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Abstract: The objectives of this study were to produce ultrafine-grained (UFG) AA2024 aluminum alloy by cryorolling followed by aging
and to evaluate its corrosion behavior. Solutionized samples were cryorolled to ~85% reduction in thickness. Subsequent aging resulted in a
UFG structure with finer precipitates of Al,CuMg in the cryorolled alloy. The (1) solutionized and (2) solutionized and cryorolled samples
were uniformly aged at 160°C/24 h and were designated as CGPA and CRPA, respectively; these samples were subsequently subjected to
corrosion studies. Potentiodynamic polarization studies in 3.5wt% NaCl solution indicated an increase in corrosion potential and a decrease
in corrosion current density for CRPA compared to CGPA. In the case of CRPA, electrochemical impedance spectroscopic studies indicated
the presence of two complex passive oxide layers with a higher charge transfer resistance and lower mass loss during intergranular corrosion
tests. The improved corrosion resistance of CRPA was mainly attributed to its UFG structure, uniform distribution of fine precipitates, and

absence of coarse grain-boundary precipitation and associated precipitate-free zones as compared with the CGPA alloy.
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1. Introduction

AA2024 is a high-strength Al-Cu—Mg alloy with a com-
plex microstructure and numerous compositionally distinct
phases such as Al,CuMg and Al,CuFe, [1-2]. It has appli-
cations as the outer skin material for aircraft wings and fu-
selages [3—4]. The nature of the strengthening precipitates in
the alloy is determined by the Cu-to-Mg mass ratio; and for
Mg contents greater than 1wt%, the precipitation of S"and S
phases (AlL,CuMg) is observed [5]. The reported precipita-
tion sequence for the alloy is as follows [6]: super saturated
solid solution (SSSS) — solute clusters — Guin-
ier—Preston—Bagaryatsky (GPB) zones — S” — S’ — S
phase.

Bulk ultrafine-grained (UFG) metals and alloys produced
by severe plastic deformation (SPD) processes such as equal
channel angular pressing (ECAP), high-pressure torsion,
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accumulative roll bonding, and twin extrusion have been
demonstrated to exhibit increased strength with limited duc-
tility [7]. Recently, rolling at cryogenic (liquid N,) tempera-
ture was found to result in high strains in the material by
suppressing the dynamic recovery during deformation.
This suppression can preserve a high density of defects,
which can act as recrystallization sites for the formation of
the UFG structure. This technique has been optimized for
the production of ultrafine grains in materials with
high-stacking-fault-energy such as aluminum because, in
these materials, dynamic recovery occurs readily by the
cross slip of dislocations during deformation itself. Hence,
conventional rolling at cryogenic temperature (i.e., cry-
orolling) is considered a potential route to produce UFG
materials [8-15]. Shanmugasundaram et al. [8] have
demonstrated that a UFG material with improved tensile
strength and good ductility can be produced by cryorolling
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an Al-Cu alloy. Cryorolling followed by warm rolling of
Al-Mn-Si alloy resulted in an alloy with substantially
improved mechanical properties compared with those of
cryorolled and short-annealed alloy samples, as reported
by Rao et al. [11]. Short annealing and peak aging of
cryorolled Al-4Zn—2Mg not only increased the alloy’s
strength but also retained its ductility because of the for-
mation of UFG structure combined with finer strength-
ening precipitates [16]. Deep-cryogenic treatment drasti-
cally changed the mechanical properties of Al alloys by re-
fining the grain size and altering the distribution of fine pre-
cipitates [17]. The overall effect of partial grain refinement,
dislocation hardening, and dynamic aging during cryorolling
and warm rolling resulted in increased strength and partially
improved ductility in AA6061 alloy [10].

Although some authors have reported improvements in
the mechanical properties of AA2024 Al alloy through SPD,
studies on the corrosion behavior of these UFG alloys are
limited. The heterogeneous microstructure of the AA2024
alloy with S-phase precipitates and coarse constituent parti-
cles is highly susceptible to localized corrosion [18-21]. Pit-
ting occurs near the microconstituent particles because of
discontinuity of the oxide film surrounding the particles,
which enables the formation of a galvanic couple with the
Al matrix in corrosive environments [18]. By contrast, in-
tergranular corrosion (IGC) occurs via localized attack of
the constituent particles aligned as a network along the grain
boundaries. Corrosion of an alloy is particularly associated
with structural inhomogeneities (e.g., precipitates) and lat-
tice defects (e.g., dislocations and grain boundaries) [22].
Processing through SPD results in a large number of such
lattice defects, which are potential corrosion sites. The pre-
dominant factor in the corrosion morphology of UFG
Al-Mg alloys has been reported to be the dislocation den-
sity [23]. However, Bruner et al. [24] observed that the cor-
rosion behavior of AA2024 UFG alloy processed through
ECAP resulted in transformation of the corrosion mecha-
nism from IGC to pitting corrosion via complete rearrange-
ment of the grain boundaries, thereby revealing a desensiti-
zation effect. Improved corrosion resistance of UFG
Al-4Zn-2Mg alloy produced by cryorolling has been at-
tributed mainly to the absence of both (1) coarse deleterious
MgZn, precipitates and (2) the associated precipitate-free
zones (PFZs) after aging [25]. Improvement in the pitting
corrosion resistance of Al-Mg alloys processed by ECAP
has been reported to be due to a decrease in the size of the
impurity precipitates and an increase in the rate of formation
of the Al oxide film on the surface [26]. The rate of for-
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mation and the surface properties of the oxide film depend
on the composition, which also determines the corrosion re-
sistance of the alloy. The oxidation rate of Al also increases
with increasing grain-boundary area and increasing disloca-
tion density caused by SPD processes [26]. Hence, predict-
ing the corrosion behavior of UFG Al alloys produced by
SPD techniques is difficult.

In the present study, we investigated the effect of cry-
orolling on the aging behavior of AA2024 by comparing the
aging curves of (1) solutionized, (2) cryorolled, and (3)
room-temperature (RT)-rolled alloys aged at different tem-
peratures. The tendency toward corrosion in an aqueous
medium containing chloride ions was evaluated via the po-
tentiodynamic polarization technique and electrochemical
impedance spectroscopy (EIS). The propensity toward in-
tergranular corrosion was studied using immersion in stand-
ard solutions. The main aim of the present work is to pro-
duce a UFG alloy through cryorolling and to investigate the
effect of cryorolling on the corrosion behavior of AA2024
aluminum alloy by correlating its microstructural changes
with its corrosion behavior.

2. Materials and methods

The material studied was AA2024-T3 in the form of
6.2-mm thick plates hereafter referred to as the as-received
(AR) plates. The chemical composition (wt%) of the alloy,
as analyzed by inductively coupled plasma optical emission
spectroscopy (ICP-OES), was Al 93.58, Cu 4.233, Mg 1.259,
Mn 0.481, Fe 0.157, Si 0.197, T1 0.058, and V 0.006.

The samples were solutionized at 495°C in a CARBO-
LITE CWF 1300 furnace for 1 h followed by water quench-
ing to obtain a supersaturated solid solution (SSSS). The
first set of solutionized samples was soaked in liquid N, for
10 min prior to cryorolling. The cryorolling was performed
for a total reduction of 85% using a two-high rolling mill in
multiple passes, resulting in a thickness reduction of ~5%
per pass to avoid adiabatic heating. The cryorolling samples
were soaked in liquid N, for at least 2 min after each pass.
The second set of samples was subjected to RT rolling in a
similar manner but without immersion in liquid N,. The
third set of samples was subjected to direct aging without
any rolling.

For corrosion testing, samples were drawn from the
rolled strips; care was taken to avoid cracked edges. Micro-
structural characterization was carried out by optical mi-
croscopy (LEICA DM2500M), high-resolution transmission
electron microscopy (HRTEM) (JEOL JEM-2200FS), and
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scanning electron microscopy (SEM) (FEI-430 NOVA
NANO). For metallographic studies, the samples were
etched with Keller’s reagent (2.5 mL HNO;, 1.5 mL HCI,
and 1 mL HF in 95 mL of distilled water) to enable the grain
boundaries in the microstructure to be clearly observed. The
samples for TEM analysis were mechanically thinned to
approximately 80 pm, cut into 3-mm-diameter discs using a
punch, and polished using a twin-jet electropolisher
(STRUERS TENUPOL-5) at 12 V and —30°C (using liquid
N,) until an electron transparent region appeared around the
hole formed in the sample.

Artificial aging of (1) solutionized, (2) solutionized and
cryorolled, and (3) solutionized and RT-rolled samples was
carried out at 130, 160, and 190°C for approximately 24 h in
a furnace maintained within £2°C. The aging behavior was
monitored by collecting samples for every 1 h, measuring
their hardness, and returning them to the furnace. Macro-
hardness was measured on a universal testing machine
equipped with a Brinell probe with a 1.5-mm-diameter
tungsten carbide ball as the indenter; tests were carried out
at a load of 200 N. Microhardness measurements were car-
ried out on a LEICA VMHT AUTO using a square-based
diamond indenter at a load of 0.98 N and a dwell time of
15s.

Corrosion studies were performed using a comput-
er-controlled potentiostat/galvanostat and the ACM V4
software package. A three-electrode setup consisting of a
saturated calomel electrode (SCE, Hg/Hg,Cl,) as the ref-
erence electrode (RE), graphite as the auxiliary/counter
electrode (AE), and the samples as the working electrode
(WE) was used. Potentiodynamic polarization studies were
carried out with reference to the open-circuit potential
(OCP) in the potential range of —250 mV < OCP < +500
mV at a scan rate of 100 mV/min in an aerated 3.5wt%
NaCl aqueous solution. EIS studies were also carried out
over the frequency range from 0.01 to 10000 Hz at con-
stant potential in a similar aerated 3.5wt% NaCl aqueous
solution using a potential amplitude of 10 mV; the OCP
was taken as the reference potential from the potentiody-
namic study. IGC testing was carried out according to
ASTM standard G110—2003 by immersing the samples
for 24 h in the test solution. The solution for IGC testing
was composed of 57 g NaCl + 10 mL H,O, in 1 L of dis-
tilled water. The IGC test samples were analyzed by SEM
to evaluate the grain-boundary attack. All of the corrosion
tests were carried out at least three times for each condi-
tion, and the mean value of the results was reported along
with the standard deviation.

3. Results and discussion

3.1. Microstructural analysis

AA2024-T3 alloy in the AR condition was studied by
optical microscopy and TEM to characterize its grain size
and the size and nature of its constituent particles and pre-
cipitates. The grain-size from optical microscopy, as de-
termined using the linear intercept method, was (75 + 10)
pum, and coarse particles were observed in the micrographs,
especially in the grain boundaries marked by arrows in
Figs. 1(a) and 1(b). These coarse constituent particles in
grain boundaries are the main cause of corrosion in Al al-
loys [18-22].

TEM micrographs of the AR alloy reveal the morpholo-
gy and distribution of precipitates, as shown in Figs. 1(c)
and 1(d). The coarse grain-boundary precipitation was con-
firmed on the basis of Fig. 1(d). The TEM micrographs
show needle-shaped precipitates (Al,CuMg) and rod-shaped
particles (Al,(Cu,Mn;) in the matrix and aligned along the
grain boundary, respectively [18-20]. The composition of
the precipitates shown in Fig. 1(e) was confirmed to be
AL CuMg by the corresponding energy-dispersive spectro-
scopic (EDS) analysis results shown in Fig. 1(f). The
rod-shaped Al Cu,Mn; particles are remnant T-phase parti-
cles, which aid in trapping high concentrations of disloca-
tion densities and also act as potential sites for the produc-
tion of dislocations during subsequent deformation [15].
Most of the particles in the AR material exhibited this
rod-shaped morphology, with a maximum size of ~1.5 um.
The optical micrographs of both the cryorolled and
RT-rolled samples prior to aging, which are shown in Figs.
2(a) and 2(b), did not reveal any grain structure because of
the heavy deformation (rolling). The rolling direction (RD)
is indicated by arrows, and the alignment of fragmented
coarse constituent particles along the RD was observed.

Aging of the solutionized, cryorolled, and RT-rolled
samples was carried out at 130, 160, and 190°C to investi-
gate the effect of temperature on the aging characteristics of
the samples. The optical micrographs of the cryorolled and
aged alloy samples did not reveal any coarse grain structure
or coarse grain-boundary precipitates, even after aging, as
shown in Figs. 3(a) and 3(b) [27], indicating the formation
of a UFG structure. However, optical micrographs of the
solutionized and peak aged (CGPA) alloy (aged at 160°C
for 24 h) revealed coarse grain-boundary precipitation, as
shown in Figs. 4(a) and 4(b), with a peak hardness of HV;
155. The coarse precipitation along the grain boundaries
creates precipitate-free zones (PFZs) adjacent to the grain
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boundaries, leading to a potential difference between PFZs RT-rolled alloy because of its high dislocation density,
and precipitates leading to IGC. which resulted from arresting the dynamic recovery at cry-
3.2. Age-hardening behavior ogenic temperatures during cryorolling [28]. By contrast,

RT-rolled samples exhibited lower hardness because of ad-
The results in Table 1 indicate that the cryorolled alloy iabatic heating, which results in annihilation of the disloca-

exhibited relatively high hardness compared with the tions during deformation [29].

Mk Element Content / wt% Content / at% )
Al Mg K 1.16 1.34
2500 AlK 91.22 95.23
£ CrK 043 0.24
S 2000 Mn K 0.10 0.05
2z CuK 7.09 3.14
g 1500 Totals  100.00
=
1000} ¢
Crf c
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Fig. 1. Optical micrographs of AA2024 AR: (a) surface and (b) transverse cross section (etchant: Keller’s); TEM micrographs of
AA2024 AR revealing: (c) a grain-boundary triple point, (d) precipitates aligned along the grain boundary, and (e) AL,CuMg pre-
cipitates (the corresponding selected-area diffraction pattern (SADP) is shown in the inset); (f) EDS analysis results for the precipi-
tate observed in subfigure (e).
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Fig. 2. Optical micrographs of (a) cryorolled and (b) room-temperature (RT)-rolled AA2024 aluminum alloy samples (etchant:
Keller’s).

o 100 pm S 100 pm

Fig. 3. Optical micrographs of AA2024 aluminum alloy samples cryorolled and aged at 160°C (CRPA) (a) and RT-rolled and aged
at 160°C (b) (etchant: Keller’s).

ST
e\

T e Tl L

Fig. 4. Optical micrographs of the AA2024 aluminum alloy solutionized and aged at 160°C (CGPA) at different magnifications
(etchant: Keller’s).

Table 1. Results of Brinell hardness (BHN) measurements at a load of 210 N

11 RT-roll
As-received (AR) Solutionized Cr'yorc? ed . ro. ed
.. L s (0.9 mm in thickness and (0.9 mm in thickness and
Sample-condition (6.2 mm in thickness) (6.2 mm in thickness) . .
[equivalent HV] [equivalent HV] 85% reduction) 85% reduction)
d q [equivalent HV] [equivalent HV]
123+£2 96+2 186 +2 166 + 2

AA2024-T3 [157] [123] [215] [196]
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The cryorolled and RT-rolled alloys aged at 130, 160,
and 190°C exhibited different hardness profiles indicating
under-aging, peak aging, and over-aging, respectively, of
the alloy [15]. During aging at 190°C, the hardness for both
the cryo- and RT-rolled samples continuously decreased, as

shown in Fig. 5(a), because of recovery and recrystallization.

The recrystallization temperature is well known to decrease
with increasing heavy cold work, and the hardness of mate-
rials decreases during recrystallization as new strain-free
crystals are formed. Both the cryo- and RT-rolled samples
show similar patterns of decreasing hardness, the onset of
recrystallization occurs immediately at 190°C because of
heavy cold work and also because the low-angle grain
boundaries formed during cryorolling provide many nuclea-
tion sites for recrystallization [30-32]. As detailed in Table

(@)
280} = AA2024 cryorolled & aged at 190°C
= e AA2024 RT rolled & aged at 190°C

> 4 AA2024 solutionized & aged at 190°C
T 240t
E
3
£ 200
e
e
2 160}
2
2
>

120}

0 5 10 15 20 25
Time /h
280} © = AA2024 cryorolled & aged at 130°C

o AA2024 RT rolled & aged at 130°C

Vickers microhardness, HV,,

120+

0 5 10 15 20 25 30
Time /h
Aging of the cryo- and RT-rolled samples at 160°C re-
sulted in peak hardness (Fig. 5(b)) in the first hour of aging
itself; the subsequent decrease is likely attributable to
coarsening of precipitates. The cryorolled sample showed a
peak hardness of HV,; 230, whereas the RT-rolled sample

showed a peak hardness of HV,; 213 in the first hour of ag-
ing, as illustrated in Table 2. The solutionized sample
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2, the peak hardness in the total profile of the sample aged at
190°C is HV,; 176 for the cryorolled sample and HV,; 169
for the RT-rolled sample with 3 h of aging, which reveals
that the severely deformed alloys exhibit accelerated aging
kinetics. The aging of the solutionized sample at 190°C
shows an increase in hardness, which is attributable to rapid
hardening induced by the formation of fine-scale solute
clusters comprising Cu and Mg but with minor concentra-
tions of Si and Zn [4]; the regions where the clusters form
are called Guinier—Preston—Bagaryatsky (GPB) zones. The
solutionized sample aged at 190°C exhibited a peak hard-
ness of HV; 164 after 5 h of aging, as shown in Fig. 5(a),
because of the precipitation of the S phase (ALL,CuMg); the
subsequent decrease in hardness of this sample was due to
the coarsening of these precipitates [33].

280+ (E)AA2024 cryorolled & aged at 160°C (CRPA)

e AA2024 RT rolled & aged at 160°C
4 AA2024 solutionized & aged at 160°C (CGPA)
240+

200

160+

Vickers microhardness, HV,, |

120+

0 5 10 15 20 25
Time /h

Fig. 5. Artificial aging of cryorolled, RT-rolled,
and solutionized AA2024 aluminum alloy sam-
ples aged at different temperatures: (a) 190°C;
(b) 160°C; (c) 130°C.

showed a continuous increase in hardness during 24 h of
aging at 160°C, and the peak hardness reached HV,; 155.
This result shows that the peak aging time was decreased to
1 h after severe deformation [34]. SPD alloys show acceler-
ated aging kinetics because the large number of dislocations
provides many nucleation sites for the precipitation of fine
particles [35].
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Table 2. Peak hardness at different aging temperatures of
AA2024 aluminum alloy samples

Peak hardness (HV ) / Aging time (h)

Sample Aging at Aging at Aging at
130°C 160°C 190°C
Solutionized — 155£2/24h  164+1/5h
Cryorolled 241+2/12h 230+£5/1h 176 £2/3h
RT-rolled 232+2/15h  213+5/1h 169+1/3h

Both the cryorolled and RT-rolled alloy samples exhibit-
ed similar trends during aging at 130°C, as shown in Fig.
5(c), because the aging temperature was too low to cause a
large variation in their microstructures and because the
hardness is relatively stable throughout the profile, confirm-
ing that 130°C was an under-aging temperature [33]. The
peak hardness in the total profile was observed at HV; 241
for the sample cryorolled after 12 h of aging, whereas a hard-
ness of HV; 232 for the RT-rolled sample after 15 h of

aging. This peak hardness is high in comparison with the val-
ues for the samples aged at either 160 or 190°C and is at-
tributed to the formation of fine recrystallized grains and a
large number of fine strengthening precipitates (Al,CuMg)
[36]. The incomplete recovery results in lower ductility for
the rolled alloys. The TEM images of the cryorolled sam-
ples aged at 130°C are shown in Fig. 6. Fig. 6(a) shows two
recrystallized grains with a grain size of ~1 um, revealing
the formation of UFG after the cryorolling and aging pro-
cess. The precipitate observed in Fig. 6(b) is ALCuMg with
a size of 82 nm after aging. Fig. 6(c) shows the bimodal
structure of grains after the sample was aged at 130°C for 30
h; it also shows recrystallized and unrecrystallized zones la-
beled as 2 and 1, respectively [15]. Also, the selected-area
diffraction pattern (SADP) in the inset shows a ring pattern that
indicates the formation of ultrafine grains after cryorolling. Fig.
6(d) shows a single recrystallized grain of 1.5 um after aging.
The average size of the precipitates formed after cryorolling
and aging at 130°C for 30 h is 80120 nm in this alloy.

Fig. 6. Bright-field TEM micrographs of the AA2024 aluminum alloy cryorolled and aged at 130°C, showing (a) recrystallized
grains, (b) an A,CuMg particle of 82 nm (inset: corresponding SADP), (c) the bimodal structure of grains, i.e., 1 —unrecrystallized
zone and 2—recrystallized zone (inset: corresponding SAD pattern), and (d) a single recrystallized grain.
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3.3. Potentiodynamic polarization

Potentiodynamic polarization studies were carried out for
the AR alloy and the solutionized and cryorolled alloys, and
their respective thermodynamic and kinetic parameters, in-
cluding their corrosion potential () and corrosion current
density (icon), are reported. The polarization curve of the
cryorolled alloy, as shown in Fig. 7, is shifted toward more
negative potentials than the curve of the solutionized alloy,
indicating more reduction reactions are occurring on the
sample surface of the cryorolled alloy and that these reac-
tions are under cathodic control [37].

The corrosion current density (i.,) values obtained by
the Tafel extrapolation method are given in Table 3. These
values reveal that the cryorolled alloy ((1.1852 + 0.2)
uA/cm?) exhibited a higher i, than the AR alloy ((1.0729 £
0.2) pA/em?), reflecting that the rate of corrosion increased
in the case of the cryorolled alloy. The inferior corrosion
properties of the as-cryorolled alloy compared with those of the
solutionized alloy are attributable to structural defects such as a
large number of dislocations and a high-grain-boundary area

Int. J. Miner. Metall. Mater., Vol. 24, No. 11, Nov. 2017

formed during deformation. Sivaprasad et al. [38] have re-
ported similar observations, where commercial pure Al
rolled at —80°C exhibited inferior corrosion resistance com-
pared with pure Al in the solutionized condition.

0
—a— AA2024 cryorolled
—w—AA2024 solutionized
200} —e—AA2024 as received (AR)

—400

—600

Potential, £/ mV vs. SCE

-800

0.01 0.1 1 10 100 1000 10000
Current density, i / (nA-cm™)

Fig. 7. Potentiodynamic polarization curves of as received,
solutionized, and cryorolled AA2024 aluminum alloy samples
in 3.5wt% NaCl aqueous solution.

Table 3. Corrosion potentials and current densities of AR, solutionized, and rolled AA2024 aluminum alloy samples

Sample E../ mV vs. SCE Toor / (uA~cm’2) Corrosion rate / mpy*
As-received (AR) —648.79+ 5 1.0729+0.2 0.465
Solutionized —628.12+5 0.9451+0.1 0.410
Cryorolled —676.34+6 1.1852+0.2 0.514
Cryorolled and aged at 160°C (CRPA) —673.60 + 4 0.3809 + 0.1 0.165
Solutionized and aged at 160°C (CGPA) —696.14 + 6 1.5079+ 0.4 0.653
Cryorolled and aged at 190°C —712.11+4 0.6643 +0.1 0.287
Solutionized & aged at 190°C —714.81+6 3.8635+0.3 1.674

Note: mpy means mils per year.

The (1) as-solutionized and (2) solutionized and cry-
orolled alloys uniformly and artificially aged at 160°C for
24 h are designated as CGPA and CRPA, respectively. Po-
tentiodynamic polarization studies were carried out to inves-
tigate the feasibility of particle-induced corrosion. No sig-
nificant variation in OCP was observed in the case of the
CRPA alloy, as shown in Fig. 8, indicating the absence of
dissolution of the constituent particles in the initial stages of
corrosion [37]. Fig. 9 shows that the E,, of the CRPA alloy
(—673.6 mV) was shifted toward more positive potentials
compared with that of the CGPA alloy (—696.14 mV), indi-
cating a lower thermodynamic tendency of the CRPA alloy
toward the electrochemical reactions. However, the solu-
tionized sample exhibits a more positive E.o, (—628.11 mV)
because it exhibits a lesser thermodynamic tendency toward
electrochemical reactions than the CRPA alloy because of
complete dissolution of alloying elements, including Cu,

which shifted the super saturated solid solution toward more
positive potentials in the solutionized state.

~d —8— AA2024 cryorolled & aged at 160°C (CRPA)
i—AA2024 solutionized & aged at 160°C (CGPA)
- —¥—AA2024 solutionized
©
2 650}
- v v V- \ o v v v v vy \
=
£
£ 700t
=]
o
2% 05 oo o 00 o
=750+

0 100 200 300 400 500 600
Time /s
Fig. 8. Open-circuit potential (OCP) of solutionized, CRPA,
and CGPA AA2024 aluminum alloy samples in 3.5wt% NaCl
aqueous solution.
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-o- AA2024 cryorolled & aged at 160°C (CRPA)
—200+ -a-AA2024 solutionized & aged at 160°C (CGPA)

o -w-AA2024 solutionized

@]
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4 —400

>

>

£

600}

=

5

£ -800+

-1000

10°° 10 10 1073 102

Current density, i / (A-cm™)

107

Fig. 9. Potentiodynamic polarization curves of solutionized,
CRPA, and CGPA AA2024 aluminum alloy samples in 3.5wt%
NaCl aqueous solution.

A substantial decrease in the iqy ((0.3809 £ 0.1) pA/cm?)
value was observed in the case of the CRPA alloy, which re-
flects its low corrosion rate (CR), as evident from the results
in Table 3. Thus, the CRPA alloy showed substantially im-
proved corrosion properties comparison with the CGPA alloy.
However, the sample cryorolled and aged at 190°C showed
an iq, ((0.6643 = 0.1) pA/em?’) value greater than that of the
CRPA alloy. This high i, value is attributed to over-aging;
i.e., it is attributed to the coalescence of fine precipitates into
coarser precipitates fewer in number and concentrating only

Fig. 10.

Intensity / counts

1301

in some portions of the alloy, thereby a creating nonuniform
distribution and PFZs. Devaiah et al. have reported similar
observations, where a cryorolled sample aged at 190°C
showed coarse grains and agglomeration of precipitates [15].
The improved corrosion resistance of the CRPA alloy is
related to its fine grains and to the formation of fine
strengthening precipitates uniformly distributed throughout
the alloy, thereby avoiding the formation of PFZs [20]. The
higher corrosion rate of the CGPA alloy was due to its
coarse grain-boundary precipitates, as shown in the SEM
image in Fig. 10(a). EDS analysis confirmed that the coarse
grain-boundary segregates are S-phase (Al,CuMg) anodic
precipitates, which will preferentially dissolve from the ma-
trix in a corrosive medium [18], as shown in Fig. 10(b).
These S-phase precipitates are potential corrosion sites that,
through the creation of PFZs, are nonuniformly distributed
along the grain boundaries, leading to higher corrosion rates
in the solutionized and aged alloys. Krishna et al. [25] in-
vestigated the effect of microstructure on the corrosion be-
havior of an UFG Al-4Zn—2Mg alloy produced by cry-
orolling and reported that the cryorolled alloy subjected to
peak aging exhibited improved corrosion resistance com-
pared to the coarse-grained peak-aged sample. They at-
tributed this increased resistance to submicrometer grains,
the absence of coarse MgZn, anodic precipitates, and the
formation of PFZs along the grain boundaries [25].

Ly Element Content / wt% Content / at%
4400 OK 3.10 6.09
MgK 1.56 2.02
AlK 66.05 76.91
3300 SiK 0.44 0.49
Al CIK 0.35 031
Mn K 0.72 0.41
2200 Fe K 0.58 0.33
CukK 27.20 13.45
1100
CySi
o a M Cu
05— % 3% 10 12 14 16
Energy / keV

(a) SEM secondary electron image of the AA2024 aluminum alloy sample solutionized and aged at 190°C; (b) correspond-

ing EDS analysis of the grain-boundary precipitate marked by the arrow in (a).

3.4. Electrochemical impedance spectroscopy

EIS has been popularly used in the field of corrosion as a
powerful method to study the surface condition of metals in
aggressive environments [39]. It can be used to characterize,
in terms of electrical measurements, a chemical process oc-
curring at the electrode/electrolyte interface. EIS gives in-
formation about the response of a circuit to an alternating

current (/) or voltage (V) as a function of frequency (f).
Nyquist plots are frequency-independent, providing infor-
mation about the charge transfer resistance (R, and the so-
lution resistance (R;) in a corrosive medium. The inhibition
of charge transfer is represented by R.. The compact native
oxide layer on the surface retards the transport of corrosive
ions to interact with the substrate. The charge transfer process
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occurs only at the electrode—electrolyte interface [39].

The Nyquist plots (Fig. 11) of the CRPA and CGPA ex-
hibit two capacitive loops, which are also reflected in the
Bode impedance plots in Fig. 12, revealing the formation of
two complex oxide layers on the surface in the chloride so-
lution environment. The corrosion process of the cryorolled
alloy can be explained on the basis of the equivalent circuits
shown in Fig. 13(a); the experimental EIS results were
translated to the equivalent circuit models using the
ZSimpWin® software.

In the equivalent circuits, the capacitance is replaced by a
constant phase element (CPE, impure capacitance) because
of dispersion effects induced by the microscopic roughness

of the sample surface. The CPE impedance is related as
Zepp = ;,1 (1)
Y, (jow)

where w is the angular frequency (rad/s), j is the imaginary
constant, Y, and n are frequency-independent parameters [40].
In the case of nonuniform corrosion models, the R, can be
correlated to the CR rather than to the polarization resistance
(R,) by the faradaic process of a charge-transfer-controlled
corrosion mechanism [41]. As evident from the fitting pa-
rameters of the equivalent circuit in Fig. 13(b), the n; value
for the CRPA alloy (Table 4) is approximately 1, indicating
the pure capacitance of the outer passive oxide layer. The
outer oxide layer of the CGPA alloy is completely covered
by corrosion products (AIOHCI, AIOHCl,), as revealed by
its higher capacitance (Y,; = 5.65 x 107 S/(cm™s")) from
Table 4. However, the greater volume fraction of the stable
inner oxide film for the CRPA alloy retards the migration of
CI ions and corrosion products, which leads to an increase
in charge transfer resistance (9810 Q-cm?) and promotes the
re-passivation of metastable pits as compared to the CGPA
alloy. In the Nyquist plot, the inner oxide layer for the CRPA
alloy resulted in a full capacitance loop that is close to the
ideal curve. The Warburg impedance () conveys the mass
transfer resistance, i.e., the resistance to the diffusion of
ionic species near the inner oxide film. The Warburg im-
pedance is relatively high for the CRPA (1.898 x 10° Q™)
alloy compared with that for the CGPA alloy (6.925 x 10*
Q-s") alloy, revealing an improvement in the properties of
the oxide layer formed after cryorolling and aging.
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Fig. 11. Nyquist plots of cryorolled, CRPA, and CGPA AA2024
aluminum alloy samples in 3.5wt% NaCl aqueous solution.
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10000 k. —a-AA2024 solutionized & aged at 160°C (CGPA)
1-80

e, Mg “ {-60
1000 ) L

Impedance / (Q:cm?)
0/()

100

: ' : : : 0
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Fig. 12. Bode impedance and phase-angle plots of cryorolled,
CRPA, and CGPA AA2024 aluminum alloy samples in 3.5wt%
NaCl aqueous solution.

(a) CPE,

CPE,

Rou
R

Fig. 13. Equivalent circuits of (a) cryorolled and (b) CRPA
and CGPA alloys, where R, is the solution resistance, Q repre-
sents constant phase element (CPE), CPE, is the outer-layer
capacitance including the passive film corrosion products, R,
is the resistance of the corrosion product, CPE, is the dou-
ble-layer capacitance, R is the charge transfer resistance, and
W is the Warburg impedance.

Table 4. EIS fitting parameters of AA2024 aluminum alloy samples subjected to different treatments

Sample R/ (Qem?) Yo /(Sem™s™) n Ry /(Qem®) Yy /(Sem®s™) m Ry /(Qem®) W/ (Qs™)
Cryorolled 34.67 2.50%107° 0.8 1159 290 %107 0.5 8210 —
Cryorolled & aged at s 4 5
160°C (CRPA) 34.96 3.28 %10 0.9 2294 455% 10 0.8 9810 1.898 x 10
Solutionized & aged at ~ ~

olutionized & aged & 3432 565%10° 09 2631 450x10% 09 7155 6.925x 10°

160°C (CGPA)
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3.5. Intergranular corrosion (IGC)

The combined effect of pitting and IGC leads to localized
corrosion in Al alloys [42]. IGC is a type of localized attack
that occurs because of the enhanced tendency toward corro-
sion relative to the tendency of the grain matrix, at and ad-
jacent to the grain boundaries [43]. The tendency toward
corrosion increases with precipitation of S-phase anodic
particles in the grain boundaries or with the depletion of Cu
from the surrounding matrix [44]. The coarse precipitates of
Al,CuMg, forming a continuous network along the grain
boundaries, in the CGPA alloy undergo selective dissolution
of Mg, with respect to the PFZ and matrix, leading to a large
amount of material loss and finally resulting in fallout of the
grains. Krishna ef al. have reported similar observations in a
localized corrosion study of Al-Zn—-Mg—(Cu) alloys [25]. Thus,
on the basis of the compositional or structural heterogeneity,
IGC occurs in these pre-existing active dissolution paths.

After IGC immersion testing for 24 h, the samples
showed substantial attack, as shown in Fig. 14. The solu-
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tionized and aged sample exhibited grain-boundary attack
along with the coarse pits within the grains. The EDS as
shown in Fig. 14(c) for the particles adjacent to the grain
boundary (marked as 1 in Fig. 14(b)) reveals the enrichment
of Cu by selective dissolution of S-phase particles with re-
spect to the PFZs and the matrix. The CRPA alloy showed a
clear change in the attack morphology compared with that in
the case of the CGPA alloy. The extent of corrosion damage
is homogeneous in the CRPA alloy because of the uniform
distribution of precipitates, as evident from the SEM image
in Fig. 14(a). The results obtained from the mass-loss meas-
urements in Table 5 explain the decreased susceptibility of
the CRPA alloy toward IGC, where the CRPA alloy exhib-
ited lower mass loss ((8.38 + 0.16) mg/cm?) than the CGPA
alloy ((9.28 £ 0.17) mg/cm?). Cryorolling and subsequent ag-
ing altered the microstructure in terms of the arrangement and
distribution of precipitates. Because of the shearing process and
large strains associated with the SPD, the initial grain bounda-
ries and their unique arrangement of precipitates

© Element Content / wt% Content / at%
oK 10.65 2231
1700 Mg K 10.47 14.42 Fig. 14. SEM secondary electron images of
2 g‘lII(( 23?‘1‘ 331 i AA2024 aluminum alloy samples: (a) CRPA al-
§ 1300 N}n K 1:22 0:7 4 loy showing uniform attack; (b) CGPA alloy
> Cu Fe K 1.51 091 showing grain-boundary attack after IGC
‘2 800 CuK 46.09 2430 marked by the arrow, and “1” indicates a
Q
= Al Cu-enriched precipitate after dealloying adja-
400 o cent to a grain boundary; (c¢) corresponding
o Fe EDS pattern for the particle marked as 1 in (b).
i Mn Cu
O A
2 4 6 8 10 12 14 16
Energy / keV
Table 5. Mass-loss measurement in intergranular corrosion (IGC) testing
Sample Initial mass / g Final mass / g Mass loss / (mg-cm )
Solutionized and aged at 160°C (CGPA) 2.26196 2.18422 9.28£0.17
Cryorolled and aged at 160°C (CRPA) 0.29201 0.23964 8.38+0.16
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were destroyed. The SPD process in effect “desensitizes”
the grain boundaries, and the dominant failure mode appears
to be pitting, which is associated with the constituent parti-
cles [24].

4. Conclusions

The AA2024 alloy subjected to cryorolling to 85%
thickness reduction exhibited an increase in hardness com-
pared with that of the RT-rolled alloy. Subsequent aging of
the rolled alloys at 130, 160, and 190°C resulted in en-
hanced aging kinetics compared with the solutionized and
aged alloy samples. TEM observations of the cryorolled and
aged alloy samples confirmed the formation of a UFG
structure and the uniform distribution of finer strengthening
S-phase (Al,CuMg) precipitates. Both (i) solutionized and
(ii) solutionized and cryorolled alloys were uniformly aged
at 160°C for 24 h; the aged specimens were designated as
CGPA and CRPA, respectively, and were subjected to fur-
ther corrosion studies. A lower i, for CRPA ((0.3809 £ 0.1)
pA/cm?) compared with that for CGPA ((1.5079 + 0.4)
nA/cm?) confirmed the improvement in corrosion resistance
for the CRPA alloy. Thus, cryorolling followed by aging of
solutionized AA2024 alloy tends to form a UFG structure
and result in the uniform distribution of fine strengthening
precipitates; it also desensitizes the grain boundaries by
avoiding the formation of coarse grain-boundary precipitates
and associated PFZs, resulting in increased resistance to
IGC.
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