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Studies of stress corrosion cracking (SCC) behaviour by slow
strain rate test (SSRT), potentiodynamic electrochemical polariza-
tion and measurement of electrical resistivity were carried out on
8090 and 1441 Al-Li-Cu-Mg-Zr alloys in their peak aged T8, over
aged T7 and retrogressed and reaged (RRA) T77 tempers. It has
been found that the SCC resistance is maximum in the T7 temper,
least in the T8 temper and in the RRAT77 tempers it lies in between
to that of the T8 and T7 tempers, indicating that RRA heat treatment
given to the T8 temper of both alloys caused an improvement of
SCC resistance. Further, studies on the electrical conductivity mea-

surements and electrochemical polarization of all tempers of both
alloys showed that T7 temper has maximum electrical conductivity
and most negative (anodic) open circuit potential (OCP), T8 has the
minimum and the least respectively, whereas, in the T77 tempers
these values lie in between to those of the T8 and T7 tempers.
Therefore, a definite pattern of variation of these results with
RRA treatment draws an attention to correlate SCC behaviour, elec-
trical conductivity and OCP values which are explained on the basis
of microstructural features revealed by TEM and XRD studies.

1 Introduction

Being lighter and having better stiffness, superior fatigue
and creep crack growth resistance and better cryogenic tough-
ness than those of the conventional aluminium alloys, Al-Li
alloys are the obvious choice for aerospace industries. How-
ever, the peak strength Al-Li alloys have poor ductility, low
fracture toughness, and are susceptible to environment-in-
duced cracking (EIC) [1–3].

Generally, the high strength aluminum alloys are most sus-
ceptible to stress corrosion cracking (SCC) in the maximum
strength peak aged T8 temper. Over aged temper T7 has an
acceptable SCC resistance [4], but has lower strength. A novel
heat treatment, retrogression and reaging (RRA) [5, 6], desig-
nated as T77 temper, combines the beneficial effects of both
the T8 and T7 tempers [7]. RRA treatments result in approach-
ing the microstructure to that of the T7 temper with an im-
proved stress corrosion cracking resistance while retaining
the T8 temper strength properties.

It has been reported in literature for the 7xxx series Al-Zn-
Mg alloys [8, 9] that there is a strong relationship between
stress corrosion resistance (SCC) and electrical conductivity
and the same can be used as a measure of SCC resistance.
Islam et al. [8] have concluded in their study on 7475 alloy
that the SCC resistance increases with electrical conductivity.

Wallace et al. [10] have also concluded that the SCC resistance
of the 7075 aluminium alloy aged to or beyond T6 temper is
proportional to the electrical conductivity of the material. In
fact, studies on a wing lock attachment (WLA) fitting of an
aircraft processed to the T73 condition was found to be vir-
tually immune to SCC, and had much higher electrical con-
ductivities. An important point is also mentioned that reaging
the retrogressed state caused a further increase in conductivity
of about 0.5% IACS, hence SCC resistance should be conti-
nually increasing duringRRA.Tsai et al. [11] have attempted to
find out whether any relationship exists between SCC resist-
ance and electrical conductivity for all aging products in dif-
ferent aluminium alloys. They have found that the relation is
valid onlywithin the aging range from the peak aged to the over
aged tempers and this relationship cannot be compared among
different alloys and for different grain structures. Whether the
relationship between electrical conductivity and SCC suscept-
ibility also holds good in 8xxx series Al-Li alloys is not avail-
able in literature. Further, there is no reported work on the
measurement of electrical conductivity values for the RRA
tempers of the 8090 and 1441 Al-Li-Cu-Mg-Zr alloys.

Corrosion behaviour and electrochemical investigation
were carried out on Al-Li alloys by several investigators
[12–16]. The literature reveals that the electrochemical prop-
erties of the alloys depend primarily on the alloy composition
and the nature, type, relative amounts and distribution of the
micro-constituents in the alloy system which, in turn, are as-
sociated with the heat treatment i.e. aging temperature and
time schedules. Environmental induced cracking (EIC) sus-
ceptibility of conventional aluminium alloys of various tem-
pers has also been studied extensively [17–20], but no exten-
sive discussion on the potential-SCC relationship has been
dealt with in literature. The present work deals with the studies
and discussion of SCC hehaviour, measurement of electrical
conductivity and open circuit potential (OCP) of the 8090 and
1441 Al-Li-Cu-Mg-Zr alloys of T8, T77 and T7 tempers and
an indicative relationship among SCC resistance, electrical
conductivity and open circuit potentials.
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2 Experimental

The 8090 and 1441 (Russian grade) Al-Li-Cu-Mg-Zr alloys
obtained from Defence Metallurgical Research Laboratory,
Hyderabad, India, in sheet form have been used for the present
studies. The chemical compositions (wt.%) of the 8090 and
1441 alloys are given in Table 1. The 8090 alloy sheet of
2.8 mm thickness was solutionised at 530–535 �C, water
quenched, stretched 1.5–2.5%, followed by artificial aging
at 170 �C for 24 h corresponding to the peak aged T8 temper,
whereas the 1441 alloy sheet of 2 mm thickness was solutio-
nized at 530–535 �C, water quenched, stretched by 1.5–2.5%,
followed by duplex artificial aging at 150 �C for 4 h and then
170 �C for 24 h to the T8 temper. The 8090 and 1441 alloy
sheets were aged at 170 �C for about 120 h to obtain the
over aged T7 temper. The triplanar optical micrographs of
the alloys of T8 tempers are shown in Fig. 1(a–b). Fig. 1a, mi-
crostructure of the 8090 alloy exhibits the grains are equiaxed
in the longitudinal (L) direction, but highly flattened and elon-
gated in the long transverse (LT) as well as in the short trans-
verse (ST) directions as a consequence of deformation in-
duced during rolling operation. Thus, the transverse grains ap-
pear to have a large aspect ratio; whereas the microstructure of
the 1441 alloy (Fig. 1b) shows the grains are more or less
equiaxed in all the three directions. The average grain sizes
in longitudinal direction of the 8090 and 1441 alloys have
found to be 10–15 lm and 15–20 lm, respectively.

The 8090 and 1441 alloys in the T8 tempers were subjected
to retrogression and reaging (RRA) treatments. The schedules
of the RRA treatments applied to the T8 tempered alloys are
stated in Table 2. RRA treatments were carried out in a small
vertical tube furnace in air maintaining the temperature within
� 2 �C. The process of retrogression involved the heating up
of the specimens for a short duration at temperatures above
and below the d0 solidus line of the Al-Li system, cooling
in ice cold water followed by immediate isothermal or duplex
reaging to peak aged temper condition. Thus the total aging
time of the RRAT77 tempers is more than twice to that of the
conventional T8 temper. However, the aging time of the T7
temper is about four times to that of T8 temper.

Tensile specimens, transverse to the rolling direction (un-
less otherwise specified) were obtained from both the 8090

and 1441 alloy sheets for SCC studies. The dimensions of
the tensile specimens for the 8090 alloy were 25 mm extended
gauge length, 4 mm width and 2.6 mm thickness and for the
1441 alloy it was 20 mm extended gauge length, 4 mm width
and 1.8 mm thickness. Coupons of dimensions 10 mm length
and 10 mm wide were used for electrochemical potentiody-
namic polarization studies. The gauge portion of all the tensile
specimens and surfaces of the coupons were ground to 100 lm
minimum from the original sheet thickness to remove the li-
thium and magnesium depleted surface and sub-surface zones
developed during heat treatments in air [21]. The specimens
were wet polished in kerosene up to 600 grits and finally
deoiled before testing.

Microstructural features of the T8, RRA and T7 tempers
were observed by XRD and TEM studies. X-ray diffraction
was taken using a Philips PW 1710 diffractometer unit
with cobalt as well as copper targets. TEM samples were pre-
pared by mechanically thinning to a thickness of approxi-
mately 100 lm, and finally thinning down to perforation using
a Fischione twin-jet electropolisher, operating at 25 volts and
2.5 amps current, in an electrolyte of composition 30% HNO3
and 70% CH3COOH at a temperature of approximately
� 20 �C.

Stress corrosion cracking (SCC) studies were performed by
slow strain rate test (SSRT) under total immersion condition in
3.5% NaCl þ 0.1M LiCl þ 0.7% H2O2 solution. SSRT test
was performed using a CORTEST unit at an initial strain

Table 1. Chemical compositions (wt%) of the 8090 and 1441 Al-
Li-Cu-Mg-Zr alloys

Alloy Li Cu Mg Zr Fe Si Al

8090 2.29 1.24 0.82 0.12 0.09 0.044 Balance
1441 1.90 2.00 0.90 0.09 0.11 0.05 Balance

Fig. 1. Triplanar optical micrographs of the as-received (a) 8090-
T8 and (b) 1441-T8 alloys

Table 2. Retrogression and reaging schedules adapted to the 8090
and 1441 alloys

Alloy Retrogres-
sion
temperature
and time

Reaging schedule RRA Temper
Designation

8090-T8 At 280 �C
for 8 min.

Isothermal reaging at
170 �C for 24 h

8090R280IA

Duplex reaging at 150 �C
for 36 h, followed by
heating to 190 �C at a rate
of 5–7 �C/min and holding
for 1 h at the temperature

8090R280DA

Isothermal reaging at
170 �C for 24 h

8090R250IA

At 250 �C
for 12 min.

Duplex reaging at 150 �C
for 36 h, followed by
heating to 190 �C at a rate
of 5–7 �C/min and holding
for 1 h at the temperature

8090R250DA

1441-T8 At 270 �C
for 5 min.

Isothermal reaging at
170 �C for 26 h

1441R270IA

Duplex reaging at 150 �C
for 36 h, followed by
heating to 190 �C at a rate
of 5–7 �C/min and holding
for 1 h at the temperature

1441R270DA

Isothermal reaging to peak
aged temper i.e. at 170 �C
for 26 h

1441R230IA

At 230 �C
for 15 min.

Duplex reaging (DA) at
150 �C for 36 h, followed
by heating to 190 �C at a rate
of 5–7 �C/min and holding
for 1 h at the temperature

1441R230DA
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rate of 6 � 10�6 s�1 and 5.5 � 10�6 s�1 for the 8090 and 1441
alloys, respectively. Tests were repeated at least thrice to con-
firm the results. The SCC susceptibility was expressed by the
parameter of ductility ratio (DR) defined as the ratio of plastic
strain to fracture in environment (eenvn) to that in air (eair) i.e.
eenvn/eair.

In resistivity measurements, the four-probe method was
adopted. A constant current was fed from one end to the other
end of the rectangular sample and the voltage was measured
across two contacts, which were away from the current con-
tacts in order to keep the lines of current flow uniform and
parallel. A constant current was supplied by a Shenzhen Mas-
tech DC power supply unit and the voltage drop was measured
across the contacts of fixed length using a Keithley 177Micro-
volt DMM unit. The resistivity of the sample was calculated
from the voltage drop, the applied current, and the geometry
of the samples.

Potentiodynamic electrochemical polarisations were car-
ried out, by using a computer controlled Meinsberger poten-
tiostat/galvanostat with built-in PS6 software. Experiments
were conducted using the standard three electrodes configura-
tion: saturated calomel electrode as a reference and platinum
electrode as counter and the sample as the working electrode.
Specimens were immersed in 3.5% NaCl þ 0.1M
LiCl þ 0.7% H2O2 solution and the polarization scan was car-
ried out towards more noble values at a scan rate of 0.5 mV/
sec, after allowing a steady state potential to establish.

3 Results

Fig. 2(a–b) shows the X-ray diffractograms of the 8090 and
1441 alloys in the T8 and RRA tempers. The diffractograms of
the T8 and RRA tempers of the alloys, show the peaks of all
the probable phases, such as a-Al matrix, d0 (Al3Li), d (AlLi),
S0 (Al2CuMg), T1 (Al2CuLi) and b

0 (Al3Zr) phases that would
be present in the alloy system [22]. The diffractograms of the
RRA tempers exhibit an additional T1(102) peak and other in-
tensified peaks of the T1 and d phases compared with the ex-
hibited peaks in the 8090-T8 and 1441-T8 tempers. Thus,
RRA treatments resulted in the formation of more amounts
of T1 and d phases. The effect of RRA treatment on the S0

phase could not be analyzed with the XRD peaks as the peaks
of this phase overlap with the a-Al matrix peaks. However,
DSC and TEM studies could explain the effect and has
been explained elsewhere by the authors [23, 24].

A few representative TEM photomicrographs of both the
8090 and 1441 alloys of the T8 and RRA tempers are given
in Fig. 3(a–h). Fig. 3a, the TEM photomicrograph of the 8090-
T8 alloy temper, exhibits numerous coherent b0 (Al3Zr) pre-
cipitates. Due to its stability, the size and distribution of these
b0 particles do not alter upon RRA treatment and aging treat-
ment. Fig. 3b, the TEM bright field image of the 1441-T8 tem-
per, shows a uniform distribution of fine T1 and S0 phases
within the matrix and equilibrium d phase at the grain bound-
aries. In one of the grains, the preferential heterogeneous pre-
cipitation of these phases along the dislocations is also ob-
served. Figs. 3c and 3d show the dislocation structure within
the grain and subgrains of the 8090-T8 and 8090R280IA RRA
tempers, respectively. Fig. 3d, TEM photomicrograph of the
8090R280IA RRA temper, shows a decrease in dislocation
density in the grains compared to the dislocation density in
the T8 temper (Fig. 3c). This is due to the retrogression treat-
ment at 280 �C annihilates dislocations of opposite signs.
Thus, retrogression treatment results in a decreased disloca-

tion density. Similar observations are also reported in litera-
ture [22, 23]. Fig. 3e, for the 8090R280IA temper, shows the
equilibrium d phase at the high angle grain boundaries as well
on the subgrain boundaries. RRA treatment results in the for-
mation of more amounts of d and coarsening of the precipi-
tates along grain and subgrain boundaries and similar obser-
vations are reported in literature for alumimium base alloys
[18, 25, 26]. Fig. 3f, TEM photomicrograph of the
8090R280DA RRA temper, displays uniform heterogeneous
rodlike and platelike (i.e. impinged rectangular rods along
a line) S0 and T1 precipitates. Fig. 3g, TEM micrograph of
the 1441R230DA RRA temper, shows the equilibrium d phase
at the high angle grain boundaries and at higher magnification
this equilibrium phase is also seen at the sub-grain boundaries
(Fig. 3h). The enhanced precipitation of equilibrium d phase
of the RRA tempers is because of more aging time in the RRA
temper. The higher the aging time the greater is the nucleation
and growth of d phase and the transformation of d0 (Al3Li)
phase to d (AlLi) as well.

Fig. 2a. XRD of the 8090 alloy of various tempers using CuKa ra-
diation

Fig. 2b. XRD of the 1441 alloy of various tempers using CoKa ra-
diation
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Fig. 4(a–d) shows the representative stress strain curves of
the 8090 alloy of the 8090-T8, 8090R250IA, 8090R280IA,
and 8090-T7 tempers in air and in 3.5% NaCl þ 0.1 M
LiCl þ 0.7% H2O2 solution. Similarly, Fig. 5(a–d) shows
the representative stress strain curves of the 1441 alloy of
T8, 1441R270DA, 1441R230DA and T7 tempers in air and
in 3.5% NaCl þ 0.1 M LiCl þ 0.7% H2O2 solution. The cur-
ves show that 3.5% NaCl þ 0.1 M LiCl þ 0.7% H2O2 envir-
onment causes a drastic reduction of plastic strain to fracture
for all the tempers i.e. T8, RRAT77 and T7 tempers, indicat-
ing that all the alloy tempers are susceptible to SCC in the
medium. However, for both the alloys, the reduction of plastic
strain to fracture is maximum in the T8 temper, least in the T7
and in the RRA tempers it is intermediate of the T8 and T7
tempers. Therefore, it can be concluded that the RRA treat-
ments given to the T8 tempers of the alloys cause an improve-
ment of SCC resistance.

Fig. 6(a–b), bar diagram, shows the plastic strain to fracture
of the 8090 and 1441 alloys of various tempers tested in air
and in 3.5% NaCl þ 0.1 M LiCl þ 0.7% H2O2 solution. Duc-
tility ratio (DR) of the respective tempers is also indicated in
the bar diagram. The bar diagram shows that the T7 temper
has the maximum ductility ratio (DR), the T8 temper has the
least, whereas the ductility ratio (DR) values of the RRA tem-
pers are in between to that of the T8 and T7 tempers. There-
fore, the T7 temper exhibits maximum resistance to SCC, T8
temper is the minimum and the SCC resistance of the RRA
T77 tempers is intermediate to that of the T7 and T8 tempers.
Thus, the RRA treatment applied to the T8 temper has resulted
in an improvement of SCC resistance. The possible SCC me-

chanism in the T8 temper and the higher SCC resistance in the
T7 and T77 tempers compared to the T8 temper is explained in
the subsequent discussion section.

Fig. 7(a–b) shows the potentiodynamic polarization curves
of the 8090 and 1441 alloys of various tempers in 3.5%
NaCl þ 0.1M LiCl þ 0.7% H2O2 solution. The shape of the
polarization curves is similar for all the tempers. The cathodic
currents in the cathodic overvoltage region are more or less
the same in all the tempers, and this is so with the anodic cur-
rent in the anodic overvoltage region. But the curves show that
the open circuit potential (OCP) has shifted towards more ne-
gative values (anodic) with the RRA and with the aging time.
Thus, the OCP of the over aged temper has the most negative
value, whereas the OCP values of the retrogressed and reaged
tempers lie in between the OCP values of the over aged and
peak aged tempers. The trends of variation of electrochemical
behaviour with the aging time of these tempers in our studies
on the 8090 and 1441 alloys are consistent with the reported
results in literature [27–29].

Tables 3a and 3b give the electrical conductivity values and
open circuit potentials (OCP) obtained from potentiodynamic
polarization studies in 3.5% NaCl þ 0.1M LiCl þ 0.7% H2O2
solution of the 8090 and 1441 alloys in their T8, RRA and T7
tempers. The SCC susceptibility index values viz. the ductility
ratio (DR) in 3.5% NaCl þ 0.1M LiCl þ 0.7% H2O2 solution
of all these tempers of the alloys, are also incorporated in the
tables for the sake of a quick comparison.

The electrical conductivity values of all the tempers are in
the range of the reported values of the Al-Li-Cu-Mg-Zr alloy
series [1]. The conductivity values have increased with in-

Fig. 3(a–h). TEM photomicrographs of (a) 8090-T8 temper showing b0 precipitates within the grain as well as on the dislocations, (b)
1441-T8 temper exhibiting homogeneous distribution of T1 and S

0 precipitates and heterogeneous precipitation of T1 and S
0 on dislocations,

(c) 8090-T8 temper displays dislocation densities, (d) 8090R280IA RRA temper shows low dislocation densities, (e) 8090R280IA RRA
temper shows equilibrium d precipitation along the grain and sub-grain boundaries, (f) 8090R280DA RRA temper displays uniform dis-
tribution of S0 and T1 precipitates, (g) 1441R230DA RRA temper exhibits equilibrium d precipitates at the grain boundary and at higher
magnification, (h) d phase is also revealed at the subgrain boundaries
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crease in aging time. The T7 temper has the highest conduc-
tivity and peak aged temper has the lowest for both the alloys.
The conductivity values of the RRA tempers lie in between
the conductivity values of the T8 and T7 tempers. Thus, it
can be stated that the RRA treatment of T8 temper causes
an increase in electrical conductivity.

4 Discussion

The presence of small amounts of LiCl and H2O2 in the
3.5% NaCl solution makes the media susceptible to SCC
for the alloy system under total immersion condition by main-
taining a condition of borderline passivity essentially required
for the SCC process [30–32] as compared to that in only 3.5%
NaCl solution because of its strong depassivating nature. The
applied stress during slow strain rate tests (SSRT) assists rup-
turing the passive film and leads to the local dissolution of the
exposed area as it acts as a small anode in contact with a large
cathode i.e. the film surface. The film rupture exposes an area
containing precipitates and precipitate free zones that are elec-
trochemically different providing local galvanic cells.

The microstructure of the conventional T8 temper com-
prises a combination of d0 (Al3Li), S

0 (Al2CuMg), T1 (Al2Cu-
Li) and b0 (Al3Zr) phases homogeneously and heteroge-
neously precipitated within the matrix, and d (AlLi), T1 (Al2-
CuLi) and b0 (Al3Zr) phases at the grain boundaries (Fig. 3).

Fig. 4. Representative stress strain curves of (a) 8090-T8, (b)
8090R250IA, (c) 8090R280IA and (d) 8090-T7 tempers tested at
a strain rate of 6.0 � 10�6 s�1 in air and in 3.5% NaCl þ 0.1M
LiCl þ 0.7% H2O2 solution

Fig. 5. Representative stress strain curves of (a) 1441-T8, (b)
1441R270DA, (c) 144R230Da and (d) 1441-T7 tempers tested at
a strain rate of 5.5 � 10�6 s�1 in air and in 3.5% NaCl þ 0.1M
LiCl þ 0.7% H2O2 solution

Fig. 6. Plastic strain to fracture of the alloys (a) 8090 and (b) 1441
of various tempers
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The initiation of SC cracks in this case is caused by the pre-
ferential dissolutionof the anodicgrainboundary and sub-grain
boundary d and T1 precipitate forming a lots of galvanic cells.
The crack initiation is assisted by the propensity for coarse
planar slip generated due to the coherent d0 precipitates which
causes stress concentration at the grain boundaries. It is well
known that SCC of aluminium alloys follows intergranular
paths with very few exceptions [33]. Lumsden et al. [34] stated
that the presence of precipitates in grain boundaries supports
anodic dissolution in the 8090 alloy more strongly than other
models. Conde et al. [35] showed the fractographs containing
intense attack, a consequence of the preferential dissolution of
grain boundary precipitates and the areas present with micro-
voids that are due to intense intergranular attack, and not a
consequence of ductile fracture. The nucleation of cracks
has also been reported to take place by the pit formation inside
which the solution pH goes down to the level of 3–4 [4, 19].
Fig. 8(a–c) shows that thecrackhas initiatedfromthebaseof the
pit as well as from the other sites e.g. intergranularly and ano-
dically dissolved zone, which resulted from the dissolution of
anodic phases. Thus an anodic dissolution promoted intergra-
nular SCC mechanism seems to be operative in the alloy, and
intergranular cracking is evident in Fig. 8c.

The SCC process in the RRA tempers is believed to be the
same as that in the T8 temper of both the alloys. But, the im-
provement of SCC resistance in the RRA tempers compared to
the T8 tempers of the alloys can largely be explained on the
basis of the microstructural changes upon RRA heat treatment
mainly in regard to the size and distribution of the anodic

phases, notably d (AlLi) and T1 (Al2CuLi), precipitated within
the grains, along the subgrain boundaries and the grain bound-
aries.

Fig. 7. Potentiodynamic polarisation curves of the alloys (a) 8090
and (b) 1441 of various tempers

Table 3a. Electrical conductivity, OCP values and SCC suscept-
ibility index of the 8090 alloy of various tempers

Alloy Temper Electrical
Conductivity
X 106/
(mho cm�1)
(IACS)

OCP, mV
(SCE) in 3.5%
NaCl þ 0.M
LiCl þ 0.7%
H2O2 solution

DR (eenvn/eair)
in 3.5%
NaCl þ 0.1M
LiCl þ 0.7%
H2O2 solution

8090-T8 (L) 0.1132 (19.25) – –
8090-T8 (LT) 0.0942 (16.02) � 670 0.62
8090R250IA 0.1101 (18.73) � 694 0.82
8090R250DA 0.1069 (18.18) � 667 0.74
8090R280IA 0.1098 (18.67) � 690 0.79
8090R280DA 0.1071 (18.21) � 680 0.85
8090-T7 0.1222 (20.78) � 693 0.94

IACS: International Annealed Copper Standard.

Table 3b. Electrical conductivity, OCP values and SCC suscept-
ibility index of the 1441 alloy of various tempers

Alloy Temper Electrical
Conductivity
X 106/
(mho cm�1)
(IACS)

OCP, mV
(SCE) in 3.5%
NaCl þ 0.M
LiCl þ 0.7%
H2O2 solution

DR (eenvn/eair)
in 3.5%
NaCl þ 0.M
LiCl þ 0.7%
H2O2 solution

1441-T8 0.1050, (17.85) � 615 0.39
1441R230IA 0.1074, (18.27) � 630 0.62
1441R230DA 0.1067, (18.15) � 627 0.74
1441R270IA 0.1078, (18.33) � 641 0.61
1441R270DA 0.1085, (18.44) � 635 0.81
1441-T7 0.1138, (19.35) � 646 0.91

IACS: International Annealed Copper Standard.

Fig. 8(a–c). SC cracks in 3.5% NaCl þ 0.1M LiCl þ 0.7% H2O2
solution: (a) 1441-T8 temper crack initiation from the base of the pit
as well as from the intergranularly and anodically denuded/dis-
solved region, (b) 1441R230DA temper cracking from the base
of the pit and (c) crack propagation path is intergranular
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RRA treatments have resulted in the formation of additional
equilibrium d (AlLi) and T1 phases (Figs. 2 and 3). Thus, in the
RRA tempers, the widespread dispersion of T1 and d phases
throughout the matrix, along the grain boundaries as well as
on the sub-grain boundaries, reduces the potential difference
for the formation of microscopic galvanic cells. Therefore, the
tendency of uniform corrosion/attack is more, whereas the
propensity of intergranular dissolution is largely reduced re-
sulting in an improvement of resistance to SC crack initiation
and propagation. Further, RRA treatment decreases the dislo-
cation density, as found by the authors [23] and others
[22, 36, 37]. The lower dislocation density reduces the stress
factor for SCC process resulting in an improvement of SCC
resistance. Again, in the RRA tempers, the stress intensity/fac-
tor will be less intense because of more and widespread uni-
form distribution of S0 phase throughout the matrix that pro-
motes cross slip resulting in the minimization of planar slip
[23]. Therefore, all these factors cause an improvement of
SCC resistance in the RRA tempers compared to that of
the peak aged T8 temper. In the over aged temper, the aging
time is much longer compared to the peak aged and retro-
gressed and reaged temper. The more the aging time, the
more is the precipitation of d and T1 phases, at the grain
boundaries and the sub-grain boundaries. Therefore, the at-
tack is more uniform with a low propensity of intergranular
corrosion, leading to an improved SCC resistance [18, 38].

From the electrical conductivity values of both the alloys
the following observations could be made:
– The conductivity values of all the tempers are in the range

of the reported values of the 8xxx alloy series.
– For the 8090 alloy of the T8 temper, electrical conductivity

value is higher in the longitudinal (L) direction than that in
the long transverse (LT) direction.

– The over aged temper has the highest conductivity whereas
the conductivity value of the peak aged temper is the least.
Hence, conductivity values have increased with the in-
crease of aging time.

– The conductivity values of the RRA tempers of both the
alloys lie in between the conductivity values of the T8
and T7 tempers.
The conductivity of metallic materials at a given tempera-

ture depends on the grain structure, the solute content, second
phase precipitates, segregation, vacancies, imperfections etc.
According to the additivity rule of Mattheissen, the electrical
resistivity is given by the following relation.

qt ¼ qT þ qr ð1Þ

where qt is the total resistivity, qT is the thermal part of the
resistivity and qr is the residual resistivity.

For a given temperature (in our studies electrical resistivity
values are measured at room temperature), qT, arising due to
phonon scattering remains same for samples of various alloy
tempers and thus the total resistivity depends only on the re-
sidual resistivity.

The residual resistivity of the alloys is primarily controlled
by the interaction of the moving electrons (under an applied
electric field) available in the conduction bands with the lo-
calized strain fields in the crystalline matrix. These localized
strain fields provide scattering centers for the moving elec-
trons. Thus, the residual resistivity is attributable to the scat-
tering centers arising from the solutes, the impurities, the size
and distribution of second phase precipitates and also from the
dislocations. A decrease in scattering centers will lead to an
increase in electrical conductivity. Further, for a given alloy

composition, the amount of impurities and the solute contents
remain same, but the size and the distribution of the second
phase precipitates as well as the dislocation density that vary
with the aging time and RRA treatments, would have an in-
fluence on the electrical conductivity values. Thus, the RRA
tempers with low dislocation densities as compared to the as-
received T8 temper (Figs. 3c and 3d) [22, 23, 36, 37] have
higher electrical conductivity values with respect to the T8
temper and this is because of the less scattering centers
that arise from dislocations to the moving electrons.

The variation of electrical conductivity values could also be
attributed to the alteration of the precipitate size, their distri-
bution and morphology upon RRA and aging treatments.
Since, the 8090 and 1441 alloy systems comprise a large num-
ber of precipitates such as d0, S0, T1 and b

0 precipitated homo-
geneously and heterogeneously within the matrix, and equili-
brium d, T1 and b0 (Al3Zr) phase formed at the grain bound-
aries as well, it is very difficult to pinpoint the role of each and
every precipitate on the observed variation of the electrical
conductivity values of the RRA and T7 tempers. The alterna-
tion of microstructural features upon RRA treatment in the
8090 alloy has been discussed elsewhere [23]. It has been
highlighted that RRA treatment and aging time would not al-
ter the size, relative amounts and distribution of the b0 (Al3Zr)
due to its high stability. Analysis of d0 particles size and their
distribution of T8 and RRA tempers of both the alloys using
Leica QWIN software revealed no appreciable variation of
mean particle diameter and volume fractions. This is ex-
pected, otherwise an equivalent hardness and strength proper-
ties of T8 and RRA tempers would not have been obtained
[24]. But, in the T7 tempers the relative amount of d0 particles
and its size have a role in the electrical conductivity value. It is
a well established fact that 8 –10% lower strength of the T7
temper compared to that of the T8 temper in all aluminium
alloys is attributed to the larger size of the d0 particles. The
larger the d0 precipitates size the fewer will be the number
that results in lower electron scattering centers accounting
for an increase of electrical conductivity. Hence, the electrical
conductivity value in the T7 temper is maximum. Since, there
is an observation of higher electrical conductivity values and
improved SCC resistance in the RRA tempers and in the over
aged tempers compared to that of the T8 tempers of both the
alloys, an inference could be drawn that the higher the elec-
trical conductivity the higher would be the SCC resistance.

Figs. 7a and 7b, the potentiodynamic polarisation curves of
the 8090 and 1441 of various tempers, show that the OCP has
shifted to more negative values with aging time and RRA
treatment. Similar trends have also been observed by other
researchers [27]. The OCP value of the over aged temper
has the most negative value, whereas the OCP values of
the retrogressed and reaged tempers lie in between the
OCP values of the over aged and peak aged tempers. It is
an established fact that in a given environment the OCP of
an alloy depends on the microstructure and the constituent
phases present in the system. In these 8090 and 1441 Al-
Li-Cu-Mg-Zr alloy systems phases such as d, T1 and S0 are
anodic in nature [15, 28, 39]. Thus, the more negative values
of OCP values (i.e. the shifting of OCP towards more negative
direction) of the RRA tempers compared to those in the T8
tempers for both the alloys are attributed to the presence of
higher amounts of these phases, which is evident from
Figs. 2 and 3. The more the aging time (i.e. for the T7 and
RRA tempers compared to T8 tempers for both the alloys),
there will be higher amounts of precipitation of the anodic
phases, especially equilibrium d phases at the grain bound-
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aries, sub-grain boundaries as well as within the grains. The
higher amounts of d phase at the grain boundaries, sub-grain
boundaries as well as within the grains would enhance uni-
form attack, but minimize localized intergranular attack
and thereby cause an improvement of SCC resistance.
Thus, the presence of higher amounts of equilibrium d phases
will shift the OCP values towards more negative direction and
simultaneously enhance the resistance to SCC. Hence, it could
be stated that the more negative the OCP values are, the higher
will be the SCC resistance.

5 Conclusions

1. XRD and TEM studies exhibited all the probable phases
such as a-Al matrix, d0, d, S0, T1 and b0 phases that would
be present in the alloy system. The diffractograms of the
RRA tempers exhibited additional T1(102) peak and other
intensified peaks of the T1 and d phases, indicating that
RRA treatments resulted in the formation of more amounts
of these phases. TEM photomicrographs of the RRA tem-
pers showed a decrease of dislocation densities compared to
that of the T8 temper. Further, TEM photomicrographs of
the RRA tempers for both the alloys have exhibited en-
hanced precipitations of equilibrium d phase.

2. Both SCC resistance and electrical conductivity values of
the 8090 and 1441 alloys are lowest in the T8 temper, high-
est in the T7 temper and intermediate in the RRA tempers.
The OCP value of the T7 temper has the most negative va-
lue, whereas for the RRA tempers it lies in between to that
of the T7 and T8 tempers. The increased electrical conduc-
tivity value in the RRA tempers is due to the decrease of
dislocation densities and alteration of microstrucrutal fea-
tures upon RRA treatment. The higher resistance to SCC in
the RRA and T7 tempers is because of lower dislocation
densities enabling a reduced stress factor for the SCC pro-
cess and enhanced precipitation of equilibrium d phase
which minimizes the intensity of intergranular corrosion.
The shifting of OCP values towards more negative (i.e. ano-
dic) direction of the RRA and T7 tempers is attributed to the
enhanced precipitation of anodic d, T1 and S0 phases.

3. A correlation is evident that the higher the electrical con-
ductivity value and the more negative the value of OCP, the
higher is the SCC resistance of the alloys.
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