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Corrosion behavior of 2024 AlI-Cu—Mg alloy of various tempers
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Abstract: Corrosion behavior of 2024 Al-Cu—Mg alloy of different tempers was assessed by potentiodynamic polarization studies in
3.5% NaCl solution, 3.5% NaCl+1.0% H,0, solution and 3.5% NaCl solution at pH 12. Polarization curves showed shifting of
corrosion potential (¢.,,) towards more negative potential with increasing ageing time and shifting of ¢ in the positive direction
with the addition of H,O, in NaCl solution. Polarization curves in 3.5% NaCl solution at pH 12 exhibited distinct passivity
phenomenon. Optical micrographs of the corroded surfaces showed general corrosion, extensive pitting and intergranular corrosion
as well. Cyclic potentiodynamic polarization curves exhibited wide hysteresis loop and the mode of corrosion attack confirmed that
the alloy states are susceptible to pit growth damage. Attempts were made to explain the observed corrosion behavior of the alloy of

various tempers in different electrolytes with the help of microstructural features.
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1 Introduction

Precipitation hardening aluminium alloys of 2xxx
series with high specific strength, good fracture
toughness, excellent fatigue properties and damage
tolerance have been found important applications in the
aerospace industry. In commercial 2xxx series alloys, Cu
and Mg are the main alloying elements with small
amount of Si and other minor elements such as Mn, Zn,
Ti and Fe [1-3]. Depending on the concentrations of Cu,
Mg and Si, these 2xxx series aluminium alloys may span
as many as five phase fields, including up to five
equilibrium phases, such as those designated as 6, S, Si,
Mg,Si and Q [2,4]. Among the commercial 2xxx series
alloys, the 2024 alloy which is in the a+S+6 phase field,
is particularly important, due to its widespread
applications as an aeroplane wing and fuselage outer skin
[1,4].

Aluminium alloys derive their strength from
deliberately developed heterogeneous microstructures
that consist of a combination of hardening precipitates,
dispersoids, and constituent particles formed through
appropriate solution heat treatment (SHT) and ageing
schedules. The results of earlier studies essentially
showed that the microstructure of the 2024 alloy with a
mass ratio of Cu to Mg 2.93 has been dominated by
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microscale S (Al,CuMg) phase, nanoscale dispersoid
(AlMn;Cu,) particles along with a significant amount
of other microscale intermetallic particles containing Al,
Cu, Fe, and Mn, such as, 6(AL,Cu), Al;Fe, Al;Mn,
Al,CuyFe, and (Al,Cu)¢Mn, distributed throughout the
matrix [3,5,6]. Often some of these particles are observed
to cluster very closely together or even fuse,
demonstrating the highly complex nature of the 2024
alloy microstructure.

In general, the approaches that improve mechanical
properties through microstructural modifications result in
detrimental changes to corrosion properties, namely, an
inverse relationship exists between the strength and the
corrosion resistance in precipitation hardenable 2xxx,
6xxx and 7xxx series aluminium alloys. It has been,
generally, observed that the stronger these types of alloys
are, the poorer the corrosion resistance is [7], especially
to stress corrosion cracking (SCC) resistance.

The matrix strengthening precipitates and many
intermetallics present in the 2024 alloy microstructure
are heterogencous from an electrochemical perspective.
This renders the alloy and similar class of alloys are
susceptible to localized corrosion resulting from local
galvanic cells and variation in passive film stability
between solute-rich second phase particles and the
matrix [8—11]. Specifically, Cu-rich precipitates and
intermetallics are known to act as, or eventually become
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local cathodes, which facilitate oxygen reduction
reactions and ultimately drive anodic dissolution of the
surrounding matrix material [12].

Thus, in view of the maintenance of aircrafts and
their long-term use, it is important to characterize the
corrosion behavior (micro- and nano-scale level) and
mechanism of corrosion attack influenced by the alloy
microstructure. Further, for a longer service life and
resistance to sudden catastrophic failure, it is essentially
required that the aircraft structures would resist to
undergo localized corrosion and environmental assisted
cracking (EAC), e.g. stress corrosion cracking (SCC),
hydrogen embrittlement (HE) and corrosion fatigue (CF)
[13,14].

Localized corrosion behavior of 2024 alloy with
varying Cu and Mg content has been studied in details
[6,15-23]. The localized corrosion susceptibility is
affected in the presence of S (AlLCuMg) and
inhomogeneous second phase particles. The localized
corrosion studied by micropolarization showed that the
Al 2024 alloy with lower Mg content (Cu to Mg mass
ratio of 3.7) is significantly different from the 2024 alloy
with a more common composition (Cu to Mg mass ratio
of 2.9). The localized corrosion (microscale and
nanoscale level) initiation behavior of the Al 2024 alloy
with a more common composition showed a clear
separation of the distribution of the measured pitting
potentials for S phase and intermetallic AlCuFeMn
particles with variable stoichiometry, and matrix areas.
Characterization of the microstructure and its relation to
the localized corrosion initiation properties of the
2024-T351 alloy have been done to provide both
qualitative and quantitative input data (microstructural
geometry and microscale electrochemical measurement
data) for development of microscale and macroscale
numerical models and simulations of corrosion.

Further, a lot of research work and literatures
[24—28] are available on corrosion protection of Al
alloys by chromate based conversion coating, application
of primer and other means. But, the chromate
compounds are highly toxic and carcinogenic, so there is
an urgent need of development of alternative corrosion
inhibitors for protecting aluminium alloy. Among these
new inhibitors, rare earth salts were tested to be effective
and environmental benign inhibitors. The inhibiting
effect of cerium cation on corrosion of aluminium alloy
was reported to be due to the shifting of cathodic oxygen
reduction reaction by the formation of oxides and
hydroxides of Ce(IlI), La(Ill) and Al,O; [28—34].

There are many investigations [15—23] on the
influence of matrix strengthening phases and
intermetallic particles on the localized (nano- and

micr-oscale level) corrosion of 2024 alloy with different
Cu to Mg ratios, and the critical particle size below
which localized corrosion is not affected, but there is a
scanty literature on systematic study of corrosion
behavior of the 2024 alloy with ageing time and different
tempers, i.e. as-quenched, under-, peak- and over-aged
tempers. Since the 2024-T3 alloy is being used in
structural components of aircraft, it is appropriate to
assess the corrosion behavior with ageing time of the
alloy in different tempers. Hence, in the present
investigation, attempts are made to correlate the ageing
and corrosion behavior of a 2024 alloy of various
tempers, such as as-quenched, under-, peak- and
over-aged in the electrolytes of 3.5% NaCl solution,
3.5% NaCl+1.0% H,O, solution near neutral pH and
3.5% NaCl solution at pH 12.

2 Experimental

2.1 Materials

2024 Al-Cu—Mg alloy in square bar shape with
dimensions of 15 mmx6.35 mmx6.35 mm was procured
from Alfa Aesar (A Johnson Matthey Company) Ward
Hill, MA 01835, USA. The chemical compositions of the
2024 alloy are given in Table 1. The grains of the alloy
are polygonal with an average size of 25-30 pm.
Specimens with dimensions of 6.35 mmx6.35 mmx
3 mm (approximately) were cut from the square alloy rod
for heat treatment and subsequent other studies.

Table 1 Chemical compositions of 2024 alloy (mass fraction,
%)
Cu Mg Mn Fe Si Cr Al

4.40 1.50 0.60 <050 <050 <0.10 Bal

2.2 Ageing treatment to produce various tempers

A large number of specimens cut from the
as-received 2024 alloy square bar were subjected to
solution heat treatment (SHT) at temperature of 490 °C
for 30 min, water quenched at room temperature
followed by artificial ageing at temperature of 190 °C for
varying time up to 154 h corresponding to over-aged
state, and a sample was also naturally aged for prolonged
time. The details of various ageing schedules and
designated alloy tempers produced for the present
investigation are stated in Table 2.

2.3 Hardness testing

Vicker’s hardness tester, Model BV250(S), was
used for measuring the hardness of the alloys of various
tempers in order to assess the natural and artificial ageing
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Table 2 Heat treatment, ageing schedules and designated
tempers of 2024 alloy

Temper
. P . Ageing schedule
designation

2024 alloy is solutionised at 490 °C for
30 min followed by water quenching
2024-AQ state alloy is naturally aged at
room temperature for 30 d, i.e. 720 h
2024-AQ state alloy is artificially aged at
temperature of 190 °C for x h. For example:
2024-190-1 h stands for 2024-AQ state
alloy is artificially aged at
temperature 190 °C for 1 h

2024-AQ

2024-NA-720h

2024-190-xh

behavior of the alloy. The load applied for measuring
hardness was 98 N and the reported value of hardness
was an average of at least three readings.

2.4 X-ray diffraction

X-ray diffraction (XRD) was carried out to acquaint
with the various phases present in the alloy of different
tempers. XRD study was carried out using a PANlytical
XPert Pro basic X-ray diffractometer unit with Cu K,
radiation.

2.5 SEM, EDAX analysis and elemental mapping
X-ray elemental mapping of the 2024 alloy was

studied by using a scanning electron microscope (SEM),

Model Hitachi S—3000 N, with an EDAX attachment.

2.6 Electrochemical polarisation

Potentiodynamic polarizations were carried out on
the samples of alloy with various tempers, e.g. 2024-AQ,
2024-190-1 h, and 2024-190-154 h, as stated in Table 2,
using a computer controlled VoltalLab potentiostat/
galvanostat (Model PGP201) with an inbuilt
Voltamaster4 software. Experiments were carried out by
constructing a local electrochemical cell using the
standard three electrodes configuration: saturated
calomel electrode (SCE) as a reference, a platinum plate
as a counter electrode and the sample as the working
electrode. Polarization scan was carried out towards
more noble value at a scan rate of 0.50 mV/s, after
allowing a steady state potential to develop. The
electrolytes used for the polarization studies were 3.5%
NaCl solution and 3.5% NaCl+1.0% (volume fraction)
H,0, solution at near neutral pH and 3.5% NaCl solution
at pH 12 as well. The pH 12 was obtained by adding a
small amount of NaOH to 3.5% NaCl solution.

In order to assess the pit protection potential (@pro),
cyclic potentiodynamic polarization studies were carried
out on a few alloy tempers in 3.5% NaCl solution at pH
12. Samples were polarized below the ¢, potential and
the microscopic study revealed no pitting. In order to

confirm whether pitting damage or pit repassivation has
occurred below the @u, further potentiodynamic
polarization study on a few alloy tempers was also run
below the pit protection potential, and the corroded
surfaces were observed.

2.7 Observation of corroded surfaces

In order to assess the type and morphology of
corrosion attack upon electrochemical polarization
studies of these alloy tempers in different environments,
an optical microscope (model LEICA DM 2500M) with
an inbuilt QWin3 software was used to observe the
corroded surfaces. The corroded surface were observed
in as-such situation or often gently disk polished to
remove the covered oxide/corroded layer.

3 Results and discussion

3.1 Ageing behavior of 2024 alloy

Figure 1 shows the age hardening behavior of the
2024 alloy solution heat treated, water quenched
followed by artificial ageing at temperature of 190 °C,
and natural ageing as well. The variation of hardness
with ageing time displayed the characteristic age
hardening behavior of precipitation hardenable
aluminium alloys, namely with increasing ageing time,
there is a progressive increase of hardness, reaching a
maximum value (peak aged temper) and subsequent
decrease of hardness with further ageing leading to
over-aged state.

140
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80 @ — Natural ageing
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Fig. 1 Variation of hardness with ageing time of 2024 alloy
solution heat treated, water quenched followed by artificial and

natural ageing

In the Al-Cu system, the most explained
precipitation sequence is GP zones, coherent 6",
semi-coherent ¢, and finally equilibrium 6(Al,Cu) phase.
Small addition of magnesium affects the formation of
coherent phase and facilitates the precipitation of
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semi-coherent @' phase, and generally increases the
hardening effect [1,35,36]. Further, the increase of
magnesium concentration results in the formation of S
(ALL,CuMg) phase; and the precipitation sequence is
similar to that of the Al,Cu phase: Guinier-Preston-
Bagaryatsky zones, coherent S", semi-coherent ', and
equilibrium S. The structure of all S-phases are very
close, and literatures suggested them as a structure
differently distorted due to coherent or semi-coherent
junctions with the matrix [1,35—41].

It was proposed that in AlI-Cu—Mg alloys, two
stages of hardening occur. An early rapid rise in hardness
is due to the formation of fine scale (average 24 atoms)
solute clusters of Mg and Cu; Mg—Mg aggregates were
the first to appear, followed by Cu—Cu aggregates and
Cu—Mg clusters due to the higher binding energy
between Mg atoms and vacancies. The second stage of
hardening (peak aged state) is dominated by S phase in
the form of laths with the {120} 4, habit plane elongated
along (100),; direction [35,42—43]. Recent work has
shown that a semi-coherent phase designated by S" or
GPB2 with orthogonal structure occurs well before peak
hardness is reached and remains in the matrix in peak
aged state [35,43]. In over aged state, the microstructure
comprises coarse S phase with a range of morphologies,
including rods with an aspect ratio (the ratio of width to
thickness) 3:1 and irregular cross-sections (i.e.
agglomeration of rods) [40,44,45], and no presence of
GPB zones or solute clusters. All these justify the drop of
hardness in the over aged state.

3.2 XRD pattern

Figure 2 shows the XRD pattern of 2024 alloy in
three artificially aged states, using Cu K, radiation. The
patterns of all the tempers indicate the peaks of all the
probable phases such as a(Al), intermetallic S
(ALL,CuMg), Al;Cu,Fe and ' (Al,Cu) phases that would

Alan
Shan
Algaon

Sc"lj:|

Al

AlCuzFeqy)

A ]( 220)

Aljazy

N

Sz

(b)
WM‘\*

(a) Sl w B3 By u I| 1
W

20 30 40 50 6IO 70 80 90
20/(%)

Fig. 2 XRD patterns of 2024 alloy of various tempers:
(a) 2024-190-1h; (b) 2024-190-5h; (c) 2024-190-150h

be present in the alloy system. However, there may be
presence of other intermetallic phases, being reflected
with smaller peaks, but difficult to confirm from the
XRD patterns.

3.3 SEM and elemental mapping

Figure 3 exhibits a SEM image and X-ray elemental
mapping of alloy 2024-190-8h. Figure 3(a) shows grains
of a(Al) matrix and the presence of a large number of
intermetallics. The X-ray elemental mapping shows that
aluminium is uniformly and densely distributed over the
entire matrix. Further, the uniform distribution of Cu and
Mg indicates the presence of equilibrium S (Al,CuMg)
phase within the matrix, as the observed microstructure
in the order of micron. However, Figures 3(d) and (e)
exhibit the distribution of Fe and Mn mostly in the
intermetallics regions of the microstructure. Also there is
a lean distribution of Fe and Mn preferably and probably
along the sub- and grain boundaries.

3.4 Potentiodynamic polarization

Figure 4 shows the potentiodynamic polarization
curves of 2024 alloy of various tempers in 3.5% NaCl,
3.5% NaCl+1.0% H,0, at near neutral pH and in 3.5%
NaCl at pH 12 solutions, respectively.

The shape of the polarization curves in Figs. 4(a)
and (b) is similar for all the tempers. In all the cases, the
cathodic and anodic branches of the curves show typical
potential—current density characteristics of aluminium
alloy system in 3.5% NaCl solution at near neutral pH.
However, the polarization curves in Fig. 4(c) in 3.5%
NaCl solution at pH 12 show clearly the acitve—passive—
transpassive phenomenon.

The cathodic branches of the polarization curves
showing the typical Tafel behavior enable to evaluate
cathodic slope or Tafel constant (f.) as well as corrosion
current density (J,o;) by Tafel extrapolation method. The
anodic branches of the polarization curves in 3.5% NaCl
and 3.5% NaCl+1.0% H,O, solutions exhibit typical
active metal dissolution behavior with an initial sharp
increase of corrosion current density under applied
anodic overvoltage, and then further increase of current
density under higher anodic overvoltage.

In 3.5% NaCl solution at pH 12, the anodic
branches of the polarization curves for all the alloy
tempers exhibit active, spontaneous passive, passive and
transpassive regions. In the active region, metal
dissolution occurs increasingly with the increase of
applied anodic overvoltage, reaching maximum current
density, which is called critical current density (J;). But,
beyond the critical current density, the decrease of
current density with increasing overvoltage is due to the
beginning of formation of passive oxide layer (state of
spontaneous passivation), attaining a stable passive state
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Fig. 3 SEM image (a) and X-ray mappings (b—f) of 2024-190-8h alloy

with a constant low current density (passive current
density, J;,) over a passive potential range (¢y,). With the
further increase of applied potential, the current density
increases sharply, and this potential is considered oxide
break-down (¢yq) or pitting potential (¢,), leading to
localized corrosion, i.e. pits formation with rapid metal
dissolution.

Tables 3 and 4 give the electrochemical data, such
as corrosion potential (¢.oy), corrosion current density
(Jeomr), critical current density (J.;), passive potential
range (¢,,), passive current density (J,) etc, obtained
from these polarization curves of the 2024 alloy of
various tempers.

The electrochemical behavior of the 2024 alloy with
heterogeneous microstructure, in general, depends on the
degree of segregation, clustering, the morphology and
distribution of precipitates and intermetallics, the relative
areas of exposed phases, the electrode kinetics of each
phase, and the development of electrochemical local
cells among them, etc. Therefore, the complexity (in

terms of number of phases and intermetallics present) in
the alloy microstructure and the problem of judicious
selection of cathodic Tafel’s region impose limitations
and errors in finding out the corrosion current density,
Jeorr [2,8,21,35,36,39—41,44]. However, these reported
electrochemical data give an idea of electrochemical
performance of the alloy tempers, although the reported
Jeorr values (Tables 3 and 4) determined by Tafel
extrapolation technique may vary by +15%.

A close look of the corrosion current density (Jeor)
of various alloy tempers in a given environment seems to
be more or less same within an order of variation and or
within the error limits of Tafel extrapolation method. But,
certainly there must be a definite effect of variation of
corrosion behavior of various alloy tempers having
different ageing time. This is because in different alloy
tempers (from as-quenched (AQ) state to under- to peak-
to over-aged tempers), there are variations of solute
contents in a(Al) matrix, differences of size, distribution
of GPB zones and S'/S (A1,CuMg) phase and their
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Fig. 4 Potentiodynamic polarization curves of 2024 alloy of
different tempers: (a) In 3.5% NaCl solution; (b) In 3.5%
NaCl+10% H,O0 solution; (c) In 3.5% NaCl solution at pH 12

variant as well. In the as-quenched state, the a(Al) solid
solution is supersaturated with solutes of Cu, Mg and Mn,
but, as ageing progresses, the a solid solution gets solute
depleted and there is precipitation of GPB zones and S'/S
phase (as discussed in section 3.1) in the presence of
other intermetallics as well. In the context, it is to state
that copper is electrochemically cathodic and the S'/S
phase is more anodic (more negative potential) with
respect to the matrix a solid solution [46,47].

The expected variation of corrosion behavior of the
alloy with different ageing time has been explained by

Table 3 Electrochemical data of 2024 alloy of various tempers
in 3.5% NaCl solution and 3.5% NaCl+1.0% H,0, solution

tﬁlﬂgz’r Solution q)chE(;//s (mic_(;i{z) wconi?ila(zgate)/
mV (mA-cm °)

2024-AQ -593  0.022 -
190-1h ~640  0.039 0.105
190-5h 678 0.069 17.76
190-12h 3:3% NaCl 696 0.041 16.70
190-72h 695 0.05 17.30
190-154h ~706  0.055 24.36
2024-AQ -579 0.1 -
190-1h 637 0.305 10.66
190-5sh  3-3%NaCl _¢51 0,078 22.40
190-12h 1.0%+H202 677 0.124 9.40
190-72h 691 0.066 24.72
190-154h 696 0.086 16.80

Table 4 Electrochemical data of 2024 alloy in 3.5% NaCl
solution at pH 12

. (ﬂcorr(VS ¢p(VS ¢prot(vs
t/:rﬂozr (mA]??r/n*z) SCEY (mAJ'rc):/nfz) SCE) SCEy
P mV mV mV
2024-AQ  2.61  -1304  1.12 _1_(;0151_
-1040 —
190-1h 336 -1358 135 o
-1006 —
190-5h 682 -1320 227 ¢
-1039 —
190-12h 468  -1338 165 |
-1012 -
190-72h 398 1342 136 0
190-154h 462 -1337 146 1020~
-671
Cyclic polarisation
-1039 -
190-1h 432 1350 185 oo 852
~1008 —
190-5h 395 -1318 148 on 842
Polarisation below ¢
190-5h 361 -1331 153
190-12h 3.88 -1324  1.02
190-72h 451  -1315 179

comparing the corrosion current density of the
polarization curves of various tempers with respect to
Jeorr at @eorr Of the as-quenched state. The polarization
curves show that the current densities of the alloys with
higher ageing time have been found to be anodic
(denoted in this paper as Jynodic) and much higher with

respect to J..; of the as-quenched (AQ) state. The way of
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finding out Jyegc of the 2024-190-152h alloy with
respect to the Jeor (at geor) of the 2024-AQ is shown in
inset of Fig. 4(a). Similarly, Jy.4. values have been
calculated for other tempers and mentioned in Tables 3
and 4. Thus, it is appropriate to infer that the current
density and thereby the corrosion rate increase with
ageing time. Polarization curves of intermetallics and
phases present in aluminium alloys have also been
shown and compared in similar way [17].
3.4.1 Electrolyte and its condition

In 3.5% NaCl solution at near neutral pH, the
anodic current density is low (uniform corrosion is
repressed by natural oxide layer) and the cathodic current
density arising from the number of precipitates and

3
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intermetallics acting as local cathodes and the volume of
oxidants, e.g. dissolved oxygen in the electrolyte, is
dominating; and the summary current density (anodic
plus cathodic current density) is negative and low. The
corrosion potential (@) is in the pitting potential (¢y,)
range (Tables 3 and 4), and this implies that the alloy
will corrode under free corrosion potential.

Comparison (for a given alloy temper) of the
potentiodynamic polarization curves in 3.5% NaCl and
in 3.5% NaCl + 1.0% H,O, solutions (Figs. 4(a) and (b)
and Tables 3 and 4) shows that ¢, values have shifted
towards positive direction with the addition of small
amount of H,0, in 3.5% NaCl solution. This is clearly
seen from Figs. 5(a)—(f), the polarization curves for a
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Fig. 5 Potentiodynamic polarisation curves of 2024 alloy in different temper states in 3.5% NaCl and 3.5% NaCl+1.0% H,0,
solutions: (a) 2024-AQ; (b) 2024-190-1h; (c) 2024-190-5h; (d) 2024-190-12h; (e) 2024-190-72h; (f) 2024-190-154h
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given temper in 3.5% NaCl and 3.5% NaCl+1.0% H,0,
solutions. The aggressive depassivating nature of the
3.5% NaCl solution makes the alloy bare, but the
addition of 1.0% H,O, (volume fraction) shifts the
corrosion potential to slightly more positive values due
to more oxygen availability in solution, causing to
increase the thickness of the oxide layer, to maintain the
passive oxide layer and to heal the destroyed oxide layer
as well. The difference between ¢, (pitting potential) and
@corr Value of the environment containing H,O, is less
compared to that in only 3.5% NaCl solution (Table 5).
Thus, the environment containing small amounts of H,O,
will be more aggressive for localized attack,
intergranular corrosion (observed in the present study
and discussed in section 3.4.3) and susceptible to
environmental assisted cracking (EAC) [13,14],
compared to that in only 3.5% NaCl solution. Further, in
3.5% NaCl + 1.0% H,0O, solution, the cathodic corrosion
reaction (and so the cathodic current density) is increased
(as more oxygen available to be reduced) and has to be
compensated with a higher anodic current density
(dissolution of aluminium). This also accounts for an
increase of corrosion current density (Jeor) in 3.5% NaCl
solution having a small amount of H,0,. In the anodic
region of the polarization curves, although the current
density is initially higher, the curves tend to converge at
higher applied anodic potential corresponding to high
value of current density.

The dissolution of aluminium, the effect of chloride
accelerating attack, and the state for precipitation of
Al(OH); etc have been stated in Refs. [48,49].

In the alkaline solution, the anodic current density
(dissolution of aluminium) is dominating and the
summary current density is positive, resulting in shifting
the corrosion potential (@) to negative values (negative
threshold of passive area) than the pitting potential. In Al
alloys, pH of solution has limited effect on the pitting

potential but does affect the open circuit potential [50,51].

Potentiodynamic polarizations curves (Figs. 4(c)) of the
various alloy tempers in 3.5% NaCl solution at pH 12
showing the distinct passive region which is associated
with the formation of thin passive film on the surface.
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The main factors controlling the passivation process are
the potential of the alloys, the concentration of metallic
ion and the interfacial pH. Figure 4(c) also displays that
at very negative potential, the current density is higher
(approximately 100—400 times) compared to that at near
neutral pH solution (Figs. 4(a) and (b)). This is attributed
to the fact that at very negative potential, there is higher
uniform corrosion; as water splits into H' and OH, the
OH causes an pH increase on the aluminium surface.
Under this situation, aluminium is dissolved due to
missing stability of the natural oxide layer resulting in an
increase of current density in negative direction. In the
positive potential direction beyond the passive range, the
passive area is limited by the pitting potential (¢, or ¢y,),
localized pitting corrosion occurs. The more the applied
potential exceeds in the transpassive region, and the
higher the current density is.

The pitting potential (p,) may be confounded by the
density of precipitate phases (S and #) serving as pit
initiation sites, presence of Cu depletion zones, the oxide
film thickness and defects in the oxides at risk surface
areas, etc. Since repassivation potential (¢y,) is associated
with the repassivation of large pits which seem to be
over a hundred times larger than any likely Cu-depleted
zones. It is believed that they reflect the corrosion
properties of the matrix.

3.4.2 Alloy tempers

Figures 4(a) and (b) and Tables 3 and 4 show that
the corrosion potential values, @, shift towards more
negative direction with the increase of ageing time. The
®corr Value of the over-aged temper is found to be the
most negative and for the as-quenched state it is the least
negative. In 2024 alloy, the observed shifting of ¢.o.
towards more negative direction with increasing ageing
time is due to the reduction of copper content in solid
solution and the formation of S (Al,CuMg) precipitate as
well [47]. It is well known that the preferred sites for
pitting corrosion initiation in 2024 Al alloy are the S
phase precipitates. But, the § and second intermetallic
phases (e.g. AlCuFeMnSi) have better resistance to
localized corrosion [5,10,15,16,21].

Therefore, to elucidate the effect of alloy tempers

Table 5 Values of A(p,—¢..) and passive potential range of various 2024 alloy tempers in different media

3.5% NacCl solution at pH 12

3.5% NaCl solution 3.5% NaCl+1.0% H,0, solution

Alloy  ¢y(vs SCE)/
temper mv Ppp(vs SCE)/ (PpPcon)  Poon(VS SCE) (9p~Pcon) Peon(Vs SCE)/ (Pp—Pcorr)
mV (vs SCE)/mV mV (vs SCE)/mV mV (vs SCE)/mV

2024-AQ =511 494 793 -593 82 =579 68

190-1h =561 479 797 —640 79 —637 76

190-5h —618 388 702 —678 60 —651 33
190-12h —663 376 675 —696 33 —677 14
190-72h —661 351 681 —695 34 —691 30
190-154h —671 349 666 -706 35 —696 25
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and ageing time on corrosion damage, other than J.u
determined by Tafel extrapolation and Jy.¢c (as
explained in previous section 3.4.1), the calculation of
difference between ¢, and @ (or OCP), i.e. @y—@corr, Of
various alloys may be significant. Table 5 gives the (¢,—
®corr) Values and absolute value of passive potential range
(l@ppl) at solution pH 12 for all the alloy tempers in all the
environments.

The difference between ¢, and @. in a given
environment is a measure of safety and is also used as a
measure of the susceptibility to localized corrosion. The
more noble the ¢, with respect to .o is the less the alloy
is susceptible to initiation of localized corrosion. A useful
concept for safety against the transition to local corrosion
is that @cor<<@pa and @p, Where gyq is often associated
with the stabilization of local corrosion and @ is
associated with repassivation. When such situation exists,
the chance of local high-rate corrosion process is often
low [46,52]. The observed higher values of (¢,—¢cor) and
absolute ¢, of the as-quenched and the least values for
the highest ageing time alloy state (Table 5) suggest that
corrosion increases with the increase of ageing time, as
also discussed in Refs. [21,46,52].

Pitting potential, ¢,, is not always an accurate
measure of the resistance to pitting of an alloy, for a
variety of reasons. The value of ¢, was taken as the
characteristic potential where there was a permanent,
significant increase of (i.e. 1-2 orders of magnitude) the
current density and an increase of dJ/dE. Pit protection
(@prot) OF TEpassivation potential (@) is often defined as
the best noble potential at which pits, once formed, will
propagate. But, below this potential, pits repassivate, i.e.
@rp OF Ppror Was measured as the characteristic potential at
which there was a significant decrease in pit growth
current.

Therefore, in order to assess the protection or
repassivation potential of the 2024 alloy tempers, cyclic
potentiodynamic polarization curves of two alloy
tempers carried out in 3.5% NaCl solution at pH 12 are
shown in Fig. 6. The obvious cathodic branch and anodic
branch on forward scan exhibit similar trends shown in
Figs. 4(c), but on the reverse scan in the anodic branch,
there is a nose (with a window of rapid decrease of
current density) within the vicinity of passive region of
the forward scan. The nose is not intersecting the passive
line; however, intersecting exists only in the active
region of anodic branch of forward scan. Thus, there is a
wide hysteresis/loop between forward and backward
scan. Generally, alloys susceptible to pitting corrosion
exhibit a large hysteresis. Thus, the area under the curve
(hysteresis loop) for the forward and reverse scan for a
susceptible alloy is a qualitative measure of corrosion
damage due to pit growth. The difference of potential
between pitting potential and protection potential is also

used to assess pitting damage. A glance of Fig. 4 and
Tables 3 and 4 indicates that the ¢ values of all the
alloy tempers in 3.5% NaCl and in 3.5% NaCl+ 1.0%
H,0, solutions are higher than the ¢, of the alloy (i.e.
Ocor>Pyr)- That is why extensive pitting has occurred in
all the alloy tempers, as shown in Fig. 7.
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Fig. 6 Cyclic potentiodynamic polarization curves of 2024
alloy of different tempers in 3.5% NaCl solution at pH 12

3.4.3 Corroded surfaces

Figure 7 shows the optical micrographs of the
corroded surfaces of the 2024 alloy of various tempers
potentiodynamically polarized in the test environments.
The corroded surface was observed as such or before
observation the surface was gently disk polished to
remove the covered oxide/corroded layer. Extensive
pitting in all the alloy tempers is seen; pits are seen to be
an individual and clusters as well. Further pits mouths
are covered with corrosion products. When the alloy is
tested in 3.5% NaCl+1.0%H,0, solution, intense
intergranular attack takes place. The propensity of more
corrosion damage, pitting as well as intergranular attack
in 3.5%NaCl+1.0%H,0, solution, is due to additional
cathodic reaction facilitated by H,O,. Similar corrosion
attack, i.e. for individual and cluster of pits, covering of
pits mouth with corrosion products, is also seen (Fig.
7(d)) for the alloy polarized in 3.5% NaCl solution at pH
12. A dark field image (Fig. 7(e)) of the corroded surface
clearly exhibits a thick covering of corrosion products
and pits in its underneath as well.

The cyclic potentiodynamic polarization (Fig. 6)
curves, showing large hysteresis loop with not well
defined intersecting point of reverse scan (but with a
small window of decrease of current density) with the
passive line of forward scan, rather intersecting at active
region, indicate no well defined repassivation (¢y,) or pit
protection (¢u) potential in 3.5% NaCl at pH 12
solution. To confirm this observation, i.e. whether
the alloy tempers are resistant to stable pit growth or
pit may be in embryonic state below ¢, potential,
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Fig. 7 Corroded surfaces of 2024 alloy: (a) Over-aged state, polarized upto —200 mV (vs SCE) in 3.5% NaCl solution; (b)
As-quenched state, polarized upto 0 mV (vs SCE) in 3.5% NaCl+1.0% H,0, solution; (c) Under-aged state, polarized upto —300 mV
(vs SCE) in 3.5% NaCl+1.0% H,0, solution; (d) Near peak-aged state, polarized upto —300 mV (vs SCE) in 3.5% NaCl solution at
pH 12; (e) Dark field image of over-aged state in 3.5% NaCl solution at pH 12; (f) Near peak aged state, polarized upto —940 mV (vs

SCE) in 3.5% NaCl solution at pH 12

potentiodynamic polarization run was performed on a
few alloy tempers up to about 100 mV (vs SCE) below
the @pror (noted from Fig. 6 at a window of decreasing
current) in 3.5% NaCl solution at pH 12 and the
polarizations curves are shown in Fig. 8.

The optical micrograph (Fig. 7(f)) of corroded
surface of sample polarized below ¢« shows that there
are only a few small size scattered pits, no such extensive
pitting damage, but the alloy surface is covered with a
thin oxide layer because of uniform corrosion, as the
alloy is polarized to about 300 mV (vs SCE) overvoltage
at pH 12 that results in the dissolution of Al in alkaline
condition, as discussed in section 3.4.1. The aluminium
metal dissolution is also reflected in the cathodic
branches of Fig. 4(c) with a higher current density
compared to that in Fig. 4(a).
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Fig. 8 Cyclic potentiodynamic polarization curves of 2024
alloy tempers run below pit protection potential in 3.5% NaCl
solution at pH 12
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Pitting potential may be confounded by the density
of precipitate phase like S phase that serves as pit
initiation site, possible detection of Cu depletion zones,
oxide film thickness and oxide defects as well. But, ¢y, is
associated with repassivation of large pits over a hundred
times larger than any likely Cu-depleted zones, and it is
believed that they reflect the corrosion properties of the
matrix. Thus, the present observation of a few very small
scattered pits when sample was polarized about 100 mV
(vs SCE) below ¢y, is likely from Cu-depleted zone.

4 Conclusions

Natural and artificial ageing studies of solution heat
treated and water quenched 2024 Al-Cu—Mg alloy
exhibited the characteristic precipitation hardening
behavior. In the peak aged state, alloy microstructure
consisted of « solid solution, S (Al,CuMg) and other
intermetallics phases studied by XRD and SEM. X-ray
elemental mapping of a peak aged temper showed the
uniform distribution of Al, Cu and Mg elements and
higher proportion of Fe and Mn in the intermetallics
phase areas.

Electrochemical polarization studies in 3.5% NaCl
solution with or without addition of a small amount of
H,0, of different 2024 alloy tempers showed shifting of
corrosion potential (@.) towards more negative
direction with the increase of ageing time. ¢, values
have been found to be less negative for the as-quenched
states and more negative for the over-aged temper of the
alloy, due to the reduction of copper content in the matrix
o(Al) solid solution upon ageing and precipitation of S
phase as well.

The addition of H,O, in 3.5% NaCl solution
resulted in shifting the corrosion potential to slightly
more positive direction due to the increase of thickness
of the oxide layer because of the increase of cathodic
reaction (owing to more oxygen availability) that equals
to higher anodic current density (i.e. dissolution of
aluminium).

Polarization in 3.5% NaCl solution at pH 12
exhibited distinct passivity phenomenon. Further, @coy
value of the alloy is more negative compared to that in
3.5% NaCl solution at near neutral pH. In the alkaline
solution the anodic current density is dominating, and the
summary current density is positive, resulting in shifting
the corrosion potential to more negative values.

Cyclic potentiodynamic polarization curves showed
wide open hysteresis loop, indicating that the alloy
tempers are susceptible to pit growth damage. Optical
micrographs of the corroded surfaces of polarized
samples revealed general corrosion, extensive pitting
(individual and cluster of pits), and intergranular

corrosion as well, but only a few pits with less damage
for the alloy when was polarized below the repassivation
potential (¢rp).
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