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Abstract The corrosion behavior of FeAl-type intermetal-
lic alloy in the Hank’s solution has been investigated after
additions of 1, 3, and 5 at.% Ni with or without thermal
annealing at 400 °C for 144 h. Techniques included
potentiodynamic polarization curves, linear polarization
resistance, and change of the free corrosion potential with
time and electrochemical noise in current. Regardless of the
heat treatment, additions of Ni increased both the free
corrosion potential and the pitting potential values. Addi-
tionally, both the corrosion current and the passive current
densities were reduced with this element. The alloys which
did not suffer from pitting type of corrosion were the heat-
treated FeAL base alloy and the one containing 5Ni. Both
additions of Ni and thermal annealing improved the
adhesion of external protective layer either by avoiding the
formation of voids or by lowering the number of precip-
itates and making them more homogenously distributed.
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Introduction

Iron aluminides have been considered good candidates for
high-temperature service because of their high oxidation
and sulfidation resistance, relatively high strength, and
potentially lower costs than many high-temperature struc-
tural materials [1, 2]. However, the rather low ductility at
room temperature has hindered these aluminides as com-
pared to many other intermetallics [3—6]. FeAl-type
intermetallics are widely used for their high-temperature
oxidation resistance due to their ability to develop an Al,O4
protective layer, which also provides corrosion resistance in
molten salts [7, 8]. However, one of the main drawbacks for
these aluminides is their poor ductility. Salazar et al. [9]
found that by alloying with either Li or Ni results in the
improvement of their ductility as measured in their com-
pressive ductility, and this improvement was increased if
the specimens were annealed at 400 °C for 120 h. Apart
from their high-temperature corrosion resistance, iron
aluminide compounds are receiving a considerable attention
relative to aqueous corrosion properties such as acidic,
basic, chloride, and sulfur compound solutions [10—13].
Among the novel room temperature applications of these
materials can be considered their potential use such as bio-
materials, or in applications in a seawater atmosphere [14—
17]. Garcia-Alonso, for instance, found that the corrosion
rate of FezAl-type intermetallic under three different heat
treatments was within the same order of magnitude than
that for 316L-type stainless steel in a simulated human
body fluid [7], whereas Lopez [8] obtained similar results
with another iron-base alloy. Normally, 316L-type stainless
steel [18] or Ti-base alloys [19, 20] and with less frequency
Ni-base alloys [21, 22] or AL-base alloys [23] have been
used for biomedical applications. Thus, the aim of this
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Table 1 Chemical composition of the used electrolyte

NaCl CaCl, KC1 Glucose NaHCO;

MgC126H20 NazHPO4'2H20 KH2PO4 MgSO47H20

g/l 8 0.14 0.4 1 0.35

1 0.06 0.06 0.06

work is to explore the possible use of FeAl-type interme-
tallic materials with different additions of Ni and different
microstructures as a biomaterial.

Experimental procedure

Intermetallic FesoAlsy alloy was melted in an induction
furnace using silicon carbide crucibles. Pure Ni with 1, 3,
and 5 at.%, respectively, was added to the AlFe interme-
tallic compound. All elements were 99.9% of purity. To
avoid the specimens machining procedure, the ingots were
obtained with ending dimensions according to the ES800b
ASTM standard. Cylindrical specimen dimensions were
0.5-in. diameterx2-in. length in the test section and 2.5 in.
for the final section. The ingots were annealed to minimize
the thermal vacancy effects by heat treating them at 400 °C
for 144 h under an argon atmosphere. As corrosive agent,
the Hank’s solution with a chemical composition given in
Table 1 was used. This solution simulates the physiological
media of the human body. To perform the corrosion tests,
specimens of 5x5x3 mm were machined by an electro-
discharge machine, encapsulated in epoxy resin and then

Fig. 1 SEM micrograph of
a heat-treated FeAl, b FeAl+
INi, ¢ heat-treated FeAl+1Ni,
and d heat-treated FeAl+5Ni
alloys
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polished with diamond paste to a 0.1-um finish. Electro-
chemical experiments were performed using an ACM
Instruments potentiostat controlled by a personal computer.
Potentiodynamic polarization curves were obtained by
varying the applied potential from —500 mV with respect
to the free corrosion potential, E.., up to +600 mV at a rate
of 1 mV/s. Before the experiments, the E ., value was
measured for approximately 30 min, until it was stable. All
the potentials were measured using a Saturated Calomel
Electrode as reference electrode. The counter electrode was
graphite. Corrosion rates were calculated in terms of the
corrosion current, .., by using linear polarization resis-
tance curves, which was done by polarizing the specimen
from +10 to —10 mV, with respect to E o, at a scan rate of
1 mV/s, a standard scanning rate for this kind of experi-
ments, to get the polarization resistance, R,. Using the
Stearn—Geary [22] equation, the /., value was calculated
as follows:

b.b. 1
lcorr = 1
23(by + bo) Ry ()

where b, and b, are the anodic and cathodic slopes obtained
from the polarization curves. The susceptibility to pitting
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corrosion was evaluated by using electrochemical noise
(ECN) readings in current. For the ECN measurements, a
zero resistance ammeter from ACM Instruments was used,
controlled using a desk top computer. Time records
consisted of blocks of 1,024 readings, taken at 1-s intervals,
using two identical electrodes arrangement. After the
experiments, the specimens were cleaned to be observed
in the scanning electronic microscope (SEM).

Results and discussion
Microstructures

Figure 1 shows the effect of Ni contents and heat treatment
on the FeAl-type intermetallic microstructures. As we can
see, the presence of a big amount of precipitates is evident
in most of the specimens. In these type of FeAL-base
alloys, these precipitates have been reported to be Fe;AlC,
inside the grains, and Al,Oj3, present at the grain boundaries
together with the FeAL matrix [9]. The size and distribution
of these precipitates change with the chemical composition
or heat treatment, but in essence, they are the same
particles. An exception is found with the heat-treated alloy
containing 5Ni, where an appreciable reduction in these
precipitates is observed. The presence of these precipitates
affects the corrosion behavior of the material, as micro-
electrochemical cells are established between the precip-
itates and the matrix, acting either as local cathodes or
anodes, or acting as discontinuities in the passive film,
therefore inducing local type of corrosion.

Corrosion tests

Figures 2 and 3 show the effect of Ni contents and heat
treatment on the polarization curves for FeAl-type inter-
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Fig. 3 Effect of Ni content on the polarization curves of annealed
FeAl intermetallic alloys

metallics; Fig. 2 shows that, for FeAl-base alloy, the anodic
current density starts to increase from the free corrosion
potential value, £, up to a value around 5 x 10° mA/cm?,
at a potential value of —625 mV. After this potential, the
anodic current density reaches a more or less constant
value, around 10* mA/cm? of passive region up to a
potential value of —426. After this potential, the breakdown
of the passive layer occurs, as manifested by a sudden
increase in the anodic current density. This breakdown
potential corresponds to the onset of pitting corrosion, and
this potential is called pitting potential, Ep;. For iron
aluminides without heat treatment, both the E, and Ey
values increase with the nickel contents. The passive
current density for iron aluminides decreased with the
nickel contents too. For the heat-treated aluminides, both
the Eqor and Epy values followed a similar tendency than
those for aluminides without heat treatment, although the
difference between these values for samples with 3 and 5Ni
was marginal. The passive region for the heat-treated FeAl
alloy has disappeared this time, so there is not a breakdown
or pitting potential.

Table 2 summarizes the average values of the free
corrosion and the pitting potential values, together with the

Table 2 Fundamental parameters obtained from the polarization
curves for the different FeAl-based intermetallics

Sample E o (mV) Epie (mV) Epit—Ecorr (mV)
FeAl -670 —426 244

FeAl+1INi —414 =76 338

FeAl+3Ni -350 —45 305

FeAl+5Ni =300 -39 261

FeAl HT =503 - -

FeAl+INi HT —467 -2 465

FeAl+3Ni HT -307 =7 300

FeAl+5Ni HT -295 2 297
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size of the passive region as given by the difference
between these two values. We can see that the probability
for pitting to occur as given by the £,; value is decreased
by both the increase in the Ni contents and by heat treating
the specimens. The width of the passive region for unal-
loyed FeAl intermetallic is also increased in the same way.

Measurements of E,, value during 14 days confirmed
these tendencies, as shown in Figs. 4 and 5. Regardless the
heat treatment, the E.,, values for FeAl and FeAl+1Ni
followed a behavior very similar during the 14 days, being
always the value for the alloy without Ni more active. The
E o value for the FeAl+3Ni tended towards more active
values, whereas for the FeAl+5Ni, the opposite was true, i.
e., the E,,; value tended towards more positive values. On
the other hand, for heat-treated aluminides followed a very
similar pattern as the one observed for the samples without
heat treatment, as can be seen in Fig. 5, with the exception
that, in the last 4 days, the E.., value for the FeAl+5Ni
alloy was made more active after reaching the most positive
values.

The change on the /., value with time for the specimens
without and with heat treatment is given in Figs. 6 and 7,
respectively. Figure 6 shows that, for iron aluminides
without heat treatment, the /.., value decreases as the Ni
contents increase, reaching a maximum value with the alloy
containing 5Ni almost ten times higher than the unalloyed
aluminide. A very similar behavior was observed for heat-
treated samples: The I, value decreased as the Ni contents
in the alloy increased, although at the last days of testing,
the corrosion resistance for the alloys containing Ni was
very similar to each other (Fig. 7). This time, the difference
in corrosion rate for unalloyed intermetallic and the one
with 5Ni was ten times too. It can be seen that the
difference in the corrosion rates among the aluminides with
and without heat treatment was marginal.
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Fig. 4 Effect of Ni additions on the variation of E,, with time for
FeAl intermetallic alloys
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Fig. 5 Effect of Ni additions on the variation of E,, with time for
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A more detailed study of the tendency towards pitting type
of localized corrosion was performed by using ECN in
current. The series time for the current is given in Figs. 8 and
9. The FeAl-base alloy showed transients of intensity lower
than 107> mA/cm? with very high frequency, and very few
transients of higher intensity and low frequency, typical of
localized corrosion such as pitting [23]. With the addition of
1 or 5Ni, the intensity and frequency of the transients typical
of pitting type of corrosion increased, meaning that the sites
for film breakdown and possibility for pitting to occur have
increased. With the addition of 3Ni, the number of transients
is similar to the shown by specimens with either 1 or 5Ni,
but the intensity is one order of magnitude lower.

For the annealed FeAL-base alloy, the time series
shows only transients with low intensity, two orders of
magnitude lower than the FeAl-base alloy without heat
treatment, and very high frequency, showing no transients
characteristic of pitting corrosion. Therefore, the tendency
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Fig. 6 Effect of Ni additions on the variation of /.., with time for
FeAl intermetallic alloys
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towards pitting corrosion has disappeared now, just like it
had been shown by the corresponding polarization curve
by this specimen (Fig. 3). With the addition of 1 or 3Ni,
the time series shows now some transients with higher
intensity, two orders of magnitude, and low frequency,
meaning that the susceptibility for pitting corrosion to
occur has increased. When 5Ni is added, however, the
tendency towards pitting type of corrosion decreases, as
the time series is very similar to the one shown by the
FeAl-base alloy, with a few transients of high intensity and
low frequency, typical of pitting corrosion [23].

The above results were confirmed by SEM analysis of
the corroded surface of different specimens as shown in
Fig. 10. This figure shows the surfaces of specimens with 1
and 5Ni, with and without heat treatment. We can see that,
as evidenced by polarization curve in Fig. 2 and the time
series shown in Fig. 8, the FeAl alloy containing 5Ni

Fig. 8 Noise in current for the
different alloys without thermal

showed any evidence of pitting corrosion, unlike the
corresponding specimen with heat treatment, which did
not show any evidence of pits. In the case of specimen with
INi, it is evident that, by heat treating the specimen, the
number of pits is decreased considerably. The pits were
randomly distributed on the specimens surface, and the size
of them was more or less the same on the different
specimens regardless its chemical composition or heat
treatment.

In general terms, it has been shown that the resistance to
uniform corrosion in iron aluminides type FeAl increases
by alloying them with Ni, and this resistance increases with
the increase in the Ni contents. By annealing at 400 °C, the
corrosion resistance of this FeAl intermetallic was not
greatly affected. Normally, additions of Ni have been
reported to increase the corrosion resistance of iron-base
alloys in acidic solution, sea water, and alkaline solutions
[16]. This corrosion resistance has been reported to be due
to the establishment a more stable passive layer. Frangini
and Masci [24] have shown that additions of some ternary
elements to FeAl intermetallics such as Cr or Ti improve
the Al,O5 protectiveness by suppressing spalling of these
scales. Additionally, they showed that, if Ni is added, there
will be some diffusion of Ni outwards rather than diffusion
inwards of Al, thus, preventing the formation of voids on
the surface that could lead to a scale spalling. Normally,
additions of Ni have been reported to increase the corrosion
resistance of iron-base alloys in molten salts [7, 8]. This
corrosion resistance has been reported to be due to the
establishment a more stable passive layer in addition to the
formation of voids as explained above.

As it can be seen in Figs. 2 and 3, by increasing the
nickel contents, the passive current density is decreased
with respect to the passive current exhibited by the
unalloyed FeAl base alloy regardless of the heat treatment.
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Fig. 9 Noise in current for the
different thermal-annealed
alloys
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This beneficial effect of Ni addition is more evident for the
case of annealed specimen, where the passive current
density was decreased by more than four orders of
magnitude. This may be because, by annealing the speci-
mens, the number of thermal vacancies is minimized, and
thus, the number of voids on the surface is lower, and the
anchoring of the passive film to the metal surface is
improved [24].

On the other side, however, as mentioned earlier, with
the presence of precipitates, the establishment of micro-

Fig. 10 SEM micrographs of
the corroded specimens show-
ing in a FeAl+1Ni,

b heat-treated FeAl+1Ni, and

¢ FeAl+5Ni
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electrochemical galvanic cells between the coupling of
FeAl matrix and Fe;AIC or Al,O5 particles, the suscepti-
bility towards pitting type of corrosion is enhanced because
the precipitates can act either active anodes or cathodes.
When they act as cathodes, the surrounding matrix will
corrode, and when they act as active anodes, the precip-
itates themselves will corrode away. If the number of
precipitates is decreased somehow, like in the case of
annealed FeAl+5Ni, the number of active sites which will
act as anodes will be lowered, decreasing the tendency
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towards pitting type of corrosion. By heat treating the
specimens, the precipitates present in the FeAl-base alloy
were drastically lowered. In FeAl intermetallic without heat
treatment, there were elongated Fe; AIC particles inside the
grain boundaries together with Al,Oz particles along the
grain boundaries. When they were heat-treated, the amount
of the precipitates was decreased, and they were spherical
and homogenously distributed. This more homogenous
distribution of particles could serve for a better anchoring
of the protective external Al,O; layer. Similarly, Salazar
et al. [9] showed that, by annealing the specimens, the
formation of thermal vacancies was minimized; thus, with
the presence of less vacancies on the surface, the adhesion or
anchoring of the protective alumina layer is now improved.

Conclusions

The effect of additions of 1, 3, and 5 at.% Ni to the FeAl
intermetallic alloy with and without a thermal-annealing
heat treatment on both uniform and localized corrosion in a
simulated human fluid solution has been investigated.
Results have shown that, irrespective of the heat treatment,
the free corrosion potential and the pitting potential values
increased with additions of Ni. The passive current and
corrosion current density were reduced too with additions
of Ni. The susceptibility towards pitting type of corrosion
was lowered significantly for the heat-treated FeAl-base
and FeAl+5Ni alloys. This was because by adding Ni, the
adhesion of external protective layer was improved by
avoiding the formation of voids on the surface. By
annealing the specimens, on the other hand, decreased the
corrosion rate because it reduced the amount of particles
precipitated and they were more homogenously distributed;
thus, a better anchoring of the external protective layer was
promoted. Thermal annealing helped to reduce the corro-
sion rate by minimizing thermal vacancies and reducing the
number of voids.
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