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Five kinds of pure aluminum were prepared by spark plasma sintering using different grain size of
aluminum powders as raw material. The effect of grain size on corrosion and passivation properties of
these kinds of aluminum was investigated by potentiodynamic polarization, electrochemical impedance
spectroscopy (EIS), Mott-Schottky test and immersion test. The results revealed that fine grain
aluminum showed a bigger passive current density than those containing coarse grains. The corrosion
current density at OCP also increased with decreasing grain size, indicating that the passive film formed
on fine grains had a faster dissolution and repair rate. The pitting potential and the width of passive range
increased with decreasing grain size. While, the defect density in passive film decreased with increasing
grain size. The passive film formed on aluminum containing fine grains had superior protection
performance against localized corrosion in general.
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1. INTRODUCTION

Aluminum and its alloys are widely used in industry such as aerospace, construction,
transportation, and machine manufacturing due to their excellent comprehensive properties, such as low
density, high specific intensity and excellent corrosion resistance to atmospheric environment. However,
the protective passive film formed on alloy surface will become vulnerable when aluminum is exposed
to some aqueous solutions containing corrosive ions [1,2]. The main corrosion type of aluminum and its
alloy in such aggressive environment is localized corrosion, because these aggressive ions can destroy
the integrity of passive film and trigger localized dissolution of metal matrix [3-8]. Pure aluminum has
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the best corrosion resistance in aluminum alloys and thus is usually used in the situations require strict
corrosion resistance. The alloying elements and secondary phases play little role in the corrosion process
of pure aluminum, while the grain boundary density could be a critical factor to influence corrosion
properties. The aluminum atoms are randomly arranged at the grain boundary which leads to vacancy
and dislocation in there, and thus corrosion preferentially nucleates at grain boundaries. Therefore, it is
reasonable to expect that the variation in grain size will affect the corrosion performance of metals [9-
20].

Various processing methods are adopted to alter the grain size of metals at present. For instance,
severe plastic deformation (SPD) is a common way to improve the physical strength through grain
refinement based on the Hall-Petch relation. In addition, the researches about the relations between grain
size and corrosion rate are extensively performed [8,9]. Ralston [12] has studied the impact of grain size
on corrosion of high purity aluminum with numerous grain refinement methods, including cold rolling,
cold rolling, equal channel angular pressing (ECAP) as well as surface mechanical attrition treatment
(SMAT). Nevertheless, it is unavoidable to generate many other physical changes in metal matrix, such
as indices of lattice planes. it is also reported that SPD usually changes the deformation textures of metal
matrix, residual stress and defect density which greatly affects the corrosion susceptibility of alloys.
Song [10] found that in the ECAPed pure aluminum, amounts of high angle grain boundaries and
intragranular dislocations provided more nucleation site to form a denser and thicker oxide film, and
thus the ECAPed pure aluminum showed high corrosion resistance in aggressive environment. A higher
density of matrix defects increases the rupture sites on passive films, but also accelerates the diffusion
rate of atoms from lattice to passive film which benefits the maintaining of films. Therefore, the effect
of traditional grain changing methods on corrosion is complicated. And the effect of grain size on
corrosion is hard to decouple from other processing induced effects. Even the same grain size obtained
by different process method will exhibit diverse corrosion properties and this issue may account for the
non-ideal reproducibility of experimental data among many articles. The specialized study on
relationship between grain size and corrosion response is still rare, limited by conventional processing
methods.

Spark plasma sintering (SPS) technique, as a new kind of powder metallurgy (PM) technology,
attracts lots of attention as soon as it appears. During the sintering course, sufficient electro-discharge
between powders can generate local high temperature, causing the partial melting of powders surface,
and the powders interior remains cold and solid. And in this way, the melted zone forms a new grain
boundary, and each of the original powders eventually becomes a grain [21-23]. The SPS can prepare
fully dense metals with a short sintering time and relatively low sintering temperature, and thus prevent
the grain coarsening. Compared to SPD, the SPS can fully release the metal inner stress and does not
change the texture of metals. Based on the above statements, SPS is the perfect choice to eliminate the
interference of other influencing determinants while studying relevance between size of grain and
corrosion behavior.

In this study, the small aluminum powder was used to simulate fine grain, and the big powder
was used to simulate the coarse grain. The pure aluminum with different grain size was prepared by SPS.
The relevant corrosion properties and passive performance of such aluminum were also characterized



Int. J. Electrochem. Sci., Vol. 15, 2020 9122

by electrochemical tests. This study would develop a fundamental understanding about how grain size
affects corrosion performance of pure aluminum.

2. EXPERIMENTAL

2.1. Specimen preparation

Five kinds of high purity aluminum powders with nominal diameters of 1 um (®1), 5 um (®5),
10 pm (210), 20 um (@20), and 50 um were used to prepare the bulk metals. All aluminum powders
(purity > 99.9%, provided by HaoTian company) were produced by rotating disk centrifugal atomization.
The SPS assembled aluminum specimens were named as AL1, ALS5, AL10, AL20 and AL50 according
to the size of their raw powders, respectively. These powders were firstly poured into a cylindrical
graphite die with the inside diameter of 15 mm, and then put into the sintering furnace. The sintering
temperature was 550 °C with a heating rate of 50 °C/min under vacuum. The holding time at 550 °C was
1 min. A 60 MPa axial pressure was kept in the whole SPS process. The sintered samples were cooled
naturally inside the furnace to room temperature. The total sintering time (including heating and cooling
time) was about 30 minutes.

In order to observe the metallographic morphology of sintered aluminum, the bulk metal was
mechanically ground with a series of emery paper from 600 to 6000 grit, then polished by 250 nm
alumina spray suspension, and finally cleaned by deionized water and alcohol in turn. Prior to the
observation, metals were etched by Keller’s solution with a 10-30 s etching period. The sintered bulk
aluminum was cut into 5x5x%5 mm cube to immersion test and electrochemical measurements. The non-
working surface of electrode was inlaid in epoxy resin. The working surface was treated by the same
approach as the metallographic specimens.

2.2. Grain size characterization

The metallographic structure of sintered bulk aluminum was studied by Leica DM4000
metalloscope. Grain size of pure aluminum was semi-automatically determined from optical images,
with the assistance of NanoMeasure software.

2.3. Electrochemical evaluation

All the electrochemical experiments were carried out in neutral 3.5 wt% NaCl solution using
Corrtest CS350 electrochemical workstation. A three-electrode system was used for the tests, where a
saturated calomel electrode (SCE) equipped with a Luggin capillary acted as the reference electrode, a
platinum sheet acted as the auxiliary electrode.

Potentiodynamic polarization measurements were initiated at -150 mV referring to the open
circuit potential (OCP) and scanned upwards with a 1 mV/s scanning rate until the current density
reached 0.1 mA/cm?. Electrochemical impedance spectroscopy (EIS) tests were performed at the OCP
with a frequency range of 10 mHz to 100 kHz, under the load of a 10 mV AC excitation voltage. Mott-
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Schottky tests were carried out at 10 mV AC stimulus signal at the frequency of 1 kHz, the test potential
range was from open circuit potential to the pitting potential with a 20 mV/s scan speed. All the
electrochemical experiments were repeatedly performed at least 3 times in order to obtain parallel valid
data, and the running temperature of experiments was 25 + 2 °C.

2.4. Morphological observation

The surface information of specimens after corrosion test was observed by RH-2000 three-
dimensional video microscope. More detailed morphologies of corrosion were observed by JSM7500
scanning electron microscope in the secondary electron imaging (SEI) mode.

3. RESULTS AND DISCUSSION

3.1. Metallographic characterization of sintered aluminum

Fig. 1 shows the metallographic images of sintered aluminum with different grain size. Each
original powder successfully turns to be an individual grain, and there exists remarkable distinction of
grain size between five samples as shown in Fig. 1. Moreover, some defects like micro-pores or cavities
that are common in as-cast metals, are rarely observed in sintered samples. It means that the sintered
materials have extraordinary compactness. NanoMeasurer software was used to discretionarily measure
100 grains diameter, and the relevant results are shown by statistical histograms in Fig. 2. The grain size
distribution of each sample is concentrated in a very narrow range. Table 1 shows the calculated average
grain size as well as standard deviation from 100 selected grains of each sintered pure aluminum. Great
correspondence between calculated size and nominal size reflects that the SPS technique indeed controls
the dimension of powders during the sintering process. Therefore, it is reasonable to believe that the
prepared samples meet the requirement in terms of grain size.

20 um i

Figure 1. Typical metallographic optical images of sintered pure aluminum with different grain size: (a)
AL1; (b) AL5; (c) AL10; (d) AL20; (e) AL50
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Figure 2. Grain size distribution histograms of sintered pure aluminum with different grain size: (a)
AL1; (b) ALS5; (c) AL10; (d) AL20; (e) AL5O0.

Table 1. Average grain size and standard deviation obtained by random statistics on 100 grains of
metallographic micrograph.

Samples Average grain size (um) Standard deviation (um)
ALl 1.06 0.19
ALS 4.99 0.71
AL10 10.20 1.11
AL20 19.50 2.23
ALS50 49.33 5.06

3.2. Potentiodynamic polarization test

In order to evaluate the corrosion resistance of five aluminum alloys, potentiodynamic
polarization test is applied and the results are presented in Fig. 3. Even though the grain size of each
aluminum is different, the cathodic branch of each single curve shows a similar shape, which indicates
that the cathodic reaction of aluminum in neutral sodium chloride solution is usually an oxygen reduction
and rarely affected by grain size. All of the samples exhibit typical passive behavior according to the
polarization curves as the anodic current density showing tiny increase with applied potential.
Obviously, the passive current density in anodic potential range increases with the decreasing grain size,
indicating that a higher grain boundary density accelerates the dissolution/formation rate of passive film.
Compared to the grain interior, gain boundary zone usually has a faster atom diffusion rate, and thus the
aluminum with fine grains shows a bigger passive current density. The five kinds of pure aluminum also
exhibit different corrosion potential (Ecorr) and pitting potential (Epit). in order to quantitatively evaluate
the effect of grain size on metal corrosion, the Tafel extrapolation was used to analyze the polarization
curves, and the relevant results are shown in Fig. 4. The error bar in Fig. 4 is derived from standard
deviations of three parallel valid data.
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Figure 3. Potentiodynamic polarization curves of sintered pure aluminum after 1 h immersion in neutral
3.5 wt% NaCl solution

The corrosion current density at Ecorr Of aluminum decreases with increasing grain size, it means
that coarse grains usually have a lower passive film dissolution rate at the native environment. The Ecorr
shows obvious increase with increasing grain size, indicating that the corrosion susceptibility of alloy
also decreases with increasing grain size. As the vitally important parameters to estimate the corrosion
resistance of materials, the increased Ecorrand decreased icorr With the coarsening grain implies that coarse
grains are less sensitive to corrosion than fine grains at OCP during the 1 h immersion period. A smaller
grain size means a higher density of grain boundaries, and thus more matrix defects for corrosion to
nucleate and propagate. While, the Epitincreases with decreasing grain size, which is contrary to the Ecorr
changing trend. Therefore, the aluminum having a smaller grain size shows a wider passive potential
range and thus a better passive ability and stability of surface oxide film. This can also be attributed to
the higher grain boundary density which can accelerate the diffusion of aluminum ions out from metal
matrix into oxide film, consequently, the oxide film has a faster repair speed [24-27].
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Figure 4. Values of (a) corrosion potential and pitting potential, (b) corrosion current density for five
kinds of pure aluminum with different grain size
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Figure 5. The relation between corrosion current density and grain size¥/? for pure aluminum with
different grain size in neutral 3.5 wt% NaCl solution

Many researchers have attempted to identify the relation between grain size and corrosion rate,
and eventually found that an analogous Hall-Petch relation may exist between grain size and corrosion
rate [12,16,21,28]. Therefore, the relation between corrosion rate and d/2 (d is the average grain size)
was analyzed and linearly fitted. The Hall-Petch relation is definitely appropriate for the correlation
between the icor and the d*2 as shown in Fig. 5. Although the data of 5 um aluminum somewhat deviate
from the fitted line, the value of Adj. R-Square is 0.92002, proving that the fitted result has good
reliability. The increasing grain size has two opposite effects on corrosion resistance of aluminum: one
is reducing the grain boundary density thus improving the corrosion property of aluminum; and the other
is deteriorating the repairing ability of passive film thus impairing the corrosion resistance of aluminum.

3.3. Electrochemical impedance spectroscopy measurement

The EIS tests are carried out in neutral 3.5 wt% NaCl solution after 1 h immersion to estimate
the corrosion susceptibility of aluminum with different grain size. Fig. 6 shows the typical Nyquist plots
of five kinds of samples. The Nyquist plots of samples AL1 to AL50 have the similar shape, i.e., the
squished circular arcs. The straight line of 45-degree inclination representing the diffusion process does
not appear at low frequency, and this means that the electrode system is only controlled by
electrochemical reaction. The diameter of circular arc represents the charge transfer resistance, and
increases with the increasing grain size, which indicates that the aluminum containing coarser grains has
a lower dissolution rate of passive film.
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Figure 6. Typical Nyquist plots of EIS tests from five kinds of sintered pure aluminum with different
grain size after 1 h immersion in neutral 3.5 wt% NaCl solution.
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Figure 7. Equivalent electric circuit used to fit the Nyquist plots of the EIS measurements, Rs is solution
resistance, CPE is constant phase element associated with the interface between pure aluminum
electrode and solution, R is series resistance of charge transfer resistance and passive film
resistance.

Table 3. Fitted values of parameters in equivalent electric circuit described in Figure 7 for sintered pure
aluminum after 1 h immersion in neutral 3.5 wt% NaCl solution.

Samples Rs (Q-cm?) CPE R (Q-cm?)
Y (x 10°Qt.cm2-sm n
ALl 126 +0.11 2.485 +1.243 0.745 + 0.222 46034 + 2348
ALS 143+0.25 2.275+1.103 0.799 + 0.441 59713 + 4180
AL10 1.66 £ 0.50 2.041 £ 0.490 0.813 + 0.309 90706 + 6349
AL20 1.15+0.39 1.892 £0.795 0.842 + 0.325 116389 + 5005
AL50 1.59 + 0.55 1.777 £ 0.355 0.875 + 0.317 131817 + 5272

In order to quantitatively investigate the EIS data, an equivalent electric circuit was used to fit
the Nyquist plots, for its fitted error is very small (standard deviation ¥* < 10°%). The equivalent electric
circuit is shown in Fig. 7, including the elements defined as follows: Rs is the solution resistance, CPE
is the constant phase element associated with the electric double layer and the passive film, and R is the
series resistance of the charge transfer resistance R¢t and the passive film resistance Rpr, but the passive
film is very thin, declaring that the value of R depends on that of Re:. In this work, the constant phase
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element replaces the capacitance, due to the dispersion effect on the aluminum electrode surface [29].
CPE in the equivalent circuit is actually the cascade of two constant phase elements representing electric
double layer and passive film, respectively. The reason is that a compact passive film is formed on the
surface of pure aluminum electrode, which means that a new phase, i.e., the passive film phase, is
inserted between the metal matrix and the solution, and the so-called space charge layer will be generated
in the passive film. The positive and negative charges will be concentrated on the two sides of the layer,
respectively. And the impedance behavior of such layer corresponds to a constant phase element.
Therefore, the space charge layer in passive film and the electric double layer in solution exist
simultaneously between the metal matrix and the solution, and furthermore, the two layers are in series
relationship.

Table 3 lists the fitted values of parameters in equivalent circuit, and the scatter bands are the
standard deviations from 3 parallel valid data. The CPE of Table 3 consists of two parts: Y and n, which
is defined as :

Zcpp(©) = [Y(0)"]! 1)

where Z is the impedance of CPE, Y is the magnitude of CPE, j is the imaginary number, o = 2xf
represents the angular frequency (f is the frequency in Hz), and n is the exponential term corresponding
to the depression degree of the impedance spectra [30]. All the fitted values of parameters of Table 3
change regularly with the increasing of grain size, especially the value of R increasing prominently,
implying a higher resistance to active dissolution (slower corrosion rate) in coarse grains. As previously
mentioned, the main form of pure aluminum corrosion is localized corrosion. The corrosion initiates at
feeble location of the passive film, and the formed metastable pits could be recovered by the
repassivation of passive film [31,32]. Whereas, localized corrosion such as pitting propagation is most
likely relevant to the active dissolution within the pit, for a high concentration of CI- and a low pH in pit
cavity inhibit the repassivation, and thus the metastable pits gradually transform into the stable pits [33].
The results of R in EIS measurement are consistent with the results of Ecorr and icorr in potentiodynamic
polarization test, demonstrating that the grain size definitely plays an important role in the active
dissolution kinetics. According to the Hirschorn-Orazem theory, a formula applied to evaluate the

effective capacitance is given as follows [34-38]:
1 1-n

C=YnRn 2

The values of Y, nand R in Table 3 are substituted into the formula to calculate the capacitance
representing the electrochemical property of interface between aluminum matrix and solution phase. The
calculated results of C as well as R are plotted in Fig. 8, in which the same variation trend as Fig. 4 is
observed: the variation rate decreases with increasing grain size. As far as the analysis about
electrochemical impedance spectroscopy is concerned, the effect of grain size on the corrosion resistance
of aluminum is that high grain boundary density owned by fine grains makes it easy to dissolve actively.
All the values of effective interfacial capacitance are extremely small and close to each other, because
the space charge layer capacitance in passive film is only several microfarads per square centimeter (less
than 10 puF-cm) and the Helmholtz electric double layer capacitance of aluminum reaches 30-50 puF-cm’
Zhased on the references, leading to that the effective series capacitance C becomes smaller than both of
them [37,39-41].
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Figure 8. Values of series resistance R and effective capacitance C from five kinds of sintered pure
aluminum with different grain size.

3.4. Mott-Schottky test

The pure aluminum has excellent corrosion resistance due to the presence of passive film. The
electronic properties of film could strongly influence the corrosion behaviors of aluminum. Mott-
Schottky test based on capacitance measurement is a powerful technique to assess the electronic
properties of passive film. Due to the presence of space charge layers and voltage drops in the passive
film, the characteristics of the defects in the film (density and type, etc.) are a function of the polarization
potential. If the scanning potential changes fast enough (eg., more than 10 mV/s), the defect state in the
passive film will be "frozen™ and does not alter with the change of the polarization potential [37,41,42].
Meanwhile, why Mott-Schottky test can be used to analyze the semiconductor properties of the metal
passive film is also based on such an assumption: the space charge layer capacitance of the passive film
is much smaller than that of the double layer capacitance. At this time, the space charge layer capacitance
of the film can determine the total interfacial capacitance. The space charge layer capacitance of passive
film in the tested electrode system can be presented by the formula as follows [37,39-42]:

v = g = o (B-Ep) 3)

_— N —

C Cie  esgaN,

where C is the interfacial capacitance, Csc is the space charge layer capacitance of the passive
film, &o is the vacuum permittivity, ¢ is the dielectric constant of the oxide film (which is confirmed as
10 for the value of aluminum oxide, Refs.[41,42], q is the elementary charge, Nq is the density of charge
carriers, which represents the donor Nq for n-type and acceptor Na for p-type semiconductor, respectively.
E is the applied potential, Es is the flat band potential, k is the Boltzman constant, T is the Kelvin
temperature. It can be known from the formula that the passive film capacitance is particularly sensitive
to the density of the charge carriers. If there is no space charge layer in the passive film, there is no linear
relationship between C2 and E [39,40]. Fig. 9 shows the Mott-Schottky plots of the passive film on high
purity aluminum with different grain size after 1 h stabilization of OCP in neutral 3.5 wt% NaCl solution.
For a clear linear relationship only appears when the applied potential lies in the passive region, the plots
selectively present the useful linear segments. The slopes of lines denoted as m can be used to calculate
the Nq by the following equation:
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Figure 9. Linear segments of Mott-Schottky plots of the passive films formed on sintered pure aluminum
with different grain size after 1 h immersion in 3.5 wt% NaCl solution
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Figure 10. Values of the defects concentration Ng in passive film formed on five kinds of pure aluminum
with different grain size.

In Fig. 9, the capacitance decreases with increasing grain size, which seems to contradict the
results of EIS, and this is actually due to the interference of electric double layer capacitance, for the
capacitance of EIS is the series capacitance of passive film capacitance and electric double layer
capacitance. Besides, the linear segments with positive slopes suggest that all the passive films formed
on the sintered high purity aluminum behave as n-type semiconductors, so the Nq is the donor density
Ng. According to Eq. (4), the calculated values of Ngq are plotted in Fig. 10, and the error bars in the plots
are the standard deviations from 3 parallel valid data. The magnitude of Ng values (10%? -102 cm™) is
indicative of the highly disordered characteristic of the passive films formed on the surface of the pure
aluminum. The values of Ng increase notably as the grain size increased, and such difference in Ngq is
connected with the stability of passive films. The Nq in general, corresponds to the defects in the passive
film, whose difference reveals the variations in electronic structure of the passive films [45]. For an n-
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type passive film, the defects should be the predominant oxygen vacancies V, and interstitial aluminum
cations Al;**, and both of them are electron donors. These defects as the charge carriers govern the
transport of ions through the passive films and penetration of CI™ through the passive film. Since CI
penetration always takes place through these defects and consequently results in breakdown of the
passive film. A smaller Ng usually means a higher stability of the passive film. As far as the analysis
about the Mott-Schottky plots is concerned, it can be concluded that the fine grains prompt the pure
aluminum to generate a more stable passive film and hence are more resistant against localized corrosion
than the coarse grains. The conclusion is in accordance with the potentiodynamic polarization results in
terms of the pitting potential.

3.5. Corrosion morphology observation

Figure 11. Typical corrosion morphologies of pure aluminum with different grain size: (a) AL1, (b)
ALS5, (c) AL10, (d) AL20, (e) AL50, after 20 days immersion in neutral 3.5 wt% NaCl solution.

Figure 12. SEI image of typical pit in the sintered pure aluminum after 20 days immersion in neutral 3.5
wit% NaCl solution.

In order to investigate the difference of natural corrosion behaviors on pure aluminum samples,
a conventional immersion test is applied and the corrosion morphology of specimens after 20 days
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immersion is shown in Fig. 11. Fig. 11 shows the pits caused on the surface of aluminum during
immersion tests, reflecting that the pitting corrosion definitely occurs on all pure aluminum samples.
However, by the measurement of three-dimensional video microscope, the depth of these pits is very
shallow (only 1 to 3 um), and the difference of pit depth is far less than that of pit area on five kinds of
sintered aluminum samples, which indicates that the specimens still belong to the stage of pitting
initiation stage, and the existing pits have not enough time to propagate into the deep inner of pure
aluminum matrix. Hence, the corrosion resistance against Cl” ion in aggressive environment mainly
depends on the protection performance of passive film. Table 4 is the statistical values of average pit
mouth diameter and pit area from five kinds of samples, analyzed by the 2D measurement software of
RH-2000 three-dimensional video microscope. It clearly shows that with increasing grain size, the
distribution of pits becomes continuous, especially in Fig. 11e: the pits are linked together to form a
corrosion network. The values of average pit mouth diameter and pit area concretely prove the poor
barrier property of passive film on the coarse grain samples. And it is reasonable to deduce that the
stability of passive film is the dominant factor during the initiation process of pitting. The result is in
agreement with that of Mott-Schottky test, and it further confirms that the high defects density of coarse
grains makes the passive film vulnerable to the corrosive ions, and thus pits will initiate at these defects.
Fig. 12 is the secondary electron image (SEI) of typical pits in the sintered high purity aluminum, which
shows more details of the typical pit: the pit is an inverted cone with an uneven inner surface. By the
way, the difference of defects density mainly derives from the variation in grain size, and the higher the
density of grain boundary, the lower the defects density, which is demonstrated not only in this work,
but also in other references [10,17,28].

Table 4. Statistical values of average pit mouth diameter and pit area of corrosion pit formed on pure
aluminum with different grain size after 20 days immersion in neutral 3.5 wt% NaCl solution.

Samples  Average pit mouth diameter Pit area (um?) Pit area ratio (%)
(pm)
ALl 3.90 £ 1.96 1457.07 £ 16.14 6.32 £ 0.07
AL5 5.33+3.14 1945.56 + 20.75 8.44 £ 0.09
AL10 7.21 +5.97 3661.54 + 50.69 15.89 £ 0.22
AL20 13.42 £ 6.35 5689.30 + 221.21 24.69 £+ 0.96
AL50 27.10+10.54 8916.97 + 373.27 38.70 + 1.62

4. CONCLUSION

In this work, the high purity aluminum with different grain size were prepared by spark plasma
sintering. The relevant corrosion properties of aluminum were also investigated, the corrosion and
passive properties were strongly dependent on grain size.

(1) SPS truly could prepare fully dense aluminum. The grain size was almost the same to the
original powder diameter.

(2) Polarization results show that the Ecorr increases and the icorr decreases with the increasing
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grain size, indicating that the passive film formed on coarse grains have a low dissolution rate. Fine grain
pure aluminum has a bigger passive current density. The Epi and the width of passive range both
increased with the decreasing grain size, indicating that the passive film formed on fine grains had a
faster dissolution rate but a faster repair rate, and thus shows better protection.

(3) EIS analysis revealed that the R representing the synergy of charge transfer resistance.
And corrosion resistance increased with the increasing grain size. The low grain boundary density of
coarse grains makes it hard to cause active dissolution during corrosion, the passive film formed on
coarse grains showed a slower dissolution rate.

4) Mott-Schottky test revealed that the passive film formed on the surface of pure aluminum
was a n-type semiconductor. The defects density Nq increases with the increasing grain size, further
confirming that the grain size can affect the protective properties of passive film by altering the defects
density in the passive film. Passive film formed on fine grains showed a better protectiveness.

(5) Immersion test indicated that the average pit mouth diameter and pit area increased with
increasing grain size. The corrosion morphology was strongly dependent on passive film properties. The
passive film formed on fine grains was more stable than that on coarse grains, and the result was similar
to that of the pitting potential as well as the Mott-Schottky test.
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