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and corrosion properties of pure Mg and ZK60
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Equal channel angular pressing (ECAP) was performed on ZK60 alloy and pure Mg in the temperature range
150-250 °C. A significant grain refinement was detected after ECAP, leading to an ultrafine grain size (UFG) and enhanced
formability during extrusion process. Comparing to conventional coarse grained samples, fracture elongation of pure
Mg and ZK60 alloy were significantly improved by 130% and 100%, respectively, while the tensile strength remained
at high level. Extrusion was performed on ECAP processed billets to produce small tubes (with outer/inner diameter
of 4/2.5 mm) as precursors for biodegradable stents. Studies on extruded tubes revealed that even after extrusion the
microstructure and microhardness of the UFG ZK60 alloy were almost stable. Furthermore, pure Mg tubes showed an
additional improvement in terms of grain refining and mechanical properties after extrusion. Electrochemical analyses
and microstructural assessments after corrosion tests demonstrated two major influential factors in corrosion behavior
of the investigated materials. The presence of Zn and Zr as alloying elements simultaneously increases the nobility by for-
mation of a protective film and increase the local corrosion damage by amplifying the pitting development. ECAP treat-
ment decreases the size of the second phase particles thus improving microstructure homogeneity, thereby decreasing

the localized corrosion effects.

Introduction

Nowadays, biomaterial technology is built on traditional per-
manent metallic materials including stainless steel, Nitinol and
cobalt-chromium alloys. In particular, these inert materials are
used as load-bearing implants for replacement of diseased or dam-
aged tissues. However, some particular disadvantages, including
physical irritation, chronic inflammatory inconvenience, long-
term endothelial dysfunction and, more importantly in pediat-
ric and adolescent patients, a second intervention is required for
implant removal, causing adverse tissue reactions.'?

More recently, biodegradable materials like magnesium and
iron alloys have been proposed in medical science as a novel class
of highly bioactive materials. That is, these materials are sup-
posed to temporarily aid the healing process of a diseased tis-
sue or organ and then they can progressively disappear by virtue
of body fluids corrosion after a certain length of functional use,
leading to simultaneous implant replacement through the sur-

rounding tissue.**

*Correspondence to: Ehsan Mostaed; Email: ehsan.mostaed@polimi.it

Magnesium is one of the most promising candidates for bio-
degradable applications due to its biocompatibility as an essential
element to human metabolism. Several studies have proven that
the daily intake of Mg for a normal adult exceeds 300 mg and
excessive magnesium cations possibly produces by degradation
could be safely excreted in the urine.®'" However, the greatest
limitation of Mg consists of its fast corrosion rate, especially in
human body fluid containing chloride, giving rise to immature
drop in mechanical integrity of the device before accomplishing
its defined mission.'*"? Over and above corrosion rate, critical
hydrogen gas bubbles and alkalization resulting from corrosion
of Mg in body fluid are also other problematic subjects in fast
corrosion-rate processes, leading to accumulation of evolved
hydrogen bubbles in gas pockets next to the implant and conse-
quently, causing necrosis of tissues. However, if the corrosion rate
of Mg implant can be suitably controlled, hydrogen evolution
will not be rapid enough to cause critical subcutaneous bubbles,
and the alkalization effect could be easily balanced by metabolic

mechanisms in the human body."1°
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’ Figure 1. Microstructure of starting materials: MA (A) and AA (B).

A further challenging issue to be faced concerns mechanical
properties. Generally, Mg alloys have lower mechanical proper-
ties than commonly used inert biomaterials. Considering stent
applications, fracture of the stent strut during expansion also has
to be avoided by enhancing alloy ductility. Therefore, controlling
the corrosion rate to achieve a prolonged and uniform degrada-
tion of the device made by alloys with reasonable strength and
ductility are key factors in the development of Mg implants and
stents.>'>Y

In general, the most efficient approach to improve both
mechanical properties and corrosion resistance of magnesium
is adding specific alloying elements. There are two basic groups
of Mg alloys namely those containing aluminum and the class
of aluminum free alloys.*** However, it has been reported that
for the use in humans, aluminum free alloy systems are recom-
mended since aluminum ions can combine with inorganic phos-
phates, causing a lack of phosphate in the human body.*"® On
the other hand, it is cited that addition of rare earth (RE) ele-
ments (Ce, Y, etc.) could lead to hepatotoxicity and also exces-
sive yttrium ions induces adverse effects on DNA transcription
factors.!”?

It is therefore recognized that alloying elements must be
carefully selected in order to meet the biocompatibility require-
ments.”' Since it is demonstrated that Zn is an essential nutri-
tive element and its ions can be absorbed without harming vital
organs, this element could be the first choice among alloying
elements. Zirconium, particularly in small amount, less that 0.8
wt%, is considered as a biocompatible element.**"?> Accordingly,
it is proven that introducing of Zn or Zr to pure Mg brought
about improved mechanical properties and corrosion resistance
as well as good cytocompatibility.”***

In addition, several studies reported that grain refinement
induced by processing techniques based on severe plastic defor-
mation (SPD) is an effective approach to improve both mechani-
cal and corrosion properties of Mg alloys due to Hall-Petch
strengthening and homogeneous distribution of precipitates,
respectively.”° In recent years, as a novel metal forming process,
Equal-channel angular pressing (ECAP) has been widely inves-
tigated on Mg alloys. However, those attempts generally cover
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works on mechanical properties assessments
monitoring.**¢ A couple of works have also investigated typical
biomedical application based behavior of ECAPed Mg alloys.”!?
Accordingly, a vacancy is felt about the bio-application based
exploration of pure Mg, that is tried to be addressed in this work.
Moreover, to the best of authors” knowledge, no systematic inves-
tigation of ECAP treated Mg based materials for stents applica-
tion has been reported in the literature. Efforts have been put on
elucidation of the primary steps of this area in this work.

Another objective of this work has been spotlighting the
potential of ECAP process for supplying precursor materials for
subsequent forming steps, such as extrusion, while keeping the
favorable properties accessed by the very ECAP step, namely,
ultrafined grain (UFG) structure. Interestingly, ECAP induced
UFG structure, which has been an area of intense research
and interest due to its excellent mechanical specifications, was
retained even after ulterior treatments such as extrusion. In prac-
tice, this can be translated to a geometry close to final applica-
tion (cylinder for stent in this case) with outstanding mechanical
properties of a UFG structure. Further electrochemical measure-
ments were also conducted to provide some basic information
about the effect of such mechanical treatment on the corrosion
resistance of the mater.

Results and Discussion

Microstructure

The microstructure of the as-received billets is shown in
Figure 1. the MA (see the experimental part for reference to
samples naming) sample possessed a quite coarse grain structure
with average grain size of about 250 pm, whereas the AA sample
featured a relatively finer and heterogeneous microstructure,
with a bimodal grain size distribution made up of coarse grains
of approximately 10-15 pm in size together with very fine grains
of about 2-3pm (Fig. 1B).

In order to induce grain refinement in MA and AA billets
without any cracking during ECAP, initial processing tempera-
ture had to be increased up to 275 °C and 250 °C for MA and AA,
respectively. It has been demonstrated in an earlier work® that by
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‘ Figure 2. Microstructure of the samples after ECAP: ME (A) and AE (B).

increasing the initial temperature, the material formability was
significantly improved without adversing the grain refinement
effect, which could be completed in the following steps. In other
words, the strategy of performing a first set of passes at relatively
high temperature aimed at achieving a first substantial grain-size
reduction and then completing the refinement in the required
regime at lower temperature by subsequent set of passes revealed
to be successful.

Figure 2A shows the microstructure of ME. It is appar-
ent that the original coarse grained structure was significantly
refined (compare with Fig. 1A), twinning was evident in the
coarser grains also of the ECAP treated samples. The process was
interrupted after 4 passes at 250 °C due to failure of specimens,
preventing the achievement of a finer structure. Eventually,
an equiaxed structure with grain size of 22 wm was achieved
by ECAP in ME samples. In contrast, by a careful selection of
ECAP processing temperatures and number of passes, a com-
pletely recrystallized structure by ultra-fine grains throughout
the billet volume of the AE samples was achieved. The average
grain size was of about 0.7 pm, as depicted in Figure 2B.

Mechanical properties

Microbardness

Figure 3 Shows the average Vickers microhardness measured
on longitudinal sections of the samples before and after ECAP.
It is clearly demonstrated that for pure Mg the hardness values
remained almost constant with no significant improvement after
ECAP processing. However, it is observed that for the ZK60
alloy investigated, hardness rose through ECAP, resulting in an
improvement of about 18% (sample AE).

Tensile properties

The tensile stress vs. strain curves for as-received and ECAP
processed samples are depicted in Figure 4. Tensile properties
including, 0.2% proof stress (YS), ultimate tensile strength
(UTS) and fracture elongation values (FE) drawn from these
curves are also plotted in Figure 5. The data demonstrate that for
the pure Mg (MA and ME samples, see Figs. 4A and 5) the yield
stress did not change significantly after ECAP, while the UTS
improved from 285 MPa up to a value of 326 MPa and a substan-
tial increment of fracture elongation was measured as well, from
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Figure 3. Average hardness of the investigated samples before and after
ECAP.

an initial value of 4.4% to 10.3%. As shown in Figures 1 and 2,
the grain size was considerably reduced by performing ECAP.
Nevertheless, it is supposed that such grain size dependency is
not the only factor influencing the yield strength and fracture
elongation properties in Mg alloys. It is believed that mechani-
cal behavior of the ECAP processed Mg would also be related to
crystallographic texture modification in accordance with other
literature reports.?”?® In particular, when comparing the data of
AA and AE materials it can be observed that the AE samples,
despite their much finer grains featured lower YS and UTS than
the as received alloy. It is suggested that this can be related to the
dominant texture-softening effect over the grain size strengthen-
ing induced during ECAP passes at high temperatures.”” On this
basis, the elongation to failure of AE remarkably increased with
an improvement of 100%, whereas the alloy still kept a relatively
high tensile strength required for the stent application (Figs. 4B
and 5).%

Extrusion

The ECAP processed samples, ME and AE, were then sub-
jected to warm extrusion tests aimed at producing mini-tubes

€28283-3
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‘ Figure 4. Tensile stress—strain curves measured at room temperature of the as-received and the ECAP processed Mg (A) and ZK60 alloy (B).

required for stent manufacturing. In order to evaluate the effect
of grain refinement induced by ECAP on the mechanical prop-
erties of the final tubes and to comparatively evaluate the form-
ability of the UFG materials, MA and AA were also processed as
references for the extrusion tests.

It is verified that the high formability properties highlighted
by the low extrusion load and absence of cracks are often inher-
ited in UFG Mg alloys by the contribution of superplastic
effects induced by the grain refinement.*"** Accordingly, extru-
sion for MEE could be performed at 230°C, while MAE, due
to its coarser grain structure and lower formability could be
safely extruded only at 300 °C. As a result, of the lower pro-
cessing temperature, as shown in Figure 6, MEE sample shows
much finer grain structure than MAE so that the combination of
ECAP and low-temperature extrusion brought about a remark-
able grain refinement in pure Mg to approximately 11pm. For
the ZK60 alloy, as shown in Figure 4B, both conditions (AA and
AEF) featured a high plastic formability. Thus, AEE and AAE
were successfully produced even at lower temperatures (150°C).
Figure 6C suggests that in AAE sample a more homogeneous and
finer equiaxed grain structure than in sample AA was obtained.
It is worthy to note that no obvious grain growth was observed
in AEE, certifying that UFG structure induced by ECAP process
was maintained almost stable even after the extrusion at 150 °C
(Fig. 6D).

For small-size tubes the mechanical properties were charac-
terized by micro-hardness due to geometrical limitation of the
samples. Figure 7 shows the hardness profile measured along the
cross section parallel to the extrusion direction of interrupted
extrusion tests for Mg and ZK60 alloy samples. All curves indi-
cate a gradual increase in hardness from billet region to extruded
tube region.

From Figure 7A and B it can be understood that during the
extrusion of AEE and MEE samples, when the billets were kept
inside the die at high temperature a drop in hardness occurred
when compared with values of ECAP processed billets. However,
this gap was totally counterbalanced by the effect of plastic

€28283-4
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Figure 5. Tensile properties of Mg and ZK60 alloy as a function of sam-
ples condition. YS: tensile yield strength; UTS: ultimate tensile strength;
FE: fracture elongation.

deformation during extrusion. Moreover, AEE and MEE samples
always showed higher hardness values in all tested regions than
of the corresponding AAE and MAE samples confirming that
the improved properties inherited from ECAP are also kept after
extrusion.

Corrosion

Electrochemical studies

Figure 8 shows the OCP measurement results of AA, AE,
MA, and ME samples. As can be seen by the OCP plot, establish-
ment of the steady-state did not happen before 12 h for pure Mg
samples, based on which observation, an extra time was allowed
(6 h) to ascertain a steady trend. For alloyed samples however,
steady manner was established faster, within four hours. To keep
the uniformity in all experiments, an 18 h period was allowed for
OCP measurement of all samples.

Two distinct levels of OCP values can be recognized accord-
ing to this plot referring to the composition of the metals. More

Volume 4



Downloaded by [Politecnico di Milano Bibl] at 02:36 03 December 2015

300 °C, (B) MEE at 230 °C, (C) AAE at 150 °C, (D) AEE at 150 °C.

Figure 6. Representative micrographs of the mini-tube grain structure after extrusion for Mg and ZK60alloy at different temperatures. (A) MAE at
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Figure 7. Micro-hardness profiles on longitudinal cross sections of samples subjected to interrupted extrusion tests: Mg (A) and ZK60 alloy (B).

precisely, a steady-state OCP was observed in the range of 1.7 V
vs. Ag/AgCl for pure Mg samples and a second level was observed
in the range of —1.5 V vs. Ag/AgCl for ZK60 alloy samples. The
200 mV shift toward more positive potentials reveals a nobler
behavior of the alloyed samples, that is believed to be caused by
the formation of a protective film of hydroxyapatite (HA) and
other Mg/Ca phosphates in SBF.®

www.landesbioscience.com
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Apart from the obvious difference between the OCP of
alloyed and pure Mg, the as-received samples in both cases
showed a slightly nobler behavior when compared with ECAP
samples (OCP,,: —1.49V vs. OCP,;: -1.51 V. and OCP,:
170V vs. OCP,,: ~1.725 V).

g/Ag

Figure 9 shows the the potentiodynamic measurements of all

the investigated samples. The same big distinction observed in
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Figure 8. The corrosion potential of pure Mg and ZK60 alloy with time
in PBS at 37 °C.

OCTP results between the alloyed and pure Mg is present here
in inversion potentials of the two groups as well. Another sig-
nificant difference between these two groups of materials can
be recognized in the presence of a breakdown potential in the
anodic parts of MA and ME samples that is lacking in AA and
AE samples. This potential (-1.5V, , ., for both MA and ME)
at which a sudden “jump” in the corrosion current is observed
following a passive-like limited current region, is another sign of
the formation of a “protective” layer, that is then broken down
at this “pitting” potential.®** In the case of AA and AE samples
however, it is seen that the anodic region already started from
this pitting potential and hence, the jump is not observed on the
curves. In other words, it is supposed that the inversion potential
of AA and AE samples roughly coincides with the pitting poten-
tial. It is reported in the literature® that one of the effects of Zn
alloying element on Mg consists of localized corrosion, in the
form of pitting corrosion. This observation is in good agreement
with the aforementioned anodic behavior observed in the ZK60
samples.

Regarding the corrosion current densities (i ) estimated from
the Tafel extrapolation method, AA and AE samples were found
to show similari__values, of 60.4 and 56.2 WA cm™, respectively.
These data are higher than those of MA and ME samples (both
showing an i of 44.7 A cm™) suggesting that, although the
protective film is more likely to be formed in the alloyed samples,
the breakdown of is this layer is inevitable in chlorine-containing
environments. Therefore, not only the permanent protection is
not provided, but even a faster localized corrosion would hap-
pen upon the onset of pitting. Nevertheless, in this case, the gap
between the i of alloyed and unalloyed samples is not signifi-
cant. On the other hand, the effect of ECAP treatment on i of
each group of the samples seems to be modest. Even when consid-
ering the MA and ME samples featuring an inversion potential
difference of about 100mV (-1.72 and —1.62 \/Ag/AgCl for ME and
MA, respectively), i remains almost constant at 44.7 pA cm™.

Corrosion morphology

€28283-6
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Figure 9. Potentiodynamic polarization curves of pure Mg and ZK60
alloy immersed in PBS before and after ECAP.

Figures 10 and 11 depict the surface views of the investigated
samples after 96 h immersion in PBS solution and following the
removal of corrosion products by chromic acid. In both rod and
tube samples, a clear difference can be highlighted between the
as-received samples of pure Mg and ZK60 alloy (MA vs. AA and
MAE vs. AAE). Referring to the discussions given section 3.4.1,
increased pitting corrosion is confirmed from surface aspect
as well. Moreover, while in case of pure Mg, ECAP treatment
does not seem to have a noticeable effect on the corroded micro-
structure (compare MA to ME in Fig. 10 and MAE to MEE in
Fig. 11), for the ZK60 alloy samples, the ECAP effect on the
corrosion regime and microstructure seems remarkable (compare
AA to AE in Fig. 10 and AAE to AEE in Fig. 11). This phenome-
non can be elucidated by considering the role of alloying elements
and the related formation of the second phases.

Due to the larger size of intermetallic particles in AA and
AAE samples and lower homogeneity for their dispersion in the
matrix compared with the ECAP processed samples, it can be
reasonably supposed that the micro-galvanic damage is more
active in AA and AAE samples,* causing the formation deeper
corrosion pits.*®” On the contrary when a more homogeneous
dispersion of the second phase particles arising from the severe
plastic deformation induced by ECAP is promoted, a uniform
general corrosion regime can occur preferentially over the local-
ized corrosion mechanism.

Experimental Procedure

Materials and ECAP processing

In this investigation, commercial ZK60 (Mg-5.3Zn-
0.48Zr, by wt. %) extruded alloy and hot rolled pure magne-
sium (99.94%) were selected. Cylindrical specimens of 10 mm
in diameter with length of 100 mm were machined from the
starting materials. The die used for ECAP processing possessed
two channels intersecting at an angle of 110° and with an angle
of 20° representing the outer arc of curvature. According to
well established Iwahashi equation,® this geometry generates an

Volume 4
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’ Figure 10. Macrographs of samples immersed in PBS for 96 h: (A) MA, (B)ME, (C)AA, (D) AE.

equivalent plastic strain of 0.76 per each pass. The whole die
was uniformly heated by 4 electrical resistance heaters distrib-
uted along the vertical channel and the temperature was moni-
tored at the intersection points of the channels. All multiple
pressings were executed by always rotating the sample in the
same direction along the longitudinal axis by 90° before each
new pass (route Bc according to established designation given in
the literature®). Samples were sprayed with MoS, lubricant and
pressed into the ECAP die at a speed of 30 mm/min. For ZK60
alloy, a first set of ECADP passes was performed at 250 °C for up
to 4 passes. Selected specimens were additionally subjected to a
second and third set of pressings conducted at 200 °C and 150
°C for other additional 4 passes, at each temperature. For pure
magnesium, the first set was performed at 275 °C for 2 passes
followed by a second set at 250 °C for 4 passes. Further process-
ing at lower temperature led to extensive cracking and it was
therefore abandoned.
Extrusion

www.landesbioscience.com
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Extrusion of ECAP processed materials was performed by
using a laboratory device already adopted for coarse grained
alloys, described in details in a previous work.”® Extruded mini-
tubes were produced from the ECAP processed billets at tem-
peratures of 150 °C and 230 °C for ZK60 alloy and pure Mg,
respectively. The extruded tubes had an outer diameter of 4 mm
and an inner diameter of 2.5 mm, corresponding to a reduction
ratio of 9:1 performed at a ram speed of 5 mm/min and 2 mm/
min for ZK60 and pure Mg, respectively. In order to compare
the effects of ECAP on properties of the small size tubes, refer-
ence samples of the as received ZK60 alloy and pure Mg were
directly extruded at 150 °C and 300 °C, respectively. Table 1
summarizes the conditions investigated for both materials at the
different ECAP and extrusion temperatures.

Microstructural characterization

The specimens for microstructure observation were longi-
tudinally cut (parallel to the ECAP and extrusion direction)
ground and polished according to standard metallographic

€28283-7
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’ Figure 11. Macrographs of tubes immersed in PBS for 96 h: (A) MAE, (B)MEE, (C)AAE, (D) AEE.

procedures. The polished specimens were etched in a solution
of 6 g picric acid, 5 ml acetic acid, 10 ml water and 100 ml
ethanol. The microstructures of the samples were observed by
optical microscopy (OM) and field emission gun scanning elec-
tron microscopy (FEG-SEM) on longitudinally cross-sectioned
samples after ECAP and extrusion. Characterization of the
extruded tubes was comparatively evaluated considering sam-
ples extracted from the die after interrupted extrusion trials,
where the billet region (thermal effect due to holding at high
temperature) and the tube region (combined effects of high
temperature and plastic deformation) could be analyzed. The
average grain size was evaluated following the procedure given
in ASTM E112 standard for the linear intercept method.

Mechanical characterization

Mechanical properties after ECAP process were evaluated
by tensile and Vickers microhardness tests. Tensile specimens
were machined along the ECAP direction with a gage length
of 12 mm and diameter of 4 mm. tensile tests were performed
at room temperature at a strain rate of 10? s'. Microhardness

€28283-8
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measurements were made on planes parallel to the extru-
sion and ECAP directions with an indenter load of 1N. Due
to size limitations, the mechanical properties of the extruded
tubes were characterized only by Vickers microhardness tests.
Measurements were performed on the same samples of the inter-
rupted extrusion trials used for microstructural characteriza-
tion, where both billet region and tube region could be tested.

Electrochemical measurements

The electrochemical corrosion behavior of MA, AA, ME, and
AE samples was studied through open circuit potential (OCP)
and potentiodynamic polarization tests. A PTFE sample holder
with a circular opening of 5.5 mm diameter was used to isolate
the body of the sample from the electrolyte and to provide an
electrode area of 23.8 mm? in contact with the electrolyte. A
phosphate buffer solution (PBS) maintained at 37 °C and pH
7.4 was selected as the electrolyte simulating the body fluid.

A three electrode set up comprised a platinum coated tita-
nium sheet as counter electrode, an Ag/AgCl, Sat. KCI, refer-
ence electrode, and different magnesium samples as working

Volume 4
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Table 1. ECAP and extrusion processing conditions of the samples
investigated.

Sample code Sample condition
MA As-received pure Mg
MA ECAP treated for 2 passes at 275 °C+ 4 passes
ME °
at 250 °C
MEE ME + extrusion at 230 °C
MAE MA + extrusion at 300 °C
AA As-received ZK60 alloy
AE AA ECAP treated for 3 steps of 4 passes at namely,
250°C+200°C+150°C
AEE AE + extrusion at 150 °C
AAE AA + extrusion at 150 °C

electrodes. A 7050 AMEL-Potentiostat/Galvanostat was used
to perform the experiments. First, OCP was measured for 18
h vs. Ag/AgCl. Then, linear polarization was performed in the
potential window of =2 to —0.7 V vs. Ag/AgCl, with a scan rate
of 0.166 mV s7'.

Conclusion

The microstructure, mechanical and corrosion properties of
ultra-fine grained ZK60 alloy and of pure Mg were investigated
in view of the potential application of these materials for biode-
gradable devices. The conclusion can be summarized as follows:

(1) ECAP process was performed according to a multi-step
strategy aimed at achieving a first refining of the structure and
then reaching the UFG grain size range by still reducing the
processing temperature. A homogeneous equiaxed grain struc-
ture with average size in the range of 700 nm was successfully
achieved for the ZK60 alloy, while dynamic recrystallization
and rapid grain coarsening occurring in commercial pure mag-
nesium prevented the achievement of a grain size smaller than
22 pm.

(2) ECAP process had a considerable influence on the
grain size as well as on texture of pure Mg and ZK60 alloy. A

combination of texture softening and grain refinement in ECAP
processed samples led to excellent mechanical properties with
about 100 and 135% improvement in fracture elongation for
ZK60 and pure Mg, respectively, while keeping relatively high
TYS and UTS values.

(3) ECAP processed ZK60 and pure Mg billets showed better
plastic formability than non-ECAP treated samples and there-
fore, were successfully extruded at 150 and 230 °C, to produce
small-size tubes as stent precursors. The UFG structure of ZK60
alloy was maintained also after extrusion due to the contribution
of dynamic recrystallization and low processing temperature. At
the beginning of the extrusion process, hardness of pure Mg
and of ZK60 alloy dropped by warm temperature holding, but
was soon recovered due to the refinement promoted by dynamic
recrystallization at low processing temperature,

(4) Based on the OCP and potentiodynamic experiments,
alloying elements have the substantial effect of modifying the
protective surface layer on the free corrosion potential and corro-
sion current density. This effect provides a sort of nobility action
on samples, but second-phase particles formed by the presence of
alloying elements also encourage the localized corrosion regime
that leads to higher corrosion rates and deep local corrosion
damage. ECAP treatment had minor effect on electrochemical
measurements of OCP and potentiodynamic tests. However, its
main contribution is on the restrictions put on the heterogene-
ity of microstructure to make a finer and more homogeneous
second-phase dispersion and thereby, depressing the localized
corrosion pitting.
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