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Corrosion behavior of ultra-fine grained industrial pure Al fabricated by ECAP
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Abstract: Corrosion behavior of ultra-fine grained(UFG) industrial Al fabricated by equal channel angular pressing(ECAP) for 16
pass times was investigated by potentiodynamic polarization test, potentiostatic polarization test, electrochemical impedance
spectroscopy(EIS) measurement, immersion test and surface analyses (OM and SEM). The microstructures including grain size,
grain boundaries and dislocations were also observed by TEM. The results show that the UFG industrial pure Al has more positive
pitting potential, less corrosion current density and five times larger passive film resistance compared with the coarse grained(CG)
one. It was found that the increased pitting resistance is profited from the more stable passive film kept in the Cl aggressive solution
due to more grain boundaries, larger fraction of non-equilibrium grain boundaries and residual stress of the UFG industrial pure Al.
Key words: equal channel angular pressing; ultra-fine grain; corrosion behavior; industrial pure Al

1 Introduction

Equal channel angular pressing(ECAP) as one of
the most effective methods for fabricating bulk ultra-fine
grained(UFG) materials with grain sizes in the range of
10—1000 nm has attracted great attention in the last
decade [1]. ECAP has a number of advantages compared
with traditional metal process technologies[2—3]. Most
investigations on UFG materials fabricated by ECAP
were focused on the structural characterization[4—5],
thermal stability[6—7], and mechanical properties[8—10],
while there were limited works on the corrosion behavior
of ECAP processed(ECAPed) materials.

Pure Al and Al alloy have relative good pitting
corrosion resistance due to the dense oxide film formed
on the surface. Lots of previous works expatiated the
pitting corrosion mechanism of Al in normal state like
adsorption and penetration of chloride ion on the passive
film, pitting initiation and propagation etc[11—12]. But
little articles concerned about the corrosion behavior of
pure Al in ECAPed state with deformed structure. In this
study, the pitting corrosion behavior of the UFG
industrial pure Al in the chloride-containing solution was
investigated by electrochemical methods, immersion test,

and microstructure  observation
effects of deformed
microstructure on the passive film and corrosion
behavior of the industrial pure Al were studied.

surface  analysis

techniques. Especially, the

2 Experimental

2.1 ECAPed specimen preparation

The industrial pure Al having the chemical
composition of Al-0.5%Si-0.15%Fe was die cast and
machined into billets with the size of 20 mm><20 mm><
40 mm. The billets were pressed as the illustration shown
in Fig.1 for 16 passes with the plunger speed of 0.5 mm/s
at room temperature. The graphite was used as lubricant
to reduce the friction coefficient between work pieces
and die inner wall. According to Ref.[10], more ECAP
pass times will benefit the deformed UFG material with
higher ultimate tensile strength and ductibility, so
extreme 16 pass times were used here to fabricate bulk
UFG industrial pure Al without any microcrack.

2.2 Corrosion experiments

The corrosion resistant properties of ECAPed UFG
and as-cast coarse grain(CG) industrial pure Al were
compared using electrochemical tests. The electro-
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Fig.1 Schematic illustration of ECAP process

chemical experiments were carried out in the 0.01 mol/L
sodium sulfate (Na,SO,) water solution containing
0.01% CI. In this solution, the CI" ion additives induce
S0,%» retard the
incorporation of Cl into the oxide film on industrial pure

pit initiation while additives
Al due to the competitive adsorption on the sample
surface[13]. Thus, this solution is suitable for observing
the pitting resistance and passivation behavior of the cast
and ECAPed industrial pure Al. The electrochemical
experiments were carried out in the Parstat 2273
with the
electrode system using saturated calomel electrode(SCE)

advanced potentiostat traditional three-
as the reference and Pt electrode as the counter electrode.
All electrochemical experiment samples were cut by
spark erosion perpendicularly to the pressing direction
from the core of ECAPed billets. Then the samples were
mounted with epoxy leaving an exposed area of 1 cm® on
the surface and finally polished for good reproducibility.
Each corrosion sample was immersed in the solution for
10 min for achieving the stable open-circuit potential.
The potentiodynamic polarization tests were carried out
to measure the pitting potential of both samples at the
scanning rate of 0.5 mV/s. The potentiostatic polarization
tests were carried out to examine the passive film
breakdown (pit initiation and propagation) under the
pitting potential. The electrochemical impedance
spectroscopy(EILS) tests were performed to compare the
impedance behaviors between CG and UFG samples.

The corrosion resistances of ECAPed UFG and cast
CG industrial pure Al were detected by the immersion
test. The square specimens of 10 mm>10 mm><1 mm
were cut from the core of sample perpendicularly to the
pressing direction and polished for good observation.
They were immersed in 3.5% NaCl solution for 3 d at
room temperature.

2.3 Microstructure observation and surface analysis
Optical microstructure samples were cut parallelly

to the pressing direction, then were electrolytically

etched in 2.5% fluoboric acid (HBF,) at room temperature.

(b) (c)

Transmission electron microscopy(TEM, JEM2000EX,
Japan) was conducted to observe the grain size, grain
boundary and dislocation of the UFG industrial pure Al.
The thin foils for TEM were parallel to the pressing
direction and prepared by twin jet electro-polisher using
10% HC10O4+90% alcohol solution at temperature of 7.8
and electro-polish voltage of 20 V. After potentiostatic
polarization measurement, surface morphologies of the
samples were immediately examined by scanning
electron microscope(SEM, JEM-6360LYV, Japan).

3 Results and discussion

The optical micrographs of the UFG sample of
industrial pure Al after 16 ECAP passes and the CG
samples are shown in Fig.2. After deformation by ECAP,
the UFG sample has much finer grain size (Fig.2(a)) than
the CG sample which has grain size more than 200 um
(Fig.2(b)), and it is rather difficult to distinguish the
grain boundaries except the plastic flow, which can be
observed under optical microscope after 16 passes of
ECAP.

The potentiodynamic polarization curves of the
UFG and CG industrial pure Al in 0.01 mol/L Na,SO,
solution containing 0.01% CI are shown in Fig.3(a).
Both samples are passivated in the solution and the main
corrosion behavior is pitting corrosion. The pitting
potential(p,i) of samples which denotes the pitting
resistance is greatly increased from —250 mV (vs SCE)
for CG Al to 35 mV for UFG Al. Meanwhile, the
corrosion potential of UFG industrial pure Al is =980 mV,
lower than that of the CG counterpart (=710 mV).
Fig.3(b) shows the potentiostatic polarization curve
measured at the constant potential of 35 mV (the pitting
potential of the UFG sample) for 1 h. The relation curves
between corrosion current density and time are related
with the pitting initiation and propagation induced by
breakdown of the passive film. The corrosion current
density of the UFG sample is only 10% of the CG
counterpart, which clearly indicates that the pitting
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Fig.2 Optical micrographs of industrial pure Al: (a) UFG sample; (b) CG sample
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Fig.3 Poloraziation curves of ECAPed UFG and cast CG industrial pure Al in 0.01 mol/L Na,SO4+0.01% CI solution: (a) Potentio-
dynamic polarization curve; (b) Potentiostatic polarization curve at pitting potential

resistance has been greatly increased.

Fig.4(a) shows the Nyquist plot of impedance
spectra for UFG and CG industrial pure Al at the open
in 0.01 mol/L Na,SO, solution
containing 0.01% Cl. The applied frequencies range
from 2 MHz to 10 mHz. It shows that both samples have
two capacitive loops, one is at high frequencies and the

circuit potential

other is at low frequencies. The high frequency loop (the
insert in Fig.4(a)) is related to the passivity of CI
ion-incorporated layer formed on the surface of the oxide
film during the induction period for pit initiation[14].
The size of the first loop is corresponding to the
resistance of Cl ion-incorporated film. From Fig.4(a),
the size of the first loop of the UFG sample is smaller
than that of CG one, which indicates that the UFG
industrial pure Al has higher resistance to prevent CI
from penetrating into the oxide film than CG counterpart.
The second capacitive loop appears distorted at low
frequencies, which is corresponding to the anodic
dissolution of the underlying metal by high field ionic
migration through the fresh inner oxide film[15]. In order

to determine the resistance of the two-layered oxide film
formed in the Cl -containing solution on UFG and CG
industrial pure Al, the measured impedance data were
analyzed by ZSimpWin impedance analyzer based on the
electric equivalent circuits, which is shown in Fig.4(b)
[14]. The corrosion resistance was determined by the
resistance of the inner fresh oxide film. According to
Fig.4(a), the Riun, ox of the UFG sample is 151.95 kQ, five
times that of the CG one (30.25 kQ), which indicates that
the UFG industrial pure Al has higher corrosion
resistance than the CG counterpart.

Fig.5 shows the SEM images of the pitting surface
morphologies of UFG and CG industrial pure Al after
potentiostatic test. The sizes of pits of UFG sample are
obviously smaller and distribute more uniformly than
those of CG sample. Fig.6 shows the SEM images of the
passive film morphology after 3 d immersion in 3.5%
NaCl solution. Under the consecutive attack by chloride
ion, the passive film of UFG pure Al still kept dense and
integral while the CG counterpart had already damaged
into some rarefactions (punctuate and crack-like black
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Fig.4 Nyquist plot of impedance spectra of CG and UFG

industrial pure Al at passive state (a), and equivalent circuit for
native oxide film-covered Al in solution (b) (R is solution
resistance; Coy ox 18 capacitance of Cl ion-incorporated outer
film; Ry, ox 1S resistance of Cl ion-incorporated outer film;
Cinn, ox 1s capacitance of fresh inner oxide film and Rjp, ox 1S
resistance of fresh inner oxide film)

Fig.5 SEM images of pitting surface morphology of industrial
pure Al after potentiostatic tests: (a) UFG sample, (b) CG
sample

Fig.6 SEM images of passive film morphology after immersion
test: (a) UFG sample; (b) CG sample

areas) and exposed Al matrix. This similar phenomenon
was also presented in Ref.[16]. From Figs.3—6, one can
determine that the UFG industrial pure Al has better
pitting resistance than CG one visually.

Fig.7 shows the microstructure and selected area
electron diffraction(SAED) pattern of UFG industrial
pure Al after 16 ECAP passes. According to the classic
equivalent strains equation in Ref.[17], the sample stored
nearly more than 16 equivalent strains, which leads to a
substantial reduction in grain size, from 200 pm to 0.5
um in average. Fig.7(b) shows that grains are surrounded
by clear and regular shaped boundaries. Dynamic
recovery occurs when Al is deformed at room
temperature because of the high stack fault energy. The
severe strain provides enough energy for dislocation
movement: from inside of the grains to the vicinity of the
grain boundaries[ 18]. From Fig.7(b), it can be found that,
in the vicinity of boundaries the dislocation density is
quite high; while there are nearly free dislocations inside
some grains caused by the high dislocation recovery, in
some other grains, a number of dislocations are still
stored. The quite high dislocation level mentioned above
indicates the higher residual stress. The SAED pattern
presents a diffused ring with extra spots, indicating large
misorientations, referred to non-equilibrium grain
boundary caused by great numbers of dislocation
accumulated into the grain boundaries[19].
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Fig.7 TEM images and SAED pattern of UFG industrial pure
Al after 16 ECAP passes

It has been recognized that the grain boundaries
play a primary role in many properties of UFG materials.
Corrosion in polycrystalline aggregates is also largely
associated with interfaces, and moreover, it is sensitive to
the grain boundary structure. Corrosion resistance of
interfaces immersed in the electrolytic solutions is
closely related to their internal energies. The higher the
internal energy, the greater the corrosion degradation of
the interface region[20]. From the TEM micrographs
(Fig.6), the UFG industrial pure Al is characterized by
ultra-fined grains with a large fraction of non-
equilibrium grain boundaries and high internal energy.
Meanwhile, near the grain boundaries and inside of some
grains, the dislocation density and residual stress are
quite high. The more grain boundaries caused by finer
grains, the large fraction of non-equilibrium grain
boundaries and high residual stress furnish the UFG
industrial pure Al more nucleus to form denser nature

oxide film than ordinary CG counterpart. This denser
oxide film can be kept relative integral in the aggressive
solution and make the UFG sample exhibit better pitting
resistance than CG counterpart. Some literatures reported
that the silicon-containing impurity particles deteriorate
the pitting resistance of the industrial pure Al[21-22].
Meanwhile, ECAP can decrease the size of second phase
and particles while refining the grain size[23]. Whether
the size of silicon-containing impurity particles will be
decreased during ECAP pass times and affect the
corrosion performance of UFG industrial pure Al, it
needs further studies.

4 Conclusions

1) Ultra-fine grained industrial pure Al with grain
size of 0.5 um can be fabricated by ECAP at room
temperature after extreme 16 passes without any
microcrack.

2) ECAP has obviously improved the pitting
resistance of industrial pure Al. The pitting potential of
the UFG industrial pure Al is 35 mV, which is much
higher than that of CG one (—250 mV). The corrosion
current density of the potentiostatic polarization test of
the UFG is 90% less than that of CG one. The resistance
of the passive film of the UFG sample is 151.95 kQ,
which is five times that of the CG one.

3) The size and numbers of the pits after
potentiostatic polarization for 1 h are decreased in UFG
industrial pure Al in comparison with its CG counterpart.
After immersion in the 3.5% NaCl solution for 3 d the
passive film of UFG industrial pure Al also keeps denser
and more integral than the CG one.

4) Increased pitting resistance of UFG Al is
attributed to relative dense nature oxide film on the
surface. And it is this oxide film which is caused by
more grain boundaries, larger fraction of non-equilibrium
grain boundaries and residual stress, that can be kept
relative stable and integral in the CI'-containing solution
compared with CG one.
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