and RRA
tempers of the 8090 alloy, and in fact, for the T8 and
RRA tempers of the 1441 alloy, with two distinct peak
regions D; and D, as compared to that of a sharp peak
region D of the WQ state. Therefore, the kinetic
parameters determined from the DSC thermograms
from the WQ states are mostly for the precipitations of
S’ and T, phases, which is also mentioned in the
literature.*”!

The exothermic DSC peak D of the WQ 1441 alloy at
different heating rates is shown in Figure 7(a). The
fraction of precipitation Y and the precipitation rate
(dY/dr) with temperature calculated after Eqs. [8] and [9]
are shown in Figures 7(b) and (c), respectively. The Y vs
T curves (Figure 7(b)) are typically sigmoidal in shape
and shifted to higher temperatures with the increase in
heating rates. There are also considerable shifts in the
maxima of the rate of transformation curves (Fig-
ure 7(c)) to the higher temperatures with the increase in
heating rates, and this implies the transformation is
thermally activated and kinetically controlled. Fig-
ure 7(d) shows the plot for determining the activation
energy, Q*, after Eq. [11], and the average activation
energy is found to be 75.46 + 7.09 kJ/mol. Similarly,
the activation energy determined after Eq. [11] for the
peak region D in the 8090 alloy is found to be
77.67 £ 2.87 kJ/mol.

The activation energies of the exothermic peak D of
the 1441 (shown in Figures 7(e)) and 8090 alloys also
determined after Eq. [16] are found to be 70.99 + 5.03
and 87.78 £+ 4.5 kJ/mol, respectively, which are also
in an excellent agreement with those obtained after
Eq. [11]. The frequency factors, ky values for the 1441
and 8090 alloys, are found to be 3.21 x 10* £+ 2.69 s~
and 4.42 x 10° + 2.77 s7!, respectively. Hence, the
transformation function that best describes the precip-
itation of S” phase in the alloys is {Y) = (1 — Y). This
agrees with the reaction function for the formation of
rod-shaped S’-phase precipitates suggested in the liter-
ature,'*¥ either by diffusion-controlled parabolic
growth or diffusion-controlled linear axial growth,
which is expected to satisfy the Johnson—Mehl type
expression where the value of the coefficient 7 is equal to
one. Plot is also made to verify the validity of the
transformation function for the precipitation of S” phase
after Eq. [15], but the relationship is unsatisfactory, as
shown in Fig. 7(f).

6. Peak F dissolution of Li-bearing zones

The appearance of an endothermic peak F at low
temperature in Figures 1 and 2 represents the dissolu-
tion of Li-bearing zones, i.e., the Li-lean regions, or even
ordered Li-rich regions that still had to develop onto
stoichiometric &’ (Al;Li) composition.***! The forma-
tion of Li-bearing zones!'™*" is attributed to the fact

METALLURGICAL AND MATERIALS TRANSACTIONS A



0.6
——2.5°C/min
- = -5.0°C/min .

0.5 / =~
----- 10.0°C/min \

—--=-200°C/min /7

Heat Flow (mcal/sec)

0.1 4
L e e e e e e
220 240 260 280 300 320 340 360 380 400 420
Temperature, °c
(a)
45 —25 °C I min
----5.0 °C/min -
409 ... 100°C/min /N
P 20.0 °C/ min Yl '\.\
\
. 304 E y
e : \
25 i i
x / ;
B 20 N 4
> JARN \
T 154 A \
i \ \
/ \ v
10 - \
\
5 \
\.
0 T T T T T T T T T T
220 240 260 280 300 320 340 360 380 400
Temperature, °c
(c)
3.0
35
4.0

In[(dY/dT).¢/(1-Y))]

1@ =70.99 +/-5.03
k,=321X 10 +-2.69 8™

f(Y) = (1-Y)

160 165 170 175 180 1.85 1.90
1T (1K) X 10°

(e)

-
o

e © o o
o N o ®
1 I L L

Fraction tranformation, Y
o
b

0.4
0.34 ——2.5°C/min
0.2 ----5.0°C/min

------ 10.0 °C/min
011 --=-20.0 °C/min
0.0 T

T T T T T T T T

220 240 260 280 300 320 340 360 380 400
0
Temperature, C

(b)
5.0 :
K Y =025
- - N .
52 o Q' =80.66 +/-5.27
541 A o kJ/mol
5.6
— 5.8 .\ Q =75.48 +/-7.06
Z 6.0
X A
;? -6.2 .
T 644 AT
> ..
T 66 .
£ -6.84 Y =075
7.0 Q =70.24 +/-8.92
kJ / mol
7.2 A M
7.4
T T T T T T T
1.60 1.65 1.70 1.75 1.80 1.85 1.90
1T (1/K) X 10°
(d)
0
14 u
n
n
-2
= - - n
z
& .34
S "
~
| |
; 4] n n
>
=
E 51
n
-6

T T T T T T T

1.60 1.65 1.70 1.75 1.80 1.85 1.90
1T (1/K) X 10°

(U]

Fig. 7—(a) The §" phase precipitation peaks in the solution-treated and WQ 1441 alloy at different heating rates. (b) Y vs T plots of peak D of
solution-treated WQ 1441 alloy. (c) Plot of (dY/dr) x 10* vs T of the peak region D of the 1441 alloy. (d) Plot for the determination of the acti-
vation energy for the peak region D of the 1441 alloy after Eq. [11]. (e) Plot after Eq. [16] for determination of f(Y) for the peak region D of the
1441 alloy. (f) Plot after Eq. [15], if AY) = [1 — (1 — Y)']* for the peak region D of the 1441 alloy.

that, upon quenching the alloys from the solution
treatment temperature, excess vacancies are quenched-
in; this is because the Li-vacancy binding energy is high
in the Al-Li and in the ternary Al-Li-Zn system.**
Noble er al.*” believed it was caused by dissolution of
subcritical L1, ordered regions. Sato et al**! invoked a
similar interpretation to explain the observed low-
temperature endotherm in their DSC studies of as-
quenched Al-Li alloys. Further, Rio et al*¥ detected

METALLURGICAL AND MATERIALS TRANSACTIONS A

the formation of ordered regions of size less than 1 nm
in Al-10 at. pct Li alloy, aged for 24 hours at room
temperature, by the positron annihilation technique,
and reported these regions dissolved on heating when ¢’
grew.

The peak region F (Figures 1 and 2) also indicates
that the peak minima have shifted to higher tempera-
tures with the increase of heating rates. The kinetic
parameters are determined for the dissolution of
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Li-bearing zones in the similar manner as described in
the previous sections. The activation energy Q* values
obtained after Eq. [11] for the 1441 and 8090 alloys are
found to be 38.79 + 5.85 kJ/mol and 40.25 + 6.40 kJ/
mol, respectively, indicating that the excess vacancies
formed upon quenching assist the dissolution process.
The activation energy values for the dissolution of a
similar type of peak reported by Luo et al.l"® and Noble
et alB in binary Al-Li alloy are 58.5 and 70 kJ/mol,
which are higher than in our observation. This difference
could be explained considering the excess vacancies
level. They have reported the calculation of activation
energy from the state of WQ and naturally aged at room
temperature for 24 hours, whereas in our calculation, it
is from the WQ state only.

IV. CONCLUSIONS

1. The DSC thermograms of solution-treated and WQ
1441 and 8090 alloys, at different heating rates,
exhibit many exothermic and endothermic peaks,
which indicate the sequence of precipitation and
dissolution reactions such as the formation of GPB
zones, precipitation of ¢ phase, dissolution of GPB
zones and ¢’ phase, precipitation of S, T, T», and
0 phases, efc. The shifting of all the reaction peaks
at higher temperatures with increasing heating rates
implies that the reactions are thermally activated
and kinetically controlled processes.

2. From the DSC data, the method to determine frac-
tional transformation (Y), activation energy (Q%),
frequency factor (kgy), and the function f(Y), of the
rate equation have been discussed.

3. Thermograms of the WQ state in the 1441 alloy
showing overlapping peaks of GPB zones and ¢
precipitation will not yield in determining kinetic
parameters accurately for either of the reactions by
the varying heating rate technique. However, ther-
mograms of the retrogressed state exhibiting sepa-
rate peaks of GPB zone formation and ¢
precipitation enable determination of kinetics
parameters. The Q*, k¢, and f(Y) of ¢’ precipitation
in the 1441 alloy determined from the retrogressed
state are 122.50 £ 9.48 kJ/mol, 2.14 x 10’11 + 0.6 x
10> 5!, and (1 — Y), respectively. The & precipita-
tion is believed to be associated predominantly with
the diffusion of lithium in aluminum.

4. The activation energy Q%*, frequency factor k,, and
the function f{Y) of the rate equation for the forma-
tion of GPB =zones in the 8090 alloy are
68.42 + 5.70 kJ/mol, 1.44 x 10® + 2.75s™" and
(1 = Y), respectively. Thus, the GPB zone formation
is by quenched-in vacancies assisted by diffusion of
solutes.

5. The dissolution of ¢ precipitates in the 1441 and
8090 alloys has occurred in the temperature range
of 162 °C to 275 °C at all the heating rates. The
0%, ko, and f(Y) for the ¢ dissolution in the
1441 and 8090 allo?/s are 132.19 = 4.16 kJ/mol,
1.16 x 10" + 2.28 s7!, and (1 — Yl) and 143.58 +
9.31 kJ/mol, 8.84x 10" + 93357 and (1 - Y),
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respectively. The dissolution of ¢ precipitates is
suggested as the diffusion-controlled process.

6. The activation energies of S’ phase in the 1441 and
8090 alloys are found to be 70.99 + 5.03 and
87.78 + 4.5 kJ/mol, respectively. The transforma-
tion function that best describes the precipitation of
S’ phase is (1 — Y). This suggests that the rod-
shaped S’ phase precipitates form either by diffu-
sion-controlled parabolic growth or diffusion-con-
trolled linear axial growth, which is expected to
satisfy the Johnson—Mehl type expression, where
the value of the coefficient n is equal to one.

7. Li-bearing zones, which form during quenching of
the alloys, dissolve at low temperature upon subse-
quent aging. The activation energy for the dissolu-
tion of Li-bearing zones in the 1441 and 8090 alloys
are found to be 38.79 £ 5.85kJ/mol and
40.25 £ 6.40 kJ/mol, respectively, indicating that
the excess vacancies formed upon quenching assist
the dissolution process.
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