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The pitting corrosion of an aluminum alloy AA1050 after being processed by continu-

ous  closed die forging (CCDF) was evaluated by cyclic potentiodynamic polarization (CPP).

Microstructure evolution, mechanical and corrosion behaviors were studied as a function

of  the total strain imposed. The CCDF process was carried out at 0, 16 and 24 passes with

loading times of 10 and 15 s. The electron backscatter diffraction (EBSD) analysis revealed

a  grain refinement of 0.78 �m after 24 passes, which promoted an increment in the yield

strength (YS), ultimate tensile strength (UTS) and vickers hardness (HV) by a factor of 9,

3  and 2 respectively; but the uniform strain and strain to rupture decreased by 93% and

72%  respectively. Resistance to corrosion after 16 and 24 passes was compared with the

reference material (0 passes), using CPP in a Na2S04 0.1 mol/l +100 mg/l of NaCl electrolyte.

Results showed that the specimens with 24 passes decreased its corrosion rate one order

of  magnitude. In addition, specimens with very fine grain sizes have shown nobler pitting
potential and lower pitting volume fraction than coarse grain specimens.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the

Y-NC
CC  B

.  Introduction
he first studies about severe plastic deformation (SPD) were
arried out by P.W.  Bridgman et al. [1–6], who was honored
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by the Nobel Prize physics in 1946. However, it has been dur-
ing the last three decades where this processing technique
has received large attention by the scientific community. Due
to the high strain involved, SPD processes promote grain
refinement of the microstructure of a given material, increas-

ing values of mechanical properties, such as hardness, yield
strength (YS) and ultimate tensile strength (UTS) [1–5]. An
important fact of some SPD techniques is that they can be
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scaled out to large samples allowing industrial applications
[1,4,5,7].

It is well known that the combination of ductility, mechan-
ical strength, low density and formability, makes aluminum
an attractive material for structural applications. As well,
the application of SPD to aluminum alloys enhances their
electrical conductivity, corrosion resistance and so on while
increasing their mechanical properties. Most SPD studies on
pure aluminum and aluminum alloys have been mainly car-
ried out by equal channel angular pressing (ECAP) and high
pressure torsion (HPT) [8]. While results of ECAP in aluminum
alloys can be dated in the late 90’s, the corresponding ones to
modern HPT are relatively recent (early’s 2000). Typically, pure
aluminum and 1xxx series were preferred in the first studies
so no interference with precipitated particles was considered,
and only solid solution elements, at the most, was included in
those earlier analysis [8–10].

It is also well known that aluminum forms an oxide film
on its surface, which acts as a protective layer against envi-
ronmental corrosion. However, the main disadvantage is its
low resistance to pitting corrosion when exposed to halide
ions, especially chloride ions [10,11]. Some reviews [8,12] have
reported the contradictions found when SPD techniques have
been used while studying the resistance to pitting corrosion in
aluminum alloys. Such contradictions are attributed [12] to the
microstructural changes that occur due to the particular SPD
technique used, such as ECAP, high pressure torsion (HPT) and
multidirectional forging (MDF) or the passive corrosion rate [8].

Particularly, some authors have concluded that grain
refinement increases resistance to corrosion of Al, Mg  and
its alloys [10,13–16]. For example, Chung et al. [13] obtained
an increment of resistance to pitting corrosion of Al1050 after
processing via ECAP, where the size of the Si (cathode) impuri-
ties was reduced within the Al (anode) die through the number
of passes during deformation. Some authors have also pointed
out that for a given SPD technique the improvement of resis-
tance to corrosion due to grain refinement is also a function
of the processing path used [17].

On the other hand, other researchers working with Al, Al-
Mg alloys and pure Mg  reported that grain refinement through
ECAP promoted a reduced resistance to corrosion [18–21]. They
concluded that the increment in corrosion rate was due to
accumulation of dislocations originated through the SPD pro-
cess, the type of protective coating (i.e. its absence at high
dissolution rates), the given alloy and the corrosion environ-
ment [22].

Resistance to pitting corrosion in samples previously pro-
cessed by SPD through the ECAP technique has been also
studied. Contrary to some other SPD method, ECAP generates
a homogenous grain refinement [23]. In parallel, other new
SPD techniques have been developed. For instance, continu-
ous close die forging (CCDF) produces ultra-fine grain (UFG)
sizes and a bimodal microstructure in opposition to other SPD
techniques. This latter technique allows to work with large
amount of material, having less complexity than for example
the ECAP procedure. However, materials processed by CCDF

have not been studied in terms of pitting corrosion.

Given such scenario, and with the aim of providing some
new insights in the contradictory results already reported
[8,12], this work focuses on studying pitting corrosion on
 2 0;9(x  x):13185–13195

an AA1050 alloy severely deformed by CCDF paying special
attention to the size and distribution of the ultrafine grains
obtained.

2.  Materials  and  methods

2.1.  Sample  processing  using  continuous  closed  die
forging  (CCDF)

Four bars of 20-mm in diameter and 100-mm in length were
machined from commercial AA1050 (<0.25%wt. Si, <0.40%wt.
Fe, Al balance min  99.5%wt. as indicated by the supplier BRON-
METAL). In order to homogenize the as-received material,
specimens were heat treated as follows: 1) Annealing at 630 ◦C
for 48 h; 2) cooling at 66 ◦C/h until 300 ◦C; 3) Annealing at 300 ◦C
for 3 h followed by cooling to room temperature (RT) inside the
furnace. This pre-annealing heat treatment has been reported
[24,25] to be effective in increasing the yield strength of alu-
minum alloys after SPD due to the generation of a more
homogeneous microstructure. Heat-treated specimens were
subjected to CCDF through symmetrical dies with rhomboidal
inner cross section. A maximum load of 44 tons was necessary.
The deformation process was carried out at RT with loading
times of 15 and 10 s at a displacement rate of 5 mm/s. Load-
ing time is expected to affect possible stress relaxation, i.e.
recovery and rearrangements of dislocations. So higher load-
ing times promotes more  stable dislocation arrangements.
Molybdenum disulfide was used as lubricant. In order to
quantify the effect induced due to the possible temperature
increment, a K-type thermocouple was inserted (by drilling)
within the die at just 2 mm below the sample surface. A rough
estimation of the temperature increment was obtained with
this configuration. The maximum temperature increment
measured under continuous operation was 4 ◦C, which was
considered not significant. Table 1 shows nomenclature and
experimental parameters for the specimens extracted from
the bars.

Each pass of the CCDF consists of two steps (see Fig. 1a).
In the first step i) the specimen is placed in the rhomboidal
cavity and is longitudinally pressed within the dies; ii) after
unloading, the specimen is rotated 90◦ counterclockwise. In
the second step iii) the specimen is again pressed, and iv) the
specimen is again rotated 90◦. At the end of the CCDF, the
specimen acquires a rhomboidal shape with a 15 mm  major
axis, while the minor axis varies as a function of total number
of passes.

Finally, it was found that the load applied during SPD pro-
cesses must allow permanent strain without compromising
the material integrity, such as crack formation. For this rea-
son and to gain understanding of the strain distribution of the
specimens after CCDF with 8 passes, a finite element method
(FEM) simulation was carried out to predict strains achieved
[1]. Such simulation was implemented using DEFORM-3D
code. Two regions were identified as illustrated in Fig. 1b: i) the
central region with high deformation (HD) with a total strain

in the order of 7 had a volume fraction of ∼40% of the useful
material, and ii) the peripheral region with lower deformation
(D) ranging between 1–3. Specimens were extracted from each
zone to analyze the total strain effect.
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Table 1 – Description of the experimental parameters used in this investigation.

Nomenclature Number of passes Processing time (s) Deformation zone

0 P 0 do not apply do not apply
16 P 16 15 Deformed
16 PHD 16 15 Highly Deformed
24 P 24 15 Deformed
24 PHD 24 15 Highly Deformed
24 P* 24 10 Deformed
24 PHD* 24 10 Highly Deformed

Fig. 1 – (a) Scheme of the sequence in the CCDF process. (b) Distribution map  of Effective Plastic Deformation (EPD)
s
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imulated by FEM (8 passes of CCDF).

.2.  Microstructure  and  mechanical  properties

fter CCDF, specimens were prepared by standard metallo-
raphic procedures for observation and interpretation. For
his purpose, the grain size and misorientation distribution
ere obtained through electron backscatter diffraction (EBSD)

echnique using a scanning electron microscopy (SEM) Jeol
SM-5600. From the 100 mm bar, three 10 mm thick discs were
emoved along the longitudinal section at 10, 50 and 90 mm
or the microindentation tests, which were carried out based
n the Vickers scale with a 4-sided pyramidal microdurometer

AKASHI-HO).
Due to the dimensions of the bars, four tensile test spec-

mens with total length of 45 mm,  nominal diameter (D) of
 mm,  the gauge length (G) of 20 mm,  length of reduced section
A) of 20 mm and radius of fillet (R) of 1.5 mm,  were extracted
rom the longitudinal axis of the central region of the CCDF
rocessed specimen (Fig. 2). These samples were tested until
ailure using a universal testing machine (INSTRON 4507) at a
train rate of 0.001 s−1.

.3.  Corrosion  tests

n the case of corrosion tests, specimens were extracted by

aw cutting and then polished up to sand paper grit 1200. Then
hey were encapsulated in cold setting polyestirene resin. To

inimize the effects of possible grooves between the speci-
ens and the resin, the specimen surface was covered with
Fig. 2 – Dimensions in tensile test specimen.

adhesive tape, leaving a 0.107 cm2 surface area exposed to the
electrolyte. Corrosion tests were carried out at RT.

The cyclic potentiodynamic polarization (CPP) technique
was used to evaluate the resistance to localized corrosion due
to pitting. Open circuit potential (Eoc) evolution was registered
within a 0.1 mol/l of Na2SO4 electrolyte to which 100 mg/l of
NaCl were added. It is well known that such solution pro-
motes pitting corrosion. The experiments were carried out
with no deaerated electrolyte under pH = 5. The CPP curves
were obtained after 480 s of contact with the electrolyte. Poten-
tiodynamic measurements at a scanning rate of 0.166 mV/s
were initiated with a cathodic potential value of 250 mV  with

respect to the Eoc and rising scanning until a current density
of 1 mA/cm2, when the scanning was inverted. A saturated
calomel electrode (SCE) and two high density graphite bars
were used as reference and auxiliary electrodes respectively.
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Figs. 3(a) to 3(c) show the EBSD texture maps for the specimens
Fig. 3 – Evolution of the grain size for samples (a) 0 P, (b) 16 P
misorientation distribution of sample 24 P. (e) Inverse pole fi

Reproducibility of results was confirmed with a minimum of
two specimens for each condition. The criterion for the fit-
ting parameters was the lowest value for Chi2. Regarding the
method used for computing corrosion current density (icorr)
and corrosion rate (CR), from the obtained polarization curve
for each material, the anodic and cathodic Tafel slopes, �a,
and �c respectively, and the icorr were calculated using the
Echem Analysit 5.56 software available on the potentiostat
used. While the CR in thousandths of an inch per year (mpy)
was calculated from the expression CR (mpy)  = 0.129 Mi/nD
[26], where M is the atomic weight of Al, i is the corrosion cur-
rent density in �A/cm2, n the number of electrons transferred
and D the density of Al in g/cm3.

Because the microstructure of the bars deformed via CCDF

is not homogenous (see Fig. 1b), the specimens extracted from
the bars were treated with Keller reactant to have confidence
that the experiments were carried out in different deformation
 (c) 24 P of AA1050 processed via CCDF. (d) Grain boundary
 colour code.

regions. The samples were cut until the pitting originated by
the reactant was removed. Later, a surface preparation was
carried out through sandpaper. In a parallel study [1,25], a
deeper mechanical analysis was carried out, and results indi-
cated that there was no strong influence of the direction of
sample extraction, so a rather isotropic microstructure was
assumed and, consequently, it is speculated that corrosion
results are also isotropic.

3.  Results  and  discussion

3.1.  Microstructure  evolution
0 P, 16 P and 24 P while Fig. 3(d) displays the misorientation
angle distribution of the 24 P specimen. Fig. 3(a) illustrate a



 0 2 0;9(x  x):13185–13195 13189

h
a
(
m
a
m
a
t
t
i
I
m
p
e
s
g
a
w
a
m
t
i
t
t
i
s
c
i
m
a

o
f
o
c

3

T
Y
r
p
Y
n
t
1
l
i
o
t
c
d
p
t
2
1

r
g
b

Fig. 4 – Hardness profile evaluated at (a) 10, (b) 50 and (c)
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eterogeneous microstructure formed by uniaxial grains with
n average size of ∼150 �m,  together with some few large
∼600 �m)  grains. Specimen 16 P in Fig. 3(b) shows a much

ore  refined grain size compared with specimen 0 P. The aver-
ge grain size is ∼1 �m with a mixed elongated and uniaxial
orphology. In turn, sample 24 P (Fig. 3c), displays a smaller

verage grain size close to 0.78 �m with a similar morphology
o the 16 P specimen although more  elongated. Additionally,
he grain size aspect ratio, longitudinal/transverse dimensions
n the specimen cross section after 24 P was approximately 2.5.
t is also evident that after 24 P a different texture is noticed, as

ost grains are oriented into the <111> direction while after 16
asses the texture was more  oriented towards <001 > . Fig. 3(d)
xhibits the grain boundary misorientation distribution of the
ample processed after 24 passes. It must be mentioned that
rain boundaries with misorientation angle higher than 15◦

re considered as a high angle grain boundary (HAGB) and
hen such angle is lower than 15◦, they are considered a low

ngle grain boundary (LAGB). One can readily notice that the
isorientation angle distribution shows a bimodal configura-

ion, with a HAGB fraction near to ∼62%. This means that there
s still some potential for further grain refinement, as 38% of
he boundaries can still become HAGB. This also means that
he grain size has not yet attained a steady state as expected
n many  SPD processes after certain amount of strain. This
teady state depends also on the deformation mode, and the
urrent observation would indicate that CCDF is less efficient
n refining the microstructure than ECAP, in the sense that

ore strain must be introduced by CCDF than in ECAP to
chieve similar grain sizes.

Finally, it must be mentioned that second phase of particles
r inclusions were not observed while preparing the samples
or the EBSD examination. In consequence the possible effect
f the type, size and distribution of second phase in pitting
orrosion was not considered.

.2.  Mechanical  properties

able 2 shows the results of mechanical properties as HV,
S, UTS and elongation, together with grain size of the cur-
ent aluminum alloy processed via CCDF and two commercial
urity aluminums processed by ECAP [19,26]. In general, the
S and UTS values in the CCDF samples incremented with the
umber of passes and the loading time. It is remarkable that
he YS increases by a factor of 9 for the 24 PHD specimens with
5 s of loading time, with respect to the 0 P specimen. Simi-
arly, HV increases by a factor of ∼2. Regarding the difference
n the behavior of the processed material after loading times
f 15 and 10 s, it is expected that the increase in this loading
ime will avoid stress relaxation, that is, recovery from dislo-
ation and, therefore, promote a more  stable arrangement of
islocations. The 24 PHD* specimen with 10 s of loading time,
resents values of 170 and 208 MPa for YS and UTS respec-
ively. These values are slightly lower than those obtained for
4 PHD as expe4cted. While for the 16 PHD specimen, a YS of
70 MPa and a UTS of 190 MPa were obtained.
It should be mentioned that although total elongation was
elatively large ranging from 18% to 24%, the uniform elon-
ation, the one needed for further processing or in service
ehavior, was very small in all ECAP samples and lower than to

90 mm along the longitudinal section.
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Table 2 – Microstructure and mechanical properties of aluminium alloys processed by CCDF and ECAP [19,25,26].

Sample Grain size (�m) HV YS (MPa) UTS (MPa) Uniform
elongation
(%)

Elongation to
rupture (%)

0 P [25] 400 28 ± 2 20 70 44 66
16 PHD [25] 1 60 ± 5 170 190 4 19
24 PHD* [25] 0.78 62  ± 3 170 208 3 18
24 PHD [25] 62 ± 2 180 226 3 18
ECAP 4 P [19] 0.19 51 ± 2 135 160 – 24
ECAP 10 P [26] 0.3 60 ± 2 160 200 – 18

 for 
Fig. 5 – (a) Typical evolution of Eoc with respect to time

2.5% [1,25]. For the 24 PHD specimen, the uniform strain and
strain to rupture decreased by 93% and 72% respectively, as
has been found in other works [1,19,25,26].

The applied pressure upon die closure produces and

effective strain over the specimen’s cross section, while the
longitudinal section remains constant: with that, the con-
stant volume requirement of SPD is fulfilled. To evaluate
AA1050 processed via CCDF after 0, 16 and 24 passes.

that mechanical behavior over the longitudinal section, three
specimens were extracted from the bar, where measured
mechanical properties resulted with not significant varia-
tions (Fig. 4). The average hardness of the three specimens

extracted was 60 ± 5 HV. This confirmed the homogeneity of
the mechanical properties across the longitudinal section. It
is worth mentioning that the volume fraction with high hard-
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Fig. 6 – Influence of the number of CCDF passes and the amount of strain on: (a) open circuit potential (Eoc), (b) pitting
corrosion potential (Epit), (c) repassivation potential (Erp) and (d) corrosion rate.

Table 3 – Values of Eoc and electrochemical parameters calculated from the CPP.

Sample Eoc (V) �a (V/decade) �c (V/decade) icorr (nA/cm2) Corrosion
rate (mpy)

Chi2

0 P −0.863 0.163 0.181 890 0.385 3.37e−8

16 P −0.782 0.293 0.127 835 0.362 4.20e−8

16 PHD −0.787 0.366 0.183 354 0.153 3.66e−8

24 P −0.749 0.063 0.075 357 0.155 4.34e−8

24 PHD −0.768 0.236 0.265 121 0.052 9.87e−10

n
w

i
a
a

t
r
d
o
p

observed that at the onset of immersion, the negative EOC
24 P* −0.818 0.151 0.132 

24 PHD* −0.826 0.195 0.106 

ess and strength parameters obtained for the 24 PHD samples
ith 10 and 15 s was 58% and 60% respectively.

It is worth noticing that similar results in terms of mechan-
cal properties are obtained irrespective of the SPD technique
pplied, whether CCFD or ECAP, even though the grain sizes
re different.

This means that, for the longitudinal section, it is shown by
he hardness profiles of Fig. 4, that the mechanical properties
elative to each point of the cross section (with a respective

egree of deformation) are similar to along the entire length
f the bar. For this reason, it was assumed that the corrosion
arameters would have a similar behavior to the mechani-
212 0.092 6.68e−9

193 0.084 4.42e−8

cal properties and therefore, it was decided to measure these
parameters in the cross section.

3.3.  Effect  of  the  number  of  passes  in  the  CCDF
process  on  the  corrosion  resistance

Fig. 5(a) shows the Eoc measurements when the AA1050 spec-
imens were processed with different passes of CCDF. It is
values increased rapidly to anodic values; such increment
is related to the formation of a passive layer [27]. The 0 P
specimen shows the lowest potentials, followed by the speci-
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Table 4 – Experimental parameters in this research in comparison with other authors [18,24].

Reference Material-SPD Number of
passes

Grain size
initial/final
(�m)

%  of grain
refinement

ECAP [18] AA1060 0P  80 99.76%
4P 0.19

ECAP [24] AA1080 0P  390 99.92%
10P 0.3

 150 99.48%
24PHD 0.78

Fig. 7 – Epit, Erp and icorr in this research in comparison
CCDF [current work] AA1050 0P

mens with 10 s loading time. The specimens with 15 s loading
time have more  anodic potentials as the number of passes
increases. In all cases the curves show fluctuations related to
the activation and repassivation, i.e., the onset and sealing
of metastable pitting [28]. Regions with different deforma-
tion levels show insignificant Eoc changes with the number
of passes, whereas the regions with high deformation show
more negative potentials.

Fig. 5(b), (c) and (d) shows the CPP results. All the speci-
mens show similar behavior, with well-defined passive region
and pitting corrosion potential (Epit). Epit represents the poten-
tial at which pitting occurs during the initial scan while the
current increases abruptly.

Typical CPP curves after 480 s of contact with the electrolyte
with (b) 16 passes, (c) 24 passes (10 s) and (d) 24 passes (15 s).

Moreover, all specimens show a large positive hysteresis
cycle, which is often an indication of poor resistance to pit-
ting because the film was damaged when the potential was
increased within the passive region of the CPP curve, where
the regeneration will be difficult. Curves corresponding to the
24 P* are remarkably over all others.

A simple way to analyze the information from the CPP
curves is through the variation of the electrochemical param-
eters obtained from such curves with respect to the number of
passes as shown in Fig. 6, together with variations of Eoc and
corrosion rate, in mpy. As shown in Fig. 6(a), the Eoc of CCDF
processed specimens became nobler as the number of passes
increases and with longer loading times.

These nobler potentials are an indication of a better ther-
modynamic ability of the refined microstructures to resist
corrosion [17]. The difference between both deformation
regions is small. In Fig. 6(b), both loading times and deforma-
tion regions show nobler Epit than the 0 P specimen. It has
been identified that differences below 50 mV  in Epit are negli-
gible [29]. For the AA1050 specimens with 15 s of loading time,
the Epit differences are below 50 mV, even for the 0 P speci-
men. In contrast, for the 10 s loading time such differences
are ∼100 mV. As illustrated in Fig. 6(c), values of the repassiva-
tion potential (Erp) increase with the number of passes for the
15 s loading time specimens, while it remains constant for the
specimens with 10 s of loading time. Finally, corrosion rate of
all specimens treated by CCDF decreases with the number of
passes with respect to the 0 P specimen as shown in Fig. 6(d).

It is accepted that when the Epit value is nobler, the metallic
material will better resist the pitting formation and the poten-

tial will passive more  easily. Therefore, it is desirable that a
material has both potentials, Eoc and Epit, as high as possible.
It has been proposed that if a series of metallic materials, like
with other authors [18,24].

the one in this study, is tested under similar conditions, the
susceptibilities relative to pitting corrosion can be determined
by comparing the size of the hysteresis cycle, even though a
good approximation is to measure Epit-Erp instead of the area
enclosed by hysteresis cycle [30]. Fig. 5 shows that specimens
with 10 s loading time present larger hysteresis cycles enclos-
ing all other curves, because its Epit is nobler and its Erp more
negative, which indicates behaviors with opposite effects.

As it has been pointed out, the large hysteresis cycles are
indicative of a poor resistance to localized attack. It should
be recalled that the absolute values of these parameters do
not depend on the material properties only, but also on the
experimental conditions, such as current density, scanning
rate, temperature, etc. For example, in this work the initial
scan was carried out up to a current density of 1 mA/cm2 while
in another study [25] the same scan was carried out up to only
0.1 mA/cm2 (Al1080 in a 3.5% NaCl solution at 2.0 mV/s), with
which the hysteresis cycles were very narrow. The reason is
that the Erp value is determined by the amount of previous
damage to the passive surface. The further the polarization
is generated in the anodic direction, the greater the degree of
alteration of the surface region [31]. With respect to the scan-
ning rate, within the range of 5–100 mV/s, the Epit is displaced
to nobler values [19]; it is worth to mention that the scanning
rate in this work was 0.166 mV/s. Table 3 shows the values of
electrochemical parameters. In all CCDF treated specimens,

current density (icorr) is lower than in the 0 P specimen. Such
values are in the order of nA/cm2 and corrosion rate is lower
for specimens with high deformation (HD). There are differ-
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Fig. 8 – Evolution of pitting corrosion for samples (a) 0 P, (b) 24 P and (c) 24 PHD. (d) Results obtained for the pitting volume
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nt reasons for the decrease of icorr of ultra fine grain (UFG)
A1050 and AA1080. For AA1050 [10], the high density of grain
oundaries and dislocations offers sites that facilitate forma-
ion of more  dense passive films, while the inner residual
ension keep the passive film stable and full, in contrast with

 coarse grain material. For AA 1080 [25], the decrease in grain
ize and latter impurities dispersion were responsible for the
ncrement in the resistance to corrosion. In the same way, it
s reported that the high fraction of grain boundaries in the

icrostructure reduces the icorr, accelerating the passivation
rocess and reducing the galvanic couple intensity between
he inner part of the grain and its boundary. This is confirmed

y the EBSD study in Fig. 3(d), where it is observed that a HAGB
raction around ∼62% promoted that corrosion rate values
ecreased for this work.
ples 0 P, 24 P and 24 PDH.

At this initial stage of the study, improvement in the icorr

may be attributed to: i) A very fine grain size was achieved as
a consequence of CCDF in 24 P specimens. ii) A large HAGB
fraction, high dislocation density and residual tension and
improved localized resistance to corrosion which occurs due
to the difference of precipitates [32,33]. iii) A binomial dis-
tribution in the HAGB and LAGB fractions was found, which
generates the formation of grains and subgrains, producing
differences in the energy stored in the microstructure between
regions with different levels of deformation [32,33]. However,
further investigation is necessary to determine exactly what
caused the uniform and localized decrease in corrosivity.
Table 4 shows experimental parameters for different inves-
tigations using ECAP and CCDF for Al alloys. It is observed that
all specimens achieved a grain refinement when SPD tech-
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niques were applied, obtaining an average grain refinement
value around ∼99%.

In a previous work, Korchef et al. [19] observed that icorr

increases after applying ECAP, attributing this loss in the cor-
rosion resistance to the decomposition of the supersaturated
solid solution and formation of nano-precipitates. Neverthe-
less, it is important to mention that in such work [19], the total
strain is small compared with those in this work and by Abd
El Aal et al. [26].

Fig. 7 shows electrochemical parameters: Epit, Erp and icorr.
Where it is observed that all the Epit and Erp values become
nobler or anodic after the SPD technique applied.

As a consequence, a HAGB above 62% was observed for this
work and for Abd El All et al. [26], while Korchef et al. [19]
only present results of dislocation density without confirm-
ing the formation of HAGB. In contrast, Abd El All et al. [26]
report a decrement in icorr in samples after 10 ECAP passes.
These authors suggest that such improvement is due to the
fact that refinement of the microstructure with the number
of passes produces the formation of electrochemical batter-
ies with closed spaces in anodic and cathodic regions. In this
investigation, as well as in [26], a decrement in the icorr starting
with values higher than 1 �A/cm2 and finishing with values
below 0.1 �A/cm2 were noticed as listed in Table 4 and Fig. 7.

After the CPP experiments, pitting was visually confirmed
on the surface of all the specimens. A quantification of vol-
ume fraction occupied by the pitting was carried out according
to the ASTM E562. Fig. 7 shows the evolution of pitting cor-
rosion for the (a) 0 P, (b) 24 P and (c) 24 PHD specimens. A
positive result is that increasing SPD through CCDF produces
an increment in the resistance to pitting corrosion, where the
specimen with less corrosion was the 24 PHD. As pointed out
in other studies [15,25], the amount of pitting in a region with-
out deformation with large grains is larger compared to that in
ultra fine grains regions. The greater the deformation degree,
the less the amount of pitting [11,15,25], confirming the results
shown n Fig. 8(a), 6(b) and 6(c). It should be noticed that there
is a significant difference between the specimens with CCDF
treatment and the 0 P specimen, where the latter presents a
larger amount and size of pitting. Fig. 8(d) confirms the visual
results by plotting the pitting volume fraction and the fre-
quency of occurrence for the 0 P, 24 P and 24 PHD samples.
Again the 24 PHD specimen shows the lowest percentage of
pitting volume fraction, which ranged 2.46% ± 0.244% while
the 24 P and 0 P specimens show values of 2.78% ± 0.276% and
4.05% ± 0.398% respectively.

4.  Conclusions

i) The CCDF process has been used to obtain a large grain
size refinement in AA1050 specimens. When the number
of passes increases and the load is applied during 15 s, the
grain size is reduced from 150 to 0.78 �m with respect to
the reference specimen. In addition, the grain refinement
increased the values of UTS, YS and hardness by a factor

of 3, 9 and 2 respectively. Total elongation ranged 18–24 %
while uniform elongation was as low as 2.5%. The corrosion
rate decreased by 87% for the 24 P specimen with respect
to the 0 P specimen.
 2 0;9(x  x):13185–13195

i) The open circuit potential (Eoc) of AA1050 changed to nobler
or anodic values with increasing number of passes by CCDF.

i) A reduction of the icorr was achieved in the microstructure
refined by CCDF.

v) The specimens processed by CCDF exhibited lower pitting
volume fractions than the microstructure of the coarse
grain specimen (0 P) by approximately 50%.

v) The CCDF treatment increases the mechanical properties
and corrosion resistance of the material specially to pitting
corrosion. In this work, as in refs. [25,32],  it was found that a
highly deformed microstructure produces an improvement
in the corrosion resistance possibly due to the reduction of
icorr, the acceleration of the passivation process observed
from the evaluation of the open circuit potential (Eoc), pit-
ting corrosion potential (Epit), repassivation potential (Erp)
and corrosion rate, as well as in the reduction of the pitting
corrosion volume fraction.

It is worth mentioning that, although the objective of this
study was to demonstrate that it is possible to improve the
corrosion resistance response through a new SPD technique,
for future work it is important to carry out the evaluation of
the passive layer.
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