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Abstract: The corrosion resistance of nanocrystalline Al, Al-10 wt. % Fe and Al-10 wt. % Fe-5
wt. % Cr alloys was investigated in 3.5% NaCl solution using cyclic potentiodynamic polarization
(CPP) and electrochemical impedance spectroscopy (EIS) techniques. The alloys were fabricated
using mechanical alloying (MA) and heat induction sintering. When compared with the corrosion
resistance of pure Al, the experimental results indicated that the addition of 10 wt. % Fe and 10 wt. %
Fe-5 wt. % Cr to pure Al has resulted in an enhancement in the corrosion resistance of these newly
fabricated alloys. The resistance to corrosion is due to enhanced microstructural stability along with
the formation of stable oxide layer.
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1. Introduction

In the last few decades, aluminum (Al) and its alloys have gained importance in the automobile,
aircraft and defense industries due to their attractive properties, such as high strength to weight ratio
and good resistance against corrosion [1,2]. However, the increasing demand for the production of
high strength and low weight alloys for high temperature applications has led to the modification of
traditional manufacturing processes. Additionally, addition of transition metals (TM) in pure Al matrix
could improve the strength of Al alloys at elevated temperatures. The added transition elements, such
as Fe, Cr and Ti, form secondary phases with Al. These newly formed phases provide the required
microstructural stability to the alloy, thereby improving its strength even at elevated temperatures [3].
However, the solubility limit of these transition elements in Al matrix is very limited even with the
modified processing methods.

To increase the solubility of transition elements other method, such as mechanical alloying (MA)
based on solid-state processing, have recently gained importance. In addition to increasing the
solubility limit, the MA process leads to the homogeneous dispersion of intermetallic into the base
matrix thereby enhancing the microstructural stability of the processed alloy [4-7]. MA is a viable
technique that can be effectively used to produce a high quality alloy. The various factors that directly
influence the quality of the processed powders include processing medium, ball to powder weight
ratio, and speed of alloying [6].

The coarse grained Al and its alloys exhibit excellent corrosion resistant properties due to the
formation of an oxide layer [1,2,8-13]. However, when exposed to harsh atmospheric conditions
or in a medium such as chloride solution, Al experiences uniform and pitting corrosion [12-14].
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Due to the nano-size effect, the corrosion resistance exhibited by nanocrystalline materials differs
from the corrosion resistance in coarse grained material. In passive environments, the nanocrystalline
Al alloys exhibited an increase in their corrosion resistance [15]. An earlier investigation on the
corrosion behavior of nanocrystalline Al-20 wt. % Cr has reported an enhancement in the corrosion
resistance of the synthesized alloy when compared to the corrosion resistance of nanocrystalline Al
The observed enhancement in the resistance values was attributed to the nanocrystalline structure,
successful addition of alloying element (Chromium) and the formation of Al-Cr intermetallics [16].
Another investigation on the corrosion resistance of the fabricated nanocrystalline Al-xCr alloy reported
an increase in the corrosion resistance of the alloy when compared to the corrosion resistance of pure
Al[17]. Similarly, an investigation on the influence of cooling rate on the microstructure and corrosion
behavior of Al-Fe alloy has reported an increase in the corrosion resistance of the alloy with cooling
rate. The increase in cooling rate was observed to increase the corrosion resistance of the alloy [18].
Sherif et al. [19] has observed an increase in the corrosion resistance of nanocrystalline Al with the
addition of Cu and Ti. On a contrary, Ghosh et al. [20] observed the formation of pits on the surface
of the nanocrystalline Ni-Cu alloy. The observed pits were found to be shallow and largely coupled,
leading to formation of more uniform corrosion than the coarsed grained material. Liu et al. [21]
concluded that the rate of corrosion is increased by nanocrystallization, if the products of corrosion are
soluble. However, the corrosion products form a passive layer on material surface which decreases the
rate of corrosion, if the corrosion products are insoluble.

In general, the corrosion behavior in nanocrystalline materials depends on various factors such
as concentration of alloying element [8], manufacturing processes [22,23], microstructure [24,25] and
environmental condition [26,27]. Due to the lower solubility limit of transition elements in Al matrix,
very less attention has been given towards the fabrication of the bulk alloy and its characterization for
corrosion resistant properties.

The present study is aimed to investigate the corrosion behavior of the fabricated nanocrystalline
bulk Al, Al-10 wt. % Fe and Al-10 wt. % Fe-5 wt. % Cr alloys in 3.5% NaCl solution using EIS and
CPP techniques.

2. Experimental Procedure

2.1. Production of Ultrafine/Nanocrystalline Al, Al-10 wt. % Fe and Al-10 wt. % Fe-5 wt. % Cr Alloys

The initial powders used include; Al (99.95%), Fe (99.95%) and Cr (99.95%) with an average
particle size of 1, 5 and 4 pm, respectively. Before alloying, pure Al and proportionate mixtures of
Al-10 wt. % Fe and Al-10 wt. % Fe-5 wt. % Cr were degassed at 423 K for 24 h in vacuum. The mixtures
of degassed powders were charged into stainless steel containers of pulverisette-P5 planetary high
energy ball mill. The mechanical milling (Al) and mechanical alloying (Al-10 wt. % Fe and Al-10 wt. %
Fe-5 wt. % Cr) was performed for 150 h under inert (Ar) atmosphere. Stearic acid (1 wt. %) was used
as a process control agent (PCA), to prevent the agglomeration of particles during milling. The milled
powders were later charged into the graphite dies in a glove box. The graphite die was later introduced
into the High Frequency Induction Heat Sintering (HFIHS) machine (ELTek, Seol, Korea) to produce
sintered compacts. The sintering was performed in vacuum while the heating rate and sintering
temperature was set to 823 K/min and 823 K, respectively. The hold time for sintering was set to 6 min
with an applied pressure of 50 MPa. Further details on sample production can be found elsewhere [28].

2.2. X-ray Diffraction (XRD)

The X-ray diffraction of the alloy before and after corrosion was performed using an X-ray
diffractometer (Bruker, Karlsruhe, Germany) with a standard Cu-K« (A = 0.154 nm) radiation. The 20
range was selected from 30° to 70° to capture the most intense peaks of Al. The crystallite size of the
sintered alloy was obtained using the Scherrer equation [29]. The crystallite size was calculated using
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the most intense peak of Al (111). The average crystallite size for pure Al, Al-10 wt. % Fe and Al-10 wt.
% Fe-5 wt. % Cr alloys was found to be 35 nm, 29 nm and 33 nm, respectively.

2.3. Microstructural Characterization of Sintered Alloy

The microstructure of the sintered alloys was characterized using a field-emission scanning
electron microscope (FESEM) with energy dispersive spectrometry (EDS) analyzer, manufactured by
JOEL. The samples for SEM/EDS investigations were finely polished using sand papers of various
sizes ranging from 180 to 4000 grit. The final polishing was performed using an emery cloth and
alumina solution (1 micron) manufactured by Buehler (Braunschweig, Germany).

2.4. Chemicals, Materials, and Electrochemical Cell

The electrochemical experiments on the produced alloys were performed in a 3.5% NaCl solution
prepared from analytical grade reagents and distilled water. The processed nanocrystalline bulk Al,
Al-10 wt. % Fe and Al-10 wt. % Fe-5 wt. % Cr alloys with 10 mm diameter, were used as the working
electrode (WE). The Ag/AgCl and platinum foil was used as a reference electrode (RE) and counter
electrode (CE), respectively. The working electrode for electrochemical measurements was prepared
by soldering a copper wire to one of its face and then cold mounted in resin and left to dry in air for
24 h at room temperature. Before measurements, the other face of the working electrode, which was
not soldered, was first ground successively with metallographic emery paper of increasing fineness up
to 1000 grit and further polished with 5, 1, 0.5, and 0.3 mm alumina slurries. The electrodes were then
cleaned using doubly-distilled water, degreased with acetone, washed using doubly-distilled water
again and finally dried with dry air [28].

2.5. Electrochemical Experiments

The cyclic potentiodynamic polarization (CPP) and Electrochemical Impedance Spectroscopy (EIS)
experiments were performed on an Autolab system (Metrohm Autolab B.V., Utrecht, The Netherlands)
by Metrohm (PGSTAT20). The EIS tests were performed after immersing the nanocrystalline sintered
alloy in the test solution for 1 h at open circuit potential (Eoc) to confirm its stability with time. The EIS
were measured with electrochemical cell at Eoc with applied 5 mV sinusoidal perturbations in the
frequency range of 100 kHz-10 mHz with 10 steps per decade. The CPP was conducted from the Eoc
at the same positions and immediately after the EIS measurements. These tests were conducted by
stepping the potential at a scan rate of 1.67 mV s~ ! in the range of —1200 to 0.00 mV against SCE at
OCP. The potential was then scanned in the reverse direction at the same scan rate in order to complete
the cycle test. All electrochemical experiments were carried out on a fresh surface of the electrode
and a new test solution (in a cell contains 200 mL of the freely aerated stagnant 3.5% NaCl) at room
temperature after 1 h immersion.

3. Results and Discussion

The SEM micrograph of nanocrystalline pure Al, Al-10 wt. % Fe and Al-10 wt. % Fe-5 wt. % Cr
as-sintered alloys along with the corresponding EDX are shown in Figure 1la—c. The SEM micrographs
did not reveal any porosity in the sintered alloys. This implies that the alloys produced in this work
were highly dense which is considered as one of the main advantages of using HFIHS technique.
The EDX on the right side indicated the presence of expected elements in the micrograph. Again, no
irregularity was observed in the EDX of all the alloys used in this investigation.
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Elements Weight%

Al K 100
Elements Weight%
1 2 3
AlK 92,25 | 87.34 | 86.64
FeK 7.11 9.69 9.68
Total 100 100 100
Elements Weight%
1 2
Al K 87.96 | 84.23
CrK 2.61 5.69
Fe K 9.43 10.09
Total 100 100

Figure 1. SEM micrograph and EDX profile analysis obtained on the nanocrystalline Al (a), Al-10%
Fe (b) and Al-10% Fe -5% Cr (c) alloy after sintering.

Figure 2a—c shows the XRD peak profiles for the sintered pure Al, Al-10 wt. % Fe and Al-10
wt. % Fe-5 wt. % Cr alloy. In all the cases, the existence of x-Al could be confirmed with reflections
corresponding to (111), (200) and (220) planes of Al. The presence of Fe in Figure 2b and the presence
of Cr in Figure 2c are not obvious and this could be due to the partial overlapping of their peaks with
Al peaks. However, the elemental composition of the sintered samples (shown in Figure 1) indicated
the presence of Fe and Cr in the microstructure of the sintered alloy. The presence of the alloying
elements appeared to be in the form of secondary phases. The XRD peaks shown in Figure 2, appeared
to be broad indicating the occurrence of grain refinement due to milling. In case of Figure 2b, the
formation of a new phase corresponding to AlgFe was observed. Similarly, the formation of Al¢Fe,
AljsFey and Aly3Cr; secondary phases was observed in Figure 2c. These phases were formed during
the sintering process which was performed at a high temperature (823 K). It is evident from SEM and
XRD results that the presence of these phases or intermetallics in the sintered Al-10 wt. % Fe and
Al-10 wt. % Fe-5 wt. % Cr alloys enhanced the microstructural stability thereby imparting improved
mechanical properties.
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Figure 2. XRD analysis obtained for the nanocrystalline (a) Al, (b) Al-10% Fe and (c) Al-10% Fe-5%Cr

alloy after sintering.

The 26 values for the secondary phases Alj3Fe; shown in Figure 2b were found to be 42.91° and
43.59°. Similarly, the 26 values for the secondary phases AlgFe, Al;3Fes and Alj3Cr, shown in Figure 2¢
were found to be 36.53°, 36.38° and 41.53°, respectively. The 26 values obtained in this investigation
were found in good agreement with the values reported in the earlier investigations [30,31]. Based on
the XRD profiles of the sintered samples, the average crystallite size was determined using the Scherrer
equation [29]. The crystallite size of the samples was determined using the most intense peak of
Al (111). The lowest crystallite size of the sintered samples was found to be 29 + 3 nm for Al-10 wt. %
Fe, while the highest was 35 + 2 nm for pure Al sample.
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Figure 3 shows the SEM mapping of Al-10 wt. % Fe sintered alloy obtained from the processed
powder for 150 h. From the figure, it is revealed that the Fe particles were homogeneously dispersed in
the Al matrix. However, some bigger Fe rich particles were also observed. Similar observation could
be made from the Figure 4, displaying the SEM mapping of Al-10 wt. % Fe-5 wt. % Cr sintered alloy.
It is observed that the Fe and Cr particles were homogeneously dispersed in the Al matrix.

Electron Image 1 Al Ka1

Cr Ka1 Fe Ka1

Figure 3. SEM mapping of the sintered bulk Al-10 wt. % Fe-5 wt. % Cr sample obtained from 150 h
milled powder.

0
Pure Al
0.2 ——— Al-10%Fe
e Al-100
o Al-10%Fe-5%Cr

E(V vs. SCE)

10°

i(nAcm?)

Figure 4. Potentiodynamic polarization curves for pure Al, Al-10% Fe and Al-10% Fe-5% Cr alloy
immersed in 3.5% NaCl after 1 h at room temperature.
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3.1. Electrochemical Measurements

The electrochemical responses of the nanocrystalline Al, Al-10 wt. % Fe and Al-10 wt. % Fe-5 wt.
% Cr sintered alloy, was investigated in an aerated 3.5% NaCl solution for 1 h using the CPP method.
Figure 4 shows the CPP curves that were used to determine the corrosion parameters. The values of
the corrosion potential (Ecorr) , corrosion current density (jeorr) and polarization resistance (Rp) were
calculated from the extrapolation of anodic and cathodic Tafel lines located next to the linearized
current regions. The pitting potential (and the associated current density jp;t) was determined at the
intersection of the extrapolated lines about the passivity breakdown. The protection (or repassivation)
potential corresponds to the potential at which forward and reverse traces cross each other. All these
corrosion parameters obtained from CPP curves are shown in Table 1.

Table 1. Potentiodynamic polarization parameters of pure Al, Al-10% Fe and Al-10% Fe-5%Cr alloy in
3.5% NaCl at room temperature after 1 h immersion time.

Corrosion Parameters

Materials
Ecorr, mV jcorr, uA.- cm 2 Eprotr mV Epitl mV ipit: uA- cm—2 Rp kQ- sz)
Al —1048 14.47 —941 —824 89.3 4.873
Al-10% Fe —842 3.06 —754 —694 10.33 9.356
Al-10% Fe-5%Cr —802 0.796 —706 —633 4.84 19.005

The effect of addition of the alloying elements Fe and Cr on Al is shown in Figure 5, where it can
be seen from the polarization curves that both the binary and ternary alloy showed an active-passive
behavior like pure Al It is also observed that with addition of the alloying elements Fe and Cr, the
anodic current density decreases and cathodic current density increases significantly. This causes the
corrosion potential to become nobler. Additionally, from the Table 1, it can be seen that the values
of Ecorr and Epit shifted towards the positive direction, which decreases the values of anodic and
cathodic currents, joorr. From the polarization diagram the existence of pitting corrosion was also
shown by the appearance of the hysteresis loop between the forward and reverse curves. The area
between the loop is higher for the alloys than for Al that indicates more pitting or localized corrosion.
It can also be seen from Table 1 that the polarization resistance (Rp) of Al alloy is increased due to the
addition of Fe and Cr. The increase in the polarization resistance of the alloy could be attributed to the
presence of Fe and Cr in solid solution with Al after milling, which eventually led to the formation of
intermetallics AlgFe, Al;3Fes and Alj3Cr; during compaction and sintering process (shown in Figure 2).
As mentioned earlier, the presence of intermetallics in the microstructure of the alloy are believed to
increase the corrosion resistance of the alloy [16-18]. In addition, the presence of Al,O3, Fe;O3 and
Cr,03 was observed in XRD peak profiles of corroded sample. It is known that the existence of these
oxides increases the corrosion resistance to the bulk alloy. The chloride ions do not enter into the
oxide film but they are chemisorbed onto the oxide surface and act as a reaction partner, aiding the
oxide to dissolve via the formation of oxy-chloride complexes. The microstructural stability decreases
the dissolution of Al in the alloy and thereby inhibits the formation of AlCly, an aluminum chloride
complex which leads to pitting corrosion [32]. In another study, Frangini [33] reported that the alloying
elements Cr or Ti enhance the Al,O3 protection of NiAl intermetallics by suppressing impassiveness of
these scales. Additionally, the existence of passive layers of iron and aluminum oxides in the fabricated
Al-Fe alloy also aids in corrosion protection. The increase in corrosion resistance (Rp) for Al-10 wt.
% Fe and Al-10 wt. % Fe-5 wt. % Cr alloys is appreciably higher as compared with Ry of Al, which
indicates the addition of Fe and Cr to Al favored the increment of Rp,.

EIS experiments are usually performed to characterize the corrosion behavior of metals and alloys.
In this investigation, EIS experiments were performed on the nanocrystalline alloys to determine the
corrosion parameters. Nyquist plots obtained at the open-circuit potential for the pure Al, Al-10% Fe
and Al-10% Fe-5% Cr alloy after one hour of exposure time are shown on Figure 5. The impedance
parameters from the Nyquist plots were evaluated by comparing the experimental results with
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an equivalent circuit model (ECM) as shown in Figure 6. From this ECM the solution resistance (Rs),
the polarization resistance or charge transfer resistance at the electrode/solution interface (Rp or R),
and the Ry, resistance of the film that is related to the contribution of the corrosion products and C¢
its capacitance, were determined [34]. The value of these parameters obtained is shown in Table 2.
Constant phase elements (CPEs) are substituted for the capacitive elements: CPEy or Cy; represents
the double-layer capacitance and CPE; or C¢ the pseudo-capacitance, to give a more accurate fit. Of the
various corrosion parameters, R is the parameter that defines the corrosion resistance of the alloys.
It is well known that the Rt value is inversely proportional to jeorr. This implies that a higher value of
Rt corresponds to a lower jeorr.

7000

6000 F . Al10%Fe
5000 } Al-10%F e-5%Cr
4000 }

3000 |

-Z" (2 cm?)

2000 F

1000 }
rd . . . .

0 2000 4000 6000 8000 10000

0
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Figure 5. Nyquist plot of pure Al, Al-10% Fe and Al-10% Fe-5% Cr alloy immersed in 3.5% NaCl after
1 h at room temperature.

Table 2. Electrochemical Impedance parameters for pure Al, Al-10% Fe and Al-10% Fe-5% Cr alloy
immersed in 3.5% NaCl after 1 h at room temperature.

EIS Parameters
Materials ’ Q1 2 Q2 2
Rs, Qxem” e IMho cm™?) n Ret (k2 em?) C¢ (uMho cm—?) n R¢ (k@ em®)
Al 3.85 248.4 0.978 1.1 616 0.57 2.8
Al-10% Fe 5.38 180.1 1.00 1.8 523 0.62 6.2
Al-10% Fe- 5% Cr 5.36 48.1 0.999 7.05 363 0.54 17.1

R

WE

o]

Cdi Cr

Figure 6. Equivalent circuit fitting for EIS.

The Nyquist plot shows in Figure 5 consist of one capacitive semicircle followed by a tail. The high
frequency tail could be related with the mass transfer reaction from the alloy into the electrolyte through
the electrochemical double layer, while the low frequency loop could be linked to the formation of
a passive layer, possibly Al,O3, Fe;O3, CrO3, or other corrosion products.



Metals 2016, 6, 140 9of 14

From the Nyquist plot, it is noted that the diameter of the loop/arc that gives the charge-transfer
resistance (Rt) of corrosion reaction increased substantially with the addition of alloying elements.
The results from Table 2 also indicate that the values of both Rt and R; increase with the addition of
alloying elements Fe and Cr. The higher values of R indicate the formation of a stable oxide layer
on the surface of Al-10 wt. % Fe-5 wt. % Cr alloy, that offer a significant increase in the corrosion
resistance of the alloy.

The impedance of constant phase elements (CPE) is defined by the expression: Z¢cpg =1/Y (jw),
where, Y is the CPE constant, w is the angular frequency (in rad s—!), j2 = —1 is the imaginary number
and 7 is the CPE exponent varies from —1 < < 1. It has been reported [35] earlier that depending
on the value of 7, the value of CPEs may be resistance or capacitance or inductance. In the current
study, n values vary from 0.96 to 0.99, so the constant phase elements (CPEy;) indicates double layer
capacitors with some pores, i.e., the passive film formed on Al alloy surface is non homogenous with
little porosities [36]. Alternatively, CPE; represents Warburg impedance (W) due to its # value between
0.51 to 0.61, which agrees the passivity of the surface of Al alloys in 3.5% NaCl and the mass transport
is restricted by the development of surface corrosion products and/or oxide film [37]. It is seen that
in most cases, the value of R is higher than the resistance of double layer R¢t. This implies that the
corrosion protection is caused mainly by the inner barrier layer [38].The EIS measurements obtained
in this investigation are in good agreement with the CPP data indicating that the ternary Al-10 wt. %
Fe-5 wt. % Cr alloy has highest resistance against the corrosion due to formation of passive layer in the
aerated 3.5% NaCl solution.

The Bode plot obtained from the EIS data was examined to observe the changes on the surface of
the sample during EIS experiment. Figure 7 shows the Bode plot of pure Al, Al-10% Fe and Al-10%
Fe-5% Cr alloy. From the Figure 7 the total impedance values of pure Al, Al-10% Fe and Al-10%
Fe-5% Cr alloy obtained after 1 h immersion in NaCl was found to be 5.02 kQ) cm?, 9.4 kQ) cm? and
20.5 kQ) cm?. It is seen from the figure that impedance value of Al-10 wt. % Fe-5 wt. % Cr alloy is the
highest. The high impedance value implies that this alloy has good resistance against NaCl solution.
The increase in impedance values implies that the corrosion resistance of the Al alloy increase with the
addition of Fe and Cr.

100000 90
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—— Al-10%Fe - 80 =
f? —_— - 0, =50, m
g.10000 :\&\-\ Al-10%Fe-5%Cr| qs,;)
g % L 60 E
@ 1000 } x
= L 50 O
< c
3 40
S 100 §
E 30 £
o

10 L 20

L 10

1 \ \ \ \ : 0

0.1 1 10 100 1000 10000 100000

Frequency (Hz)

Figure 7. Bode plot of pure Al, Al-10% Fe and Al-10% Fe-5% Cr alloy immersed in 3.5% NaCl after 1 h
at room temperature.

The Bode-phase diagram shown in Figure 7 indicates the presence of two time constants which
represent a highly capacitive behavior, typical to passive materials.

The capacitive behavior is indicated from medium to low frequencies by phase angles approaching
75°, suggesting that a very stable film is formed on surface of Al-10 wt. % Fe-5 wt. % Cr alloy.
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3.2. Microstructural Characterization

The SEM image of the corroded surface of pure Al shows in Figure 8a described that the surface
of Al is completely corroded, which confirms the aggressive action of the NaCl on Al. From the EDX
analysis the atomic percentage of the identified elements on the corroded surface recorded 76.22% Al,
and 23.78% O. This shows that corrosion products on Al surface were most possibly aluminum oxide,
Al,Os, which protects the surface and hides the pits that caused the increase of current.

The SEM image of Al-10% Fe alloy in Figure 8b shows that the surface developed very thick oxide
film and/or corrosion products layer. The atomic percentages for the elements found by the EDX
profile analysis were Al-70.33%, Fe-5.49%, O-21.61%, C1-2.57%. The EDX analysis before corrosion
gives Al-90.67% and Fe-9.33%. This confirms that the layer formed on the surface of the alloy was
mainly Al,O3. The presence of very low concentration of Fe proves that the surface of the alloy is
completely covered with the oxide film.

The SEM image in Figure 8c of the corroded surface of Al-10% Fe -5% Cr alloy shows that a large
numbers of shallow pits were visible with homogeneous passive layer formed on the surface of the
alloy and its EDX analysis recorded weight percentages of 29.32% O, 60.95% Al, 1.38% Cl, 6.28% Fe
and 2.07% Cr. However, the EDX investigation of Al-10% Fe-5% Cr alloy before corrosion indicated
the presence of 84.59 wt. % Al, 10.31 wt. % Fe and 5.1 wt. % Cr in the alloy. A comparison between
the two cases (before and after corrosion) clearly shows a decrease in Al content in the alloy after
immersion. This decrease could be attributed to the dissolution of Al due to the chloride ions attack.

Additionally, the presence of high percentage of oxygen and low concentration of Fe and Cr in
the alloy after immersion clearly indicate the formation of an oxide layer/or film on its outer surface.

Elements Weight%
(o] 23.78
Al 76.22
Elements Weight%o
0] 2161
Al 7033
Fe 549
Cl 257

Figure 8. Cont.
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Elements Weight%
0] 29.32
Al 60.95
Fe 6.28
Cr 2.07
Cl 1.38

Figure 8. SEM micrograph and EDX profile analysis obtained on the (a) nanocrystalline Al, (b) Al-10%
Fe and (c) Al-10% Fe -5% Cr alloy after its immersion in 3.5% NaCl for 1 h.

In this investigation, the corrosion resistance of the nanocrystalline pure Al was observed to be
lower than the other two alloys experimented. This could be due to the large surface area and the
presence of many active centers in nanocrystalline pure Al. The improved corrosion resistance of
Al-10% Fe and Al-10% Fe-5% Cr alloys can be attributed to the combined influence of high energy ball
milling (HEBM) and alloying addition such as Fe and Cr. HEBM produced extended solid solubility
(of Fe and Cr in Al), and a nanocrystalline structure, which is known to influence passivation abilities
and pitting resistance in other metal alloy systems [39]. The incorporation of Cr in solid solution
improves the corrosion resistance by stabilizing the passive film, increasing repassivation kinetics, and
decreasing the difference between the electrochemical characteristics of matrix and intermetallics [40].

Thus, the SEM/EDX study established that the presence of 10% Fe, passivates Al to a great extent
by reducing both uniform and pitting corrosion and that effect was enhanced by adding 5% Cr as
an alloying element to the Al-10% Fe alloy.

Figure 9a—c shows the XRD peak profiles for the sintered pure Al, Al-10 wt. % Fe and Al-10 wt. %
Fe-5 wt. % Cr sintered alloy after immersion in 3.5% NaCl solution. The XRD profiles clearly indicate
the presence of oxide layer/films on the surface of all the alloys investigated in this study. The results
from the XRD are in accordance with the SEM/EDX analysis which also showed the presence of
oxygen (oxide) in all the alloys after immersion. This oxide film passivates the surface, which increases
the corrosion resistance of Al alloy.
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Figure 9. Cont.
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Figure 9. XRD analysis obtained on the nanocrystalline Al (a), Al-10% Fe (b) and Al-10% Fe -5% Cr (c)

alloy after corrosion.

4. Conclusions

Nanocrystalline pure Al, Al-10% Fe and Al-10% Fe-5% Cr bulk alloy was fabricated by mechanical
alloying (MA) technique and high frequency induction heat sintering (HFIHS). Corrosion resistance
was evaluated in 3.5% NaCl solution using CPP and EIS techniques. Microstructure of sintered and
corroded alloys was performed using SEM equipped with EDX. The XRD results showed that the
crystallite size (of the order of nm) is nearly same for all The experimental results indicated that the
fabricated alloys showed excellent resistance to corrosion due to enhanced microstructural stability
along with the formation of stable oxide layer. The CPP results showed that the addition of 10 wt. %
Fe to nanocrystalline pure Al had resulted in an increase in the corrosion resistance. Further, addition
of 5 wt. % Cr to the Al-10 wt. % Fe alloy has also resulted in an increase in corrosion resistance, when
compared to the corrosion resistance of nanocrystalline pure Al.
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