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Abstract

Laser powder bed fusion (LPBF) is one of the most widespread additive manufacturing (AM)
technologies for metals, in which the components are built additively layer upon layer along the z-
axis (the building direction) perpendicular to the building platform (xy-plane). Here, we evaluated
the effect of post-processing heat treatments at 200, 300, and 400 °C on the corrosion resistance of
AlSi10Mg alloy manufactured by LPBF for two orientations in the building chamber (XY — parallel
to the building plane or XZ — perpendicular to the building plane). Electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization tests were conducted at the constant chloride
ion concentration of 0.02 M and 23 °C for the as-built and heat-treated specimens. All specimens
were polished on the surface and displayed similar behaviors in the EIS tests. The pitting potential
results were widely scattered and therefore analyzed using a statistical approach. Statistical data
analysis based on analysis of variance technique (ANOVA) was performed. The results confirmed
that the population significantly differs only by considering the heat treatments and the building
direction plays only minor role. The cumulative distribution curves of pitting potentials showed a

decrease in pitting resistance as the temperature of heat treatment increases.

Keywords:, laser powder bed fusion, AISi10Mg, corrosion, pitting, heat treatment, statistical

approach, additive manufacturing.
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1. Introduction

Additive manufacturing (AM) is a new family of technologies to create customized and
sophisticated objects with advanced attributes (new materials and shapes) while saving time and
costs with less scrap production [1]. Thanks to the improved product quality, AM is currently used
in the aerospace, automotive, and biomedical industries [2] and others. Among the AM-based
approaches, laser powder bed fusion (LPBF) allows the fabrication of near-net shape parts directly
from CAD design data, by melting a metallic powder bed with a laser source layer over layer.
Alloys that are highly corrosion-resistant, expensive, and hard to work with, such as Co-Cr, Ti-, and
Ni-alloys are most often used in the LPBF technology [3]. Aluminum alloys can also be processed
with LPBF, even if the actual portfolio is restricted to the Al-Si casting system and to some specific
composition [4]. In any case, it could be stated that higher mechanical properties can be achieved
for such Al alloys compared to the traditional die-casting procedure, in particular for AlSi10Mg
alloy [5]. This alloy, also known as A360, is commonly used for applications as cover plates,
instrument cases, and also when a certain corrosion resistance is required, such as for irrigation

system parts and outboard motor parts.

On the other side, the LPBF and powder-based AM techniques in general leave the specimens with
a rough surface [6], that can decrease the fatigue [7] and cavitation/erosion [8] performances, as
demonstrated in previous studies on AISi10Mg alloy. The superficial conditions modify the
corrosion behavior. In [9] some tests were carried out after a post process heat treatment performed
at 300 °C for two hours to remove the thermal residual stresses typical of LPBF. It was found that
as-built surfaces are vulnerable to corrosion with their lower pitting potentials and higher current

density than the same surfaces after a finishing post process, like shot peening or manual polishing.
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This was attributed to the different levels of protection from the passive film formed on the as-built
surfaces compared to the polished ones [10]. Leon et al. [11] reported that compared to the cast
alloy, AlSi10Mg obtained by means of LPBF and heat-treated for stress relief at 300 °C showed a
slight improvement in the generalized corrosion resistance in NaCl solution. In that case, the
specimens were machined from a block of printed alloy: therefore, the surface are not rough, and
have an oxide passive layer formed in air. Similar results were obtained on polished specimens of
AM2024 alloy produced by means of LPBF, being helped by the absence of S-phase as well as by
the micrometer-sized constituent particles in comparison with the wrought AA2024-T3 [12]. The
polished specimens of AlISi1l0Mg also showed improved fatigue limits, as expected [13]. The
corrosion fatigue resistance of polished LPBF specimens is similar [13] or better [11, 14] than the

cast alloy, the cavitation erosion behavior was also improved [8].

In the LPBF process, the components are built additively layer upon layer along the building
direction, perpendicular to a building platform. It was demonstrated that with AISi10Mg alloy the
orientation relative to the building direction does not influence the tensile resistance of the alloy,
while it can affect the ductility (or elongation to rupture) and corrosion resistance. In fact, in a
previous study on AlISi10Mg [9], we demonstrated that the exposed face built parallel to the
platform showed higher pitting potentials in Harrison’s solution than the faces built along the
building direction. However, this difference decreases when the surface becomes rougher. For
example, the average pitting potential differs by more than 400 mV between the two building
orientations for the polished specimens, by about 50 mV for shot-peened specimens, and is almost

identical for the as-built surfaces.

Moreover, in terms of microstructure, the AlSi10Mg produced by means of LPBF has a
characteristic very fine one due to the extremely rapid interaction between a concentrated laser
source and micrometric metallic powders, generating a very fast melting and subsequent

solidification rate [3]. This microstructure obviously influences the corrosion morphology of the
4
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alloy. And as expected, both the microstructure and corrosion morphology are modified by post-
processing heat treatments. When tested in Harrison’s solution at the free corrosion potential, the
alloy after LPBF and after the stress relieving treatment described before, showed intense attack at
the edge of the melt pool [9]. This selective corrosion was also observed by Revillaetal. ina 0.1 M
NaCl solution on the alloy without heat treatment, although those authors found no differences
between the building directions [15]. Potentiodynamic tests carried out in Harrison’s solution
showed similar pitting potentials for polished specimens with or without the stress relieving
treatment. On the contrary, annealing treatment at 550 °C significantly lowers the pitting potential
[16]. Specimens with the as-built surface could not be evaluated this way, because in these cases
pitting was always initiated during the equilibration time and became fully active during the

potentiodynamic tests.

The effect of low-temperature heat treatments on the corrosion morphology of the alloy was studied
in a previous work [17] by means of selective corrosion tests in a solution 0.51 M of NaCl and 0.12
M of HCI at room temperature for 24 h, according to 1ISO11846 standard. The susceptibility of
alloys to selective corrosion attack was noticed after stress relief by heating to 200-300 °C. The
attack became the most intense for the specimen heat-treated at 300 °C. Treatment at higher
temperatures (400 °C and 500 °C) produced a marked decrease in hardness but prevented the
insurgence of selective corrosion attack. A previous work [18] tried to evaluate the effect of post-
processing heat treatment on the pitting potentials in neutral NaCl solutions of different
concentrations using the approach of McCafferty [19]. In that case, an approximately logarithmic
correlation was observed between the pitting potentials and the activity of the chloride ions, but

unfortunately the experimental pitting potentials showed very high variability.

The stochastic nature of pitting initiation requires a statistical approach [20], it was done for
stainless steels [21, 22], copper [23], nickel [24] and aluminum alloys [25, 26], but, on the author

knowledge, it was never studied on additive manufactured alloys.
5
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In the present paper, the effect of low-temperature heat treatments on the pitting potentials of LPBF
AlSi10Mg was evaluated at the constant chloride concentration of 0.02 M, using a statistical
approach to limit the dispersion of the data. The cumulative frequency distribution for a large
number of specimens was obtained for different building orientations and microstructures. Note that

in this work, all the tests were conducted on polished specimens.

2. Experimental

2.1 Materials and specimens

The specimens were prepared using gas-atomized AlSi10Mg alloy powder supplied by EOS GmbH
(Electro-Optical Systems, Germany) with the nominal chemical composition shown in Table 1. The
detailed description of the specimen manufacturing by LPBF is given in previous works [27, 28].
Disk specimens 15 mm in diameter and 5 mm in height were built with the circular surface
perpendicular and parallel to the building platform, which are called XZ and XY specimens,
respectively. The as-built specimens without any further heat treatment are named UT, while other

built specimens were heat-treated at 200, 300, or 400 °C for 2 h and then cooled in air.

To avoid the effect of a rough surface, all specimens were grinded with abrasive paper to 4000 grit
and polished with 0.3 um colloidal alumina. After the polishing, they were passivated in air for 48 h

before testing. Moreover, all specimens were degreased in acetone before the electrochemical tests.

2.2 Electrochemical tests

Electrochemical tests were performed using an lvium CompactStat instrument with a 1-L ASTM
G5-82 glass cell. The cell was equipped with a saturated calomel reference electrode (SCE) placed

in a Huber-Luggin capillary probe, and two graphite counter electrodes. The specimens were
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inserted into a PTFE sample holder with an exposed surface of 0.785 cm? and used as the working
electrode. Before the tests, the specimens were immersed in the solution and stabilized for 600 s at
the free corrosion potential (Ecor). After this equilibration time, the electrochemical impedance
spectrum (EIS) was registered using a sinusoidal signal with +10 mV vs E.,, of amplitude in the
frequency range between 40000 and 0.01 Hz, with 5 frequency for decade. Each test took about 30

minutes.

Afterwards, the specimens were left in open circuit conditions for 300 s. Then, the potentiodynamic
test was conducted with a potential scan rate of 0.167 mV/s, from -10 mV vs E¢, to +800 mV vs
SCE or up to an anodic current of 1 mA. The range of potentials was chosen in order to have not
high cathodic polarization, it is well known that alkalinisation promoted by the cathodic reaction
can alter the passive film of aluminum. The final potential was fixed at +800 mV vs SCE but when
localized attack occurred at potential lower than + 800 mV vs SCE, the tests were stopped once
anodic current reached the value of 1 mA/cm?. This value was chosen based on authors

experience”.

The potential at the beginning of rapid current increase was assumed to be the pitting potential.
Eight specimens were tested for each condition. The test solution was chosen on the basis of
precedent work [18]; in this paper, the effect of the heat treatment temperature on pitting potential
was studied at different chlorides concentration. The sodium sulfate was added as supporting
electrolyte in order to maintain constant the ohmic resistance of the solution. The obtained results
pointed out a high dispersion of the pitting potential, for this reason it was decided to use a
statistical approach, increasing the number of specimens for each test condition, but using only one
chloride concentration. The chloride concentration that present the higher dispersion of pitting
potential was considered. The tests were carried out at 23 °C in an aerated 0.02 M NaCl solution

added with 0.29 M Na,SO;, as a supporting electrolyte, so as to maintain the Na* ion concentration
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at about 0.6 M (i.e., the average concentration of sodium chloride in sea water) considering that

sodium sulfate does not significantly alter the corrosion behavior of aluminum [29].

After the tests, the specimens were firstly washed with distilled water, rinsed with acetone in
ultrasonic bath, and finally dried. Corrosion morphologies were observed by means of optical and

scanning electron microscopes.

3. Results and discussion

3.1 Electrochemical behavior

For all the specimens, the averaged open circuit potential (OCP) during the last 100 s of
equilibration fall in a range of 300 mV between -0.8 to -0.5 V vs SCE, regardless of the heat

treatment and building direction (Fig.1).

The EIS spectra are similar for all the specimens immediately after dipping into the solution, as can
be seen in Fig. 2. The low-frequency impedance modulus is high, and the phase angle is
approaching zero degrees, thus indicating stable passive conditions: Although it does not
correspond to the polarization resistance of the specimen, the difference between the impedance
moduli at low and high frequencies can nevertheless allow one to estimate the order of magnitude
of the oxide resistance and, so, to the protection conferred by the protective film. Fig. 3 shows these
values for different heat treatments. For most specimens, this difference in impedance moduli is
between 10° to 10° Q cm? regardless of the building direction and heat treatment. Such high values
indicate the absence of active zones of corrosion. In other words, the just-dipped specimens showed
similar values of the impedance modulus regardless of heat treatment and building direction,
because the mechanical polishing eliminated any differences in the passive film on the surface, and

the oxidation at air formed the same protective film on all the specimens. Polishing, however, does
8
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not remove the poorly protective film formed at high temperature during the manufacturing process
that still remains inside emerging porosities. In these zones, relatively high current densities can be
hypothesized despite the whole surface around the porosity is still passive. This causes a decrease
in the impedance modulus, as shown in Fig. 3. All the EIS spectra presented one time constant, thus
indicating passive behavior of the alloy. In fact, once the localized corrosion is triggered, the attack
propagates with the dissolution of the aluminum matrix mainly at the edge of the melt pool created
by the laser scan track. This selective corrosion process is evidenced in the EIS spectra by the clear
separation of the two time constants [9]: one time constant was attributed to the cathodic process on
the silicon particles, which are more noble than the aluminum matrix and the passive film on
aluminum, while the second time constant is related to the corrosion of the a-Al phase close by [16,

30].

Different potentiodynamic curves were observed on identically prepared specimens, as shown in
Fig. 4 for UT-XY. Some curves showed a wide passive range in which no pitting was initiated until
the final potential of +0.8 V vs SCE (solid black lines in Fig.4) while other curves presented a
reduced range of passivity (black dotted lines in Fig.4). From these curves, it is possible to
determine the pitting potential (E,it) as the potential where the anodic current increases. At least,
one specimen presented a curve with active corrosion behavior (gray solid line in Fig.4) indicating
that pitting was initiated at the corrosion potential during the equilibration time. Similar behaviors

were observed in the heat-treated samples.

The polarization resistance obtained by the potentiodynamic curves is well correlated to the
impedance modulus at low frequency, but unrelated to Ec, or Epit, thus confirming the stochastic
nature of the localized corrosion initiation. A table is provided in Supplementary data to summarize

the additional E¢, and Egy, the impedance modulus, and the polarization resistance data.
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Statistical data analysis based on analysis of variance technique (ANOVA) was performed. Data
were grouped to carry out a two-way analysis with repeated measures, being the building direction
and heat treatment the two parameters and the number of repetitions equal to 8 for each condition.
The test was chosen to assess whether the populations could be considered as part of the same
population (null hypothesis) or they have to be maintained separated (alternative hypothesis) from
each other with a confidence level (LOC) of 95%, which equates to declaring statistical significance

at the p-value lower than 5%.

The analysis of main effects showed that the population significantly differs only by considering the
heat treatments with very low p-value, of about 0.8%. On the contrary, the building direction plays
only minor role as the p-value is high, being 33%. Hence, data were grouped neglecting the
different building directions and they have been analyzed based on 16 specimens each heat
treatment. No significant interaction between the effects of heat treatment and the building direction

on the pitting potential of the alloy was found as the p-value is equal to 7,4%.

A clear negative trend with the heat treatment can be underlined by the cumulative frequency
curves of the specimens with different heat-treatment (Fig. 5). The pitting potentials UT specimens
are between -0.5 and +0.8 V vs SCE, while the pitting potentials of all other specimens are
relatively shifted towards more negative potentials. The specimens heat-treated at 300 °C and 400
°C have similar OCP ranges, between -0.7 V vs SCE and +0.5 V vs SCE. However, the distribution
of the specimens treated at 400 °C is more shifted to the right compared to 300 °C, and the average
values of the pitting potentials are one hundred millivolt lower than the specimens heat treated at
300°C (-0.313+0.4 for the specimens heat treated at 400 °C and -0.207+0.4 for the specimens heat
treated at 300 °C). The alloy exhibits localized corrosion as the temperature of the heat treatment
increases. More complex seems to be the behavior of the specimens heat treated at 200°C, that

present a very enlarged cumulative frequency distribution. The effect of the heat treatment on the

10
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corrosion behavior can be explained by means of the evolution of the microstructure with

temperature.

3.2 Pitting behavior and microstructure

In aluminum alloys, pitting occurs mainly at the interface between the a-Al matrix and the
secondary phases [31-32]. In the AISi10Mg LPBF alloy, the silicon particles are very finely
distributed throughout, and their shape and size depend on the printing process and the post-
processing heat treatment. Materials produced by LPBF have unique microstructure made by
consecutive laser scans tracks (Fig.6 (a)). The microstructure of the alloys, as described in detail by
several authors [33-37], depends on the scan strategy, the powder, and the machine used. It
generally consists of overlapped tracks of fusion, called the melt pools (MP) as visible in cross
sections. Inside the MP, the alloy is constituted by micro-dendrites of a-Al oversaturated with
silicon. The undissolved silicon crystalizes on the edge of the micro-dendrites of both separate
particles and eutectic phase. Between two overlapping MPs, there is a zone (edge of the melt pool)
in which the alloy is melted twice, and another adjacent zone in which the alloy is not melt but
heated by the overlying molten metal. This zone is called the heat-affected zone (HAZ, like that in a
weld) and has a different microstructure (Fig.7 (a)). In particular, the silicon particles are separated
by the aluminum matrix as idiomorphic crystals. The localized corrosion attack is always initiated
at the edge of the MP (Fig.8 (a) and (b)). Similar results were obtained in Harrison’s solution [9,
16], in 0.6 M NaCl solution [15], and in 0.51M NaCl and 0.12M HCI solution (ISO 11846) at room

temperature [17].

The post-processing heat treatments modify the microstructure of the alloys as shown in Fig.6 (b),
(c), and (d). For heat treatments below 400 °C, the macrostructure of overlapped MP is maintained,
but the silicon particles coalesce to form a continuous network around the a-Al dendrites, the

eutectic phase disappears, and on the edge of the MPs idiomorphic crystals of silicon increase in

11
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size (Fig.7 (b) and (c)). The practical nobility of the aluminum matrix depends on the nobler
element dissolved, mainly its silicon content. When the silicon is rejected from the oversaturated
aluminum matrix to form growing idiomorphic crystal, the matrix becomes less noble. In this way,
there is more galvanic stimulation of the aluminum matrix corrosion by means of the silicon particle
formation, and the resistance to the trigger of pitting is decreased. The scanning Kelvin probe force
microscope (SKPFM) results reported by Revilla et al. [15] on untreated samples evidenced larger
differences between the silicon and aluminum phases in the edge of the MP than in the center, and
both are less prominent than in the case of cast alloy. A larger difference in the Volta potentials

between the two phases in the alloy means increased galvanic corrosion stimulation [38].

On the other hand, the internal stress can also contribute to the initiation of localized corrosion [39-
41]. The internal stresses in the XZ direction are higher than that in the XY direction, mainly in the
zone where two or more tacks overlap [37]. In addition, Louvis et al. [33] reported the possibility to
have in this zone a wall constituted of two thin oxide films separated by a gap in which there is un-
melted powder, where the pores are preferentially formed. The discontinuity in the passive film at

the crossing of two MPs is also a preferred zone of corrosion attacks, as shown in Fig. 8.

The internal strains decrease with the increasing of the temperature of heat treatment, while on the
contrary, the difference of nobility between aluminum and silicon phase increases with it. The oxide

at the crossing of two MPs in not influenced by the heat treatment.

The obtained results suggest that, on the UT specimens the increased practical nobility of the
silicon-oversaturated aluminum prevails on the residual internal strains. The heat treatment at 300
°C fully removes the residual internal strains, but it also simultaneously depletes the silicon content
inside the aluminum matrix. In this way, the effect of galvanic stimulation is emphasized, and as a

consequence the pitting resistance decreases.

12
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Perhaps, the heat treatment at 200 °C does not remove the residual internal stresses, and at the same
time it could not provoke a significative growth of the silicon particle size. DSC analysis performed
by Marola et al. [42] indicated that the silicon diffusion process begins at around 200 °C. Those
results would seem to indicate that for some specimens, the higher nobility of the aluminum matrix
over-saturated in silicon prevails, and so they showed a corrosion behavior similar to the untreated
ones. On the contrary, the effect of residual internal stresses and the oxide at the crossing of two or
more MPs seems to prevail in some other specimens, leading to a marked deterioration of corrosion
resistance. This could be the reason of the very large distribution in the pitting potentials of these

specimens. This aspect will be better explored in future works.

Increasing the temperature of the post-processing heat treatment decreases the hardness and the
mechanical properties of the alloy [36, 43]. For heat treatments at higher than 400 °C, the MP
microstructure is destroyed, and the silicon separates as rounded particles (Fig. 6 (d) and Fig. 7 (d)).
In these conditions the galvanic stimulation of the corrosion is more efficient than for the untreated
specimens and those treated at 300 °C. Hence, the pitting initiation is significantly enhanced. A
previous work [16] underlined the poor corrosion resistance of the microstructures of coarse
rounded particles of silicon in a matrix of aluminum obtained after an annealing treatment at 500

°C: in this case the corrosion attack took place with a generalized morphology.

4. Conclusions

AlSi10Mg alloy samples were produced using LPBF with different building directions, followed by
post-processing heat treatment at different temperatures. For the first time, the corrosion behavior of
the specimens was examined in 0.02 M NaCl solution at 23 °C by means of EIS and
potentiodynamic tests through a statistical approach. The corrosion resistance decreases with
increasing temperature of the heat treatment, while the building direction does not seem to influence

it. On the basis of these results, the post processing heat treatment are not recommended in the case

13
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in which a high corrosion resistance is required (i.e. in heat exchanger or for aerospace
applications). In this last case, a high temperature of the building platform is suggested to avoid the
internal residual strain. If the post processing stress relieve treatment must be executed, coating or

anodizing treatments should be developed in order to improve the corrosion resistance of the alloy.
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Table Caption

Table 1: Nominal chemical composition of the powder

Figure Captions

Fig. 1. Effect of heat treatment temperature on the OCP in 0.02 M NaCl solution at 23 °C

Fig. 2. Example EIS spectrum of the UT specimen immediately after dipping in 0.02 M NaCl
solution at 23 °C; a) XY specimen and b) XZ specimen

Fig. 3. Effect of heat treatment temperature on the difference in electrochemical impedance
modulus at 10 mHz and 40 kHz in 0.02 M NaCl solution at 23 °C

Fig. 4. Potentiodynamic curves of the UT-XY specimens in 0.02 M NaCl solution at 23 °C,
showing their different behaviors

Fig. 5. Effect of heat treatment temperature on the cumulate frequency of the pitting potentials (16
specimens) (or OCP for the pitting was initiated during the equilibration time) in 0.02 M NaCl
solution at 23°C (Black dots: UT; White diamonds: HT200°C; Black triangles: HT300°C; Black
squares: HT400°C)

Fig. 6. Microstructure evolution (Keller attack) of AISi10Mg (XZ plane) using different post-
processing treatments: (a) untreated specimen, and specimen heat-treated for 2 h at (b) 200 °C, (c)
300 °C, and (d) 400 °C. The white arrows indicate the building direction (along z-axis)

Fig. 7. High-magnification micrographs at the edge of MP of the AlSi10Mg XZ specimens (a)
untreated, (b) after stress relieving treatment at 200°C for 2 hours, (c) after stress relieving
treatment at 300°C for 2 hours and (d) after stress relieving treatment at 200°C for 2 hours.

The white arrows indicate the building direction (along z-axis)

Fig. 8. Morphology of corrosion after the potentiodynamic tests. (a) UT-XY, (b) UT-XZ, (c)
HT@200°C-XY, (d) HT@200°C-XZ, (€) HT@300°C-XY, (f) HT@300°C-XZ, (g) HT@400°C-

XY, and (h) HT@400°C-XZ
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Table 1: Nominal chemical composition of the powder.

Element

Si Fe Cu Mn Mg Ni Zn Ti Al

% weight 9-11 <0.55 <0.05 <0.45 0.2-0.45 <0.05 <0.1 <0.15 bulk

OCP vs SCE/V
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Fig.1. Effect of heat treatment temperature on the OCP in 0.02 M NaCl solution at 23 °C
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Fig. 2. Example EIS spectrum of the UT specimen immediately after dipping in 0.02

solution at 23 °C; a) XY specimen and b) XZ specimen
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Fig. 4. Potentiodynamic curves of the UT-XY specimens in 0.02 M NaCl solution at 23 °C,

showing their different behaviors

26



O©CO~NOOOTA~AWNPE

100

§ [ heat treatment A
> 80 [ temperature < €—
: -
c) I
= i
60 |
= I
L I
% 0T —e—UT
= I —o—HT@200°C
S —A— HT@300°C
I ——-HT@400°C
O T I T N N S L ] L I N I T T S |
-1000 -500 0 500 1000
E,i or OCPvs SCE /V

Fig. 5. Effect of heat treatment temperature on the cumulate frequency of the pitting potentials (16
specimens) (or OCP for the pitting was initiated during the equilibration time) in 0.02 M NaCl
solution at 23°C (Black dots: UT; White diamonds: HT200°C; Black triangles: HT300°C; Black

squares: HT400°C)
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Fig. 6. Microstructure evolution (Kler attack) of AlSi10Mg (XZ plane) using different post-
processing treatments: (a) untreated specimen, and specimen heat-treated for 2 h at (b) 200 °C, (c)

300 °C, and (d) 400 °C. The white arrows indicate the building direction (along z-axis)
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Fig. 7. High-magnification micrographs at the edge of MP of the AISi10Mg XZ specimens (a)

untreated, (b) after stress relieving treatment at 200°C for 2 hours, (c) after stress relieving
treatment at 300°C for 2 hours and (d) after stress relieving treatment at 200°C for 2 hours.

The white arrows indicate the building direction (along z-axis)
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Fig. 8 Morphology of corrosion after the potentiodynamic tests. (a) UT-XY, (b) UT-XZ, (c)
HT@200°C-XY, (d) HT@200°C-XZ, (e) HT@300°C-XY, (f) HT@300°C-XZ, (g) HT@400°C-

XY, and (h) HT@400°C-XZ
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Table 1: Nominal chemical composition of the powder.

Element  Si Fe Cu Mn Mg Ni Zn Ti Al

% weight 9-11 <0.55 <0.05 <0.45 0.2-0.45 <0.05 <0.1 <0.15 bulk




figure 1 OCP values

Click here to download high resolution image

0.0

OCP vs SCE /V
S
oo N -— o

|
=

® XY
O XZ
average values XY
- --- average values XZ

0 100 200 300 400

Temperature of heat treatment / °C

500


http://ees.elsevier.com/electacta/download.aspx?id=2070617&guid=dbe93d30-7d9e-4988-928a-dbb390b9281b&scheme=1

figure 2 a EIS spectrum XY
Click here to download high resolution image

| E+07
1 E+06
|E+05
1E+04

1E+03

1Z| / Q cm?

1E+02

IE+01

| E+00
1E-03 1E-02 1E-01 1E+00 1E+01 1E+02 1E+03 1E+04 1E+05

Frequency / Hz

Phase / degree


http://ees.elsevier.com/electacta/download.aspx?id=2070618&guid=348168f0-1b32-42b6-b8f5-580fe02cf397&scheme=1

figure 2 b EIS spectrum XZ

Click here to download high resolution image

1E+07
1E+06
1E+05
| E+04

1 E+03

1Z| / Q em?

1 E+02

1E+01

1E+00

UT-XZ

sl Al LA

aul 1

—

lllll'l LA A1l

IE-03 1E-02 1E-O1 1E+00 1E+01 1E+02 1E+03 1E+04 1E+05

Frequency / Hz

Phase / degree


http://ees.elsevier.com/electacta/download.aspx?id=2070619&guid=dec6a158-a26d-4c11-ba86-5bf2db62ab0f&scheme=1

figure 3 Rct
Click here to download high resolution image

1.E+07

B LEH06 g _______ éﬁ-—

G 1.E+05 O

3 0

z L.LE+04 EO

NTN 1.E+03

E

2 LE+02

N ® XY O XZ
LEF] average XY - - - average XZ
1E+OO S T WS WS WG WA SIS WS T U WU N U W R S S S WA N N V-

0 100 200 300 400 500

Temperature of heat treatment / °C


http://ees.elsevier.com/electacta/download.aspx?id=2070620&guid=3fa34fa2-0315-484a-9f11-5dbf489214e3&scheme=1

figure 4 potentiodynamic curves
Click here to download high resolution image

E,;,> 0.8 V vs SCE

UT-XY

1 1

lE_OS 1 1 1 1 1 1 1 1 L 1 1 1

-0.8 -0.4 0.0 0.4 0.8
Evs SCE/V



http://ees.elsevier.com/electacta/download.aspx?id=2070621&guid=45e623ce-030c-4aa3-96b5-f5840f77255e&scheme=1

figure 5 frequency distributions pitting potentials
Click here to download high resolution image

. 100 : =
i - heat treatment o, » 9
2 80  temperature € P X
S ; O
& L e
4 ;
S 60 f
= B
7 B
o -
= 40 F
% N ——UT
= ; —o—HT@200°C
=5 20 F :
& - —&— HT@300°C
j —B— HT@400°C
O . i 1 ) 1 ! | L " : i
-1000 -500 0 500 1000

E, i or OCPvs SCE/V


http://ees.elsevier.com/electacta/download.aspx?id=2070622&guid=362d6d46-00c5-4b07-b2b4-058b51cea284&scheme=1

figure 6 microstructure
Click here to download high resolution image

L -~ .
L: w7 A =g
5



http://ees.elsevier.com/electacta/download.aspx?id=2070623&guid=df1a8fcf-66da-4af6-bf17-87d0626cdc0a&scheme=1

)
o
5]
£
c
o
=
=
o
@
o
e
<
2
=
-
@
2
c
=
&)
©
o
e
o
S
7]
<
x
L
O
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figure 8 morphology of attack
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