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high temperature [13-15]. When such hydrogenated specimens are compressed at high temperature,
hydrogen can improve the plastic deformability, which is mainly due to hydrogen-induced dislocation
movement, hydrogen-promoted dynamic recrystallization and twinning, and hydrogen-increased 3
phase content.
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Figure 8. SEM images of the unhydrogenated (a—f) and hydrogenated (g-1) alloys deformed at (a,d,g,j)
1150 °C/0.0004 571, (b,e,h k) 1150 °C/0.001 571, and (¢,£,i,1) 1150 °C/0.0025 571

In order to study the mechanism of crack generation and propagation in hydrogen-containing
alloys, we observed the cracks generated by the alloy under different deformation conditions and
found that the internal crack propagation mechanism of the alloy was similar under this test condition.
Therefore, crack generation and propagation under the deformation condition of 1150 °C/0.001 s
was chosen as the main research object. Figure 9 shows the cracking modes of the hydrogenated
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alloy deformed at 1150 °C/0.001 s™!. The cracks mainly occurred in the internal lamellar colonies or
at the boundary of the lamellar colonies. Among them, the internal cracks in the lamellar colonies
were mainly generated at the «/y lamellar boundary, which could be divided into inter-lamellar and
trans-lamellar cracks, according to the different propagation techniques of cracks. These two kinds of
cracks were mostly wedge cracks, which were mainly generated at the oy/y lamellar boundary and
were caused by the deformation disharmony between the «; and y lamellae. After crack nucleation
was completed along the flat «y/y lamellar boundary, the crack continued to propagate along the a/y
lamellar boundary until reaching the lamellar colony boundaries, as shown in Figure 9a. Trans-lamellar
cracks nucleated in the crooked «y/y lamellar boundary, and the crooked x,/y phase boundary retarded
the propagation of cracks to some extent. These types of cracks were usually accompanied by bridging
structures, as shown in Figure 9b. The cracks along the lamellar colony boundary were mainly
generated in the ay/y lamellar colony boundary or the y/y lamellar colony boundary. Such cracks in
the hydrogenated alloy were more than that in the unhydrogenated alloy. The accumulation of solid
dissolved hydrogen and precipitated hydride at the grain boundary caused the stress concentration
at the grain boundary, reduced the binding force at the boundary, and weakened lamellar colony
boundaries, thus leading to more along-lamellar colony boundary cracks [32], as shown in Figure 9c.
The propagation of such cracks was different from that of the inter-lamellar cracks. The along-lamellar
colony boundary cracks formed a cavity after completing nucleation. Due to the occurrence of
deformation in the alloy, crystal defects such as vacancies continuously increased, and in order to
reduce the surface energy, these vacancies gathered along a certain direction under external stress,
which made the cavity gradually grow and form a series of “cavity beads” along the lamellar colony
boundaries. The cavities mutually combined to complete the crack propagation. The crack shown
in Figure 9d is a combination of the above three types of cracks. Figure 10 is a schematic diagram
of inter-lamellar, trans-lamellar, and along-lamellar colony boundary cracking propagation of the
hydrogenated alloy.

100pm

i

oo |

Figure 9. Cracking modes of the hydrogenated alloy deformed at 1150 °C/0.001 s~': (a) inter-lamellar
crack, (b) trans-lamellar crack, (c) along-lamellar colony boundary crack, and (d) mixed mode crack.

115



Coatings 2020, 10, 52

-y lamellae
- 0> lamellae
- Crack/Microvoid

Figure 10. Schematic diagram of inter-lamellar (a), trans-lamellar (b), and along-lamellar colony
boundary (c) cracking propagation of the hydrogenated alloy.

4. Conclusions

Through hydrogen treatment, the phase content of the o and B2 phases in the hydrogenated
alloy increased when compared with that of the unhydrogenated alloy. In the hydrogenated alloy,
hydride (TiAl)H, was observed, which led to cracks.

Compared with the unhydrogenated alloy, the flow stress of the hydrogen alloy was significantly
reduced (i.e., hydrogen-induced softening). Hydrogen-induced softening was enhanced with
a decrease in the strain rate. Deformed at 1150 °C/0.0004 s~!, the peak stress was decreased
by (16.28 + 0.17)% due to hydrogen addition. The elongation of the hydrogenated alloys was
decreased by (26.05 + 0.45)% (0.0004 s~ 1), (23.49 + 0.38)% (0.001 s71), and (14.23 £ 0.19)% (0.0025 s~ 1),
indicating that the addition of 0.8 at.% H reduced the high-temperature plasticity of Ti-45A1-9Nb
alloy. In addition, the deformation activation energy of the hydrogenated alloy was lower than
that of the unhydrogenated alloy.

Under the same deformation condition, the deformation extent of the hydrogenated alloy was
less than that of the unhydrogenated alloy. Accordingly, more residual lamellae and the lower
extent of recrystallization were observed in the hydrogenated alloy. In addition, there were three
types of cracks in the hydrogenated alloy (i.e., inter-lamellar, trans-lamellar, and along-lamellar
colony boundary cracks). Furthermore, more along-lamellar colony boundary cracks occurred in
the hydrogenated alloy.
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Abstract: Al-x wt.% Fe bulk alloys were fabricated from a powder mixture of pure Al and x wt.%
of Fe, where x = 2 wt.%, 5 wt.% and 10 wt.%. Initially, as-mixed mixtures were processed using a
mechanical-alloying (MA) technique in an attritor for 4 h. The milling was performed in an argon
atmosphere at room temperature followed by the sintering of the milled powders in a high-frequency
induction furnace to produce bulk samples. Scanning electron microscopy (SEM) was used to study
the morphology of the produced alloys, and X-ray diffraction (XRD) to determine the phases formed
after the sintering process and their crystallite size. The corrosion behavior of the fabricated samples
was studied by immerging them in a 3.5% sodium chloride (NaCl) solution at room temperature
using cyclic-polarization (CP) and electrochemical-impedance-spectroscopy (EIS) techniques. The SEM
results showed that Fe was uniformly distributed in the Al matrix, and XRD revealed the formation of
Al and intermetallic, i.e., AlgFe and Alj3Fe4, phases in the Al-Fe alloys after sintering. The hardness of
the Al-Fe alloys was increased with the addition of Fe due to the formation of intermetallic compounds.
Electrochemical results showed that there was a proportional relationship between the percentage of
Fe additives and corrosion potential (E,r) where it shifted toward a nobler direction, while corrosion
current density (icorr) and corrosion rate decreased with an increasing Fe%. This observation indicates
that the addition of Fe into an Al matrix leads to an improvement in the corrosion resistance of the alloys.

Keywords: mechanical alloying; nanocrystalline alloys; corrosion; polarization; EIS

1. Introduction

The mechanical-alloying (MA) technique is used to fabricate bulk metallic alloys from elemental
powders that demonstrate better physical and mechanical properties when compared with similar
alloys produced using a conventional manufacturing process [1-3]. MA can be defined as a solid-state
powder-processing technique. It includes the fabrication of bulk metallic alloys from powder-mixture
processes, such as consolidation and sintering, in order to produce a homogeneous structure. It has

Coatings 2019, 9, 686; d0i:10.3390/coatings9100686 119 www.mdpi.com/journal/coatings
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been reported in the literature that the MA technique leads to the production of stable microstructures
in terms of the uniform dispersion of oxides, and produces alloys with fine-grain structures [4]. In the
MA process, a high-energy ball mill is usually used due to its simplicity and effectiveness to attain a
fine grain size and homogeneous dispersion of the elemental powders in the mixture [5]. However, the
process variables in MA are time, types of milling, environment or atmosphere, and ball-to-powder
weight ratio. These process variables were reported to have an effect on the powder properties and the
structure of the processed powders [6].

Aluminum and its alloys have recently been used in the automotive industry, aerospace and
military fields owing to good mechanical properties such as improved strength, hardness, and a
high-specificity elastic modulus [7,8]. The addition of 5 wt.% Fe in an Al matrix could lead to
improvement in the mechanical properties of the alloys owing to grain refinement and the formation of
intermetallic compounds such as AlgFe andAlj3Fey [9]. It was reported that transition metals are not
freely miscible in Al, for example, the solubility of Fe in Al can reach the maximum level of 0.03%, which
delays the age-hardening process [10,11]. Nonequilibrium processes, such as mechanical-alloying and
rapid-solidification techniques, are used to increase the solubility of Fe in an «-Al matrix [12-16]. Alloys
with a higher amount of Fe and improved microstructures show a better physical and mechanical
properties compared to an alloy of Al with less Fe content [17-20].

The addition of Fe in an Al matrix through the MA process leads to the production of nanocrystalline
and amorphous Al-Fe alloys due to the formation of a supersaturated solution [21,22]. Niuetal. produced
Al-Fe alloys with MA processing where they reported that by adding 5 wt.% to 12 wt.% Fe can produce
excellent tensile strength and stiffness at room and elevated temperatures due to the strengthening of Al
by intermetallics as well as to the stabilization of the structure [23]. However, there is limitation to the
Fe content that can be dissolved in an Al matrix using the MA process. Nayak et al. reported that, once
the amount of Fe content increased by more than 10 wt.% Fe, the alloys suffered from the formation of
nonequilibrium intermetallic AlsFe;, which hinders the formation of a supersaturated solution [24].
Once the amount of Fe was increased more than 10 wt.%, the dissolution of Fe decreased and ultimate
tensile strength decreased [23]. Thus, it was suggested from the above literature that more than 10 wt.%
Fe cannot be used to obtain a supersaturated solution of Al-Fe alloys for application.

Al and their alloys are known to exhibit good corrosion resistance due to the development of an
oxide layer on the surface [1,2,8-13,25-30]. However, coarse-grained Al exhibits uniform and pitting
corrosion when immersed in acidic or harsh atmospheric conditions [12-14,27,30]. The corrosion
resistance of nanocrystalline materials differs from their coarse-grain counterpart due to their smaller
crystallite sizes. Additionally, it is known that nanocrystalline materials increase corrosion resistance
in passivating environments [31]. A similar study on the nanocrystalline Al-Cr alloy suggested that the
Al-Cr alloy showed improvement in its corrosion resistance when compared with the values obtained
from pure aluminum [32]. Another study on the addition of nanocrystalline Cu and Ti elements into
Al showed improved corrosion resistance [33]. However, the corrosion resistance of nanocrystalline
and coarse-grained Al was affected, as it was reported that the formation of pits on the alloy surface
resulted in higher corrosion than the values obtained from the coarse-grained material. This could be
due to the presence of less grain-boundary volume in coarse-grained materials than nanocrystalline
materials [34,35]. Based on several earlier investigations, it was observed that the corrosion behavior of
nanocrystalline materials is dependent on several factors, such as alloying element [25], manufacturing
process [36,37], microstructure type [38,39] and environmental conditions [40,41].

From the above literature, it was found that there is a lack of information on the effect of Fe addition
inan Al matrix using a mechanical-alloying and sintering process in terms of morphological and corrosion
characteristics. In the present study, we fabricated Al and Al-Fe alloys with the incorporation of 2 wt.%,
5 wt.%, and 10 wt.% Fe using an MA technique followed by the sintering process. The morphological and
corrosion characteristics of fabricated alloys were carried out by immerging them in a 3.5% NaCl solution
for 1 h via cyclic-polarization (CP) and electrochemical-impedance-spectroscopy (EIS) techniques.
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2. Materials and Methods

2.1. Fabrication of Pure Al and Al-Fe Alloys

Raw powders of Al (99.95% purity) and Fe (99.95% purity) were used to fabricate the alloys.
The average particle size of Al was 5 um, while the Fe (initial size = 45 um) was premilled to achieve
an average particle size of 13 um. Before milling, pure Al and a proportionate mixture of premilled Fe
(2 wt.%, 5 wt.%, and 10 wt.%) were degassed at 453 K for 24 h under vacuum. The mechanical alloying
was carried out in an attritor (Figure 1) with a 5 mm stainless steel ball. The ball-to-powder weight ratio
was 30:1 along with 1% of stearic acid powder (process-control agent). The balls and degassed-powder
mixtures with the stearic acid were charged into the steel canister (container) of the attritor at 100 rpm,
and the speed of the attritor was gradually increased to 250 rpm. Mechanical alloying (Al-2 wt.%,
Al-5 wt.%, and Al-10 wt.% Fe) was performed in an inert atmosphere for 4 h. In order to maintain a
constant temperature inside the attritor canister (container), we gave a 15 min pause for every 30 min
of milling that was followed by a continuous supply of cold water in the outer chamber of the canister.

Finally, bulk samples were obtained by the consolidation and sintering of the milled powders.
The milled powders were transferred into a graphite die in a vacuum glove box and pressed using a
hydraulic jack to produce a green body. After pressing for 15 min, the graphite die was transferred to a
high-frequency induction-sintering (HFIS, ELTek, Seoul, Korea) machine. The machine chamber was
set to vacuum, the powder was further pressed in the HFIS machine to 100 MPa, and the sintering
temperature was set to 823 K. The pressing was continued for 6 min at 823 K. After 6 min of loading,
the graphite die was allowed to cool in the HFIS chamber. Later, the sample was removed from the die
to obtain the bulk alloys.

Figure 1. Attritor.

2.2. Characterization Using X-ray Diffraction (XRD)

XRD (Bruker, Hamburg, Germany) analysis of the fabricated alloys and corrosion products was
performed using Cu-Ka (A = 0.154 nm) radiation. For the XRD peak profile, the data were captured
within 20 = 20°-90°. Peak-profile data were used to determine the crystallite size and microstrain of
the sintered bulk samples using the Williamson-Hall method [42,43].

121



Coatings 2019, 9, 686

2.3. Microstructure Characterization of Sintered Alloys

Microstructural characterization of the polished-sintered-alloy surface (pure Al, Al-2 wt.%,
Al-5 wt.%, and Al-10 wt.% Fe) and the corroded samples was carried out using a field emission
scanning electron microscope (FESEM, JOEL, Tokyo, Japan). Elemental analysis of the alloys was
obtained using an energy-dispersive spectrometry (EDS) analyzer attached to the FESEM device.
Grain-size analysis of the alloys was carried out with Image] software (version 1.52n).

2.4. Hardness Measurement

To evaluate the Vickers hardness of the fabricated materials, a WOLPERT UH930 Universal
Hardness Testing Machine (Lieca VMHT Auto, Tokyo, Japan) was employed. The load was 10 kgf and
dwell time was 10 s. Hardness measurement was repeated for 5 readings, and the average was taken
to represent the hardness value.

2.5. Electrochemical Cell

Electrochemical experiments were performed using three electrode systems consisting of a
platinum foil as the counter electrode (CE), Ag/AgCl as the reference electrode (RE), and the fabricated
sintered alloys were selected as the working electrode (WE). A solution of 3.5% NaCl (analytical-grade
reagents) was prepared in distilled water for the electrochemical experiments. WE preparation and
mounting was performed using a standard procedure and can be found elsewhere [44]. WE was
fabricated by making a 0.5 mm hole in depth, and the same diameter was drilled into one surface.
A copper wire of the same diameter was placed and soldered. This assembly was mounted in an
epoxy resin and kept for 24 h to cure at room temperature. After drying, the sample was polished with
1200 pm emery paper, then alumina (0.5 um particle size) slurry to obtain a smooth surface using an
automatic polishing machine (Buehler MetaServ 250, Shanghai, China).

2.6. Electrochemical Experiments

Electrochemical experiments of pure Al, Al-2 wt.%, Al-5 wt.%, and Al-10 wt.% Fe alloys were
performed with an Autolab system (PGSTAT20, Metrohm, Barendrecht, The Netherlands) by immerging
them in 3.5% NaCl solution. For every new experiment, a new polished surface was prepared for each
electrode, and fresh 3.5% NaCl solution was used. The CP experiment was performed by changing
the potential from —1200 to +0.00 mV at a scan rate of 1 mV/s, alongside the RE from open-circuit
potential (OCP). EIS was measured within a frequency variation from 0.0001 to 100 kHz with 10 steps
per decade by applying 5 mV sinusoidal perturbation at the OCP.

3. Results and Discussion

The SEM micrographs with the corresponding EDS analysis (arrow mark in respective figures) of
pure Al and Al-10 wt.% Fe alloys after the sintering process are shown in Figure 2a,b, respectively.
No porosity is shown in the SEM micrographs of pure Al (Figure 2a) or the Al-10 wt.% Fe alloys
(Figure 2b), which indicates the perfect fabrication process with HFIS, as confirmed by the high
relative-density values (>98%) of the sintered samples. Pure Al showed 100% Al in the EDS result
(Figure 2a) which confirm that there no oxidation occurred during the HFIS process. Due to mixing
10 wt.% Fe in the alloy, dispersion of fine Fe particles in Al matrix was shown with uniform intermetallic
distribution [23], as shown in Figure 2b. From this figure, it can be observed that the Fe was completely
mixed and uniformly distributed in the Al matrix; thus, there was no segregation found [45]. On the
basis of the Al-10 wt.% Fe alloy microstructure, it is possible to say that it formed a homogeneous and
uniform mixture without porosity, which may improve the microstructural stability of fabricated alloys.

On the basis of EDS analysis (respective particle analysis shown by arrow marks in Figure 2b), the
white contrast contained 64 wt.% Al and 34 wt.% Fe, and their probable stoichiometric formula would
be very close to Alj3Fes. The gray contrast contained 73.27 wt.% Al and 26.73 wt.% Fe, and its probable
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stoichiometric formula would be close to AlgFe. On the other hand, the black contrast was almost Al,
where it contained 99.30% Al, which was the x-Al reported by Sasaki et al. [9]. This result suggests
that Fe was completely mixed into the Al matrix after the attrition and sintering process. Overall
EDS analysis showed 90 wt.% Al and 10 wt.% Fe, which is a parent material composition (90 wt.%
Al and 10 wt.% Fe). Phase verification by XRD analysis is described in the subsequent paragraph to
corroborate the EDS results. The grain size of Al, Alj3Fes, and AlgFe was found to be around 430 + 27,
490 + 15, and 604 + 32 nm, respectively, in the Al-10 wt.% Fe alloys.
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Figure 2. Scanning-electron-microscopy (SEM) micrograph and corresponding energy-dispersive-
spectrometry (EDS) pattern of (a) pure Al and (b) Al-10 wt.% Fe alloys after sintering process.

The X-ray diffraction patterns for the pure Al and Al-10 wt.% Fe alloys are shown in Figure 3.
For the pure Al sample, the observed diffraction peaks corresponded to (111), (200), (220), and
(222) planes of «-Al (JCPS = 85-1327). Peak broadening (after milling and sintering) along with
a peak-intensity (height) decrease was observed in the Al-10 wt.% Fe alloys. This might be due
to enhanced crystal-size refinement, it being amorphous, and the formation of new intermetallic
compounds during MA process with addition of Fe [24]. In Al-10 wt.% Fe alloy-diffraction peaks,
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AlgFe (JCPS = 47-1433) and Aly3Fey (JCPS = 29-0042), along with the main o-Al peaks, were identified
as intermetallic compounds. The formation of intermetallic compounds corroborates the EDS analysis
results. These new intermetallic compounds were obtained because, during the milling process, the
added Fe was completely mixed with Al and formed a uniform mixture of Al-Fe alloys. During
the sintering process, Fe from the mixture was expelled as part of the new intermetallic compounds
due to high temperature and pressure. The formation of these new AlgFe and Alj3Fe, intermetallic
compounds occurred during the sintering process at the relatively high temperature of 823 K. Moreover,
the presence of AlgFe and Aly3Fey intermetallic compounds in the fabricated alloys enhanced the
mechanical properties and improved the microstructural stability of the sintered alloys.
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Figure 3. X-ray diffraction (XRD) pattern for pure Al and Al-10 wt.% Fe after sintering.

Based on the X-ray diffraction pattern shown in Figure 3, crystallite size and microstrain were
calculated from peak width using the linear Williamson-Hall method [42]. Average crystallite size,
microstrain, and error were determined for all Al peaks [43]. Table 1 shows crystallite sizes for all alloys
used in this investigation. The crystallite sizes of the Al phase in pure Al, Al-2 wt.% Fe, Al-5 wt.%
Fe, and Al-10 wt.% Fe were found to be 53.67 + 1.78, 39.16 + 4.23, 39.13 + 2.70, and 37.33 = 3.56 nm,
respectively (Table 1). It was observed that the crystallite size of the Al phase was decreased and the
microstrain gradually increased as Fe content was increased in the Al-Fe alloys. In the case of the
addition of Fe of more than 10 wt.% to the Al matrix, the microstrain was increased and resulted in the
formation of a brittle surface due to the extreme refinement of the crystallite [24]. Thus, this study did
not allow Fe content to increase by more than 10 wt.% Fe. This observation may also be explained on
the basis of intermetallic-compound formation that hinders grain growth during the sintering process,
thereby leading to a uniform and stable microstructure in the fabricated alloys.

Table 1. Alloy crystallite size and microstrain.

Materials Crystallite Size (Error), nm Microstrain (Error), %
Pure Al 53.67 +1.78 0.17 + 0.05
Al-2 wt.% Fe 39.16 + 4.23 0.22 + 0.03
Al-5 wt.% Fe 39.13+2.70 0.23 + 0.04
Al-10 wt.% Fe 37.33 + 3.56 0.24 +0.04
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The volume fraction (Vy) of Al and the intermetallic compounds present in Al and Al-10 wt.% Fe
alloys was calculated based on the integrated-surface-area method [46-49]:

Al

Vian = (1)
FAD = A+ AplsFe, T Aalgre
AplpsEe
V — 13564 2
fAhaFes) = 4 AplsFe, + AdlgFe @
Aplgre
Vs(algFe) . 3)

T Ap+ Asiggre, + Asigre

where Vf(Al)/ Vf(A’lsF€4)’ and Vf(A’gFL’) were volume fractions, and Ay, AAI13F£’4/ and AAlgFe were the total
integrated surface area of Al, Alj3Fey, and AgFe, respectively. Based on the above calculation, Vi) in
pure Al was found to be 100% due to the presence of only one phase, while in Al-10 wt.% Fe alloys,
Vran, ViansFey, and Vel re) showed 81.78%, 2.32%, and 15.90%, respectively.

Figure 4 shows the compressive stress—strain response of all fabricated alloys. The experiment
was performed at a strain rate of 0.0001/sec at room temperature. From the results, it was evident
that the strength of the alloys was increased with an increase in the amount of alloying element (Fe).
However, elongation to failure was decreased. This result was expected because, as the strength of an
alloy increases, then its elongation to failure decreases.
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Figure 4. Compressive stress—strain response of Al-Fe fabricated alloys.

Alloy hardness with error is shown in Figure 5. As the amount of Fe increased, the hardness of
the Al-Fe alloys also significantly increased owing to the formation of nanocrystalline Al-Fe alloys
with crystallite/grain refinement [50]. The hardness of Al, Al-2 wt.% Fe, Al-5 wt.% Fe, and Al-10 wt.%
Fe was found to be 44.87, 97.55, 110.75, and 135.03 HV, respectively. Once the 10 wt.% Fe was added
in Al, hardness was increased by more than 200%. This phenomenon occurred due to the influence
of grain-size refinement, where crystallite size is decreased after the addition of Fe in Al [51]. It is
well known that the hardness of intermetallic compounds, especially AlgFe, is greater than that of
pure metals or alloys [52,53]. Alloy hardness can be correlated with intermetallic volume fraction
calculated with XRD, where Al-10 wt.% Fe alloys contain 2.32% Al 3Fe4 and 15.90% AlgFe, which play
an important role in hardness enhancement.
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Figure 5. Hardness of Al and Al-Fe fabricated alloys.

To confirm the uniform dispersion of Fe particles in the Al matrix, EDS elemental mapping was
performed using FESEM on the surface of the Al-10 wt.% Fe sintered sample, as shown in Figure 6.
EDS mapping of the Al-10 wt.% Fe alloys (Figure 6a) clearly indicated homogeneous dispersion in gray
and black contrast due to the presence of Al and Fe/intermetallic compounds [54]. The black contrast
represents Al distribution, since it was represented in the SEM image (Figure 2b), while the gray contrast
surrounded the Al matrix by the formation of Fe/intermetallic compounds [9]. The bright-yellow
contrast in Figure 6b represents Al, and the dark contrast indicates Fe/intermetallic presence. Similarly,
in Figure 6c, it can be seen that the blue contrast represents the presence of Fe particles, while the black
and white particles show intermetallic presence. From EDS mapping, it was clear that Fe particles
were homogeneously distributed in the Al matrix of Al-10 wt.% Fe alloys.

6um ' Electron Image 1 BHrm T Al Kal

GBum "Fe ka1t

Figure 6. (a) EDS mapping of Al-10 wt.% Fe sintered sample, (b) elemental mapping showing location
and presence of Al, and (c) elemental mapping showing location and presence of Fe.
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3.1. Electrochemical Measurements

CP was used to examine the corrosion resistance of Al and Al-Fe sintered alloys by immerging
them in 3.5% NaCl solution for one hour. The CP results of the fabricated alloys are shown in Figure 7.
Electrochemical parameters such as corrosion current density (ico;s), corrosion potential (Ecorr), pitting
potential (E,;;), pitting current (i), and polarization resistance (R,) were extracted after fitting the
polarization curves in Tafel’s regions; results are shown in Table 2. All samples showed positive
(clockwise) loop formation during the back scanning, which revealed alloy deterioration.
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Figure 7. Cyclic-polarization (CP) curves for pure Al and Al-Fe alloys after one hour immersion in
3.5% NaCl solution.

Table 2. Electrochemical parameters obtained after fitting CP graphs in Tafel regions for pure Al and
Al-Fe alloys after one hour immersion in 3.5% NaCl solution.

Electrochemical Parameters

Materials Ecopr (mV) icorr Epy¢ (mV) vs ipit R, (kQrem? Corrosion Rate
vs Ag/AgCl (uA-cm~2) Ag/AgCl (nA-cm~2) p (kfh-em?) (um/year)
Pure Al —-1047 14.48 -824 89.3 4.873 157.83
Al-2 wt.% Fe -940 1.35 -714 8.43 21.58 14.77
Al-5 wt.% Fe -884 1.27 —698 4.64 38.23 14.38
Al-10 wt.% Fe 752 1.05 -569 4.48 53.05 11.63

The CP curve showed the active-passive behavior of the pure Al as well as the binary Al-Fe alloys.
It was observed that the addition of Fe resulted in an increase in cathodic current density owing to the
presence of greater intermetallic compounds that worked as cathode sites where hydrogen-evolution
reaction occurred [55,56]. Moreover, cathodic current density was increased once Fe content was
increased in the Al-Fe alloys. Pure Al showed a sudden increment in current density after E.o;, which
showed pitting, whereas, once the Fe was added in the Al-Fe alloys, it formed a passive film after Eco;.
The formation of a passive film in the Al-Fe alloys at lower current density revealed protection against
corrosion in the NaCl solution. Passivation was observed once Fe was incorporated in the Al-Fe alloys
during anodic scanning at a different current density due to the formation of intermetallic compounds
in alloys such as All3Fey and Al (Fe), which is correlated with the results of Flores-Chan et al., where
they found that Al-Fe (20 wt.%) alloys facilitate forming a passive film [57]. It was observed by other
researchers that the corrosion protection of Al-Fe alloys is due to the formation of stable passive films
(ferrous and aluminum hydroxide/aluminum ions) exposed to NaCl solution owing to the preferential
dissolution of FeAls [54,58].
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The corrosion rate of Al and Al-Fe alloys was calculated using the following equation [59]:

3.27 X igorr X EZW.
y 4)

Corrosion rate (um/year) =

The corrosion rate in Equation (4) is expressed in pum/year, while iy, is in units of pA-cm™2.
The value of icy was obtained by dividing the total surface area of the working electrode in the
corrosion current. E.W. represents the equivalent weight (g/mole), and d is the density (g/cm?) of
the alloys.

The potential, such as E¢or and Epit values, shifted toward a more positive direction once Fe was
added in the Al-Fe alloys, which shows it to be nobler in nature (Table 2). It was also reported that
anodic currents, iqor and ipit values decreased and R, values increased with the increase of the amount
of Fe in an Al alloy. The positive influence of Fe addition in regards to the corrosion resistance of Al-Fe
alloys is due to the presence of intermetallic compounds. The increase in R, value and decrease in icorr
of the fabricated alloys could be accredited to three facts: first, the presence of secondary intermetallic
phases, i.e., AlgFe and Alj3Fey, in the alloy, as observed in the XRD of the sintered sample. Second,
the formation of a homogeneous mixture due to alloying is known to improve the microstructural
stability of an alloy and improve its corrosion resistance. Third, the increase in R, value might also
be due to the formation of passive layers of Al;O3 and Fe;O3 on the alloy surface of the exposed
samples [60]. Additionally, Al dissociation decreased structural stability; thus, it impeded complex
aluminum chloride formation, which initiates pitting corrosion [61].

The corrosion characteristics of pure Al and Al-Fe alloys were studied using the EIS technique to
determine their kinetics and mechanism. The corrosion behavior of pure Al and Al-Fe alloy samples
was examined in a 3.5% NaCl solution at room temperature after one hour of exposure. The Nyquist
plots obtained at OCP are shown in Figure 8.
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Figure 8. Nyquist plot for pure Al and Al-Fe alloys after one hour of immersion in 3.5% NaCl solution.

Two types of semicircle loops are shown in the Nyquist plot (Figure 8), a half semicircle loop in
a low-frequency range and a capacitive loop at a high-frequency range, which could be due to the
charge-transfer reaction (corrosion-product activity as a passive layer) between electrolyte and alloy
interface via the electrochemical twin layer. However, the low-frequency loop could be related to the
corrosion characteristics of alloys.

The suitable equivalent circuit model (ECM) is shown in Figure 9 to fit EIS plots and extract the
kinetics parameters. This ECM contained two circuits, where the first circuit contained charge transfer
resistance (R) at the electrode/solution interface and the double-layer capacitance (Cy), which were
parallel with each other. Another circuit contained the layer resistance that was inter-related with
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the resistance of the corrosion film (Ry) and the capacitance of the film (Cy), which were parallel with
each other. Rit with Ry and Cy with Cy were connected in series with each other. The first circuit
represented the corrosion characteristics of the alloys, whereas the second was for film formation
at the alloy/solution interface. From the ECM (Figure 8), calculation of electrochemical impedance
parameters such as solution resistance (Rs), Ret, Cg1, Ry, and Cr was obtained [62]. Table 3 shows the
value of these calculated parameters. In order to give a more accurate fitting, constant phase elements
(CPE) were replaced for the capacitive elements of the corrosion film (CPEy or Cy), pseudocapacitance
and double-layer capacitance (CPE;; or Cg). For various corrosion parameters, it is well known that
Rt is the factor that expresses the corrosion behavior of alloys, and its value is inversely proportional
to icorr-

Figure 9. Equivalent circuit model (ECM) for EIS.

Table 3. Electrochemical-impedance-spectroscopy (EIS) parameters for pure Al and Al-Fe alloys after
one hour of immersion in 3.5% NaCl solution.

EIS Parameters

Materials Q1 Q2

Rs (Q cm?) Rt (KQ-cm?) Ry (kO-em?)
s Cy (uF-em~2) n <t Cs (uF-cm~2) n f
Pure Al 3.84 248.3 0.977 1.11 617 0.58 2.81
Al-2% Fe 11.5 154 0.778 712 37.6 0.884 9.6
Al-5% Fe 13.8 12.8 0.887 11.1 234 0.92 13.6
Al-10% Fe 221 10.1 0.843 215 13.6 0.862 35.0

It was noted from the Nyquist plot that increasing the Fe amount in the alloy led to a proportional
increase in the diameter of the arc/loop at both axes (Z'rea1 and —Z"jmage), which indicated that, by
increasing the amount of Fe, corrosion resistance of an Al-Fe alloy was increased. From Table 3, it can
be concluded that, by increasing the amount of Fe in the alloy, there is a proportional increase in the
values of both R and Ry and a decrease in Cy and Cy. Higher values of R+ mean a substantial rise in
the corrosion-resistance values of the alloy, and they are attributed to the development of an oxide
layer on the surface of the fabricated Al-Fe alloys.

The expression that defines the impedance of the CPE is: Zcpg = 1/Y (jw), where j2 = —1 represents
an imaginary number and # is referred to as the CPE exponent, which varies, -1 < n < 1; angular
frequency (in rad s7!) is represented by w; and Y is the CPE constant. It was reported earlier that
CPEs can be assumed to be resistance, capacitance, or inductance, depending on the value of 1 [63].
In the current study, CPE; specifies the twin-layer capacitors as values of n varying between 0.78
and 0.98. When the n was lower than 0.78, then it indicated that the passive layer developed on the
surface was porous and nonuniform [64]. Additionally, when n was lower than 0.51-0.61, then CPE¢
represents Warburg impedance (W). The corrosion resistance of Al alloys in 3.5% NaCl is attributed to
the formation of oxide film and/or corrosion products on the surface [65]. It was noted that R was
lower than the value of Ry, which signified that the inner layer worked as barrier that caused resistance
for corrosion protection [66]. In this investigation, EIS measurements were consistent with the trend
obtained from the CP data. Both of these techniques confirm that the Al-10 wt.% Fe alloy had the
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highest corrosion resistance from all alloys in the 3.5% NaCl solution due to the formation of compact,
adherent, and protective passive films on its surface.

The Bode-phase diagram was obtained during the EIS experiments of the pure Al and Al-Fe
alloys after one hour of immersion in 3.5% NaCl solution, and the results are shown in Figure 10.
It is clearly observed from this figure that total impedance values were gradually increased once the
amount of Fe was increased from 2 wt.% to 10 wt.% at 0.1 Hz. As the Fe amount was increased up
to 10 wt.%, corrosion resistance, i.e., total obtained impedance, was the highest due to the presence
of the highest intermetallic amount in the Al-10 wt.% Fe alloys, which facilitated the formation of a
passive film. It was concluded that the Al-10 wt.% Fe alloy had the highest impedance value; therefore,
it gave the best resistance against corrosion. This trend implies that there was a proportional relation
between increasing the percentage of iron content in the Al matrix and the corrosion resistance of the
Al-Fe alloys.

Capacitive behavior due to the presence of two time constants, typically as in passive materials,
can be clearly noticed from the Bode plot (Figure 10). The phase angle was shifted from —60° for pure Al
to —80° for Al-10 wt.% Fe at a middle studied frequency, which revealed the capacitive properties of the
film. Shifting in phase-angle maxima in a broad range of middle frequency at —80° revealed that, after
exposure to the NaCl solution, the surface became homogeneous and resistive due to the formation of
a passive film. This result indicates that there formed a thin, stable layer at the alloy/solution interface
that covered the surface of the Al-Fe alloys. Pure Al showed phase-angle maxima at —60°, suggesting
that the surface became nonhomogeneous and defective; thus, corrosion resistance was the lowest
among all samples.
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Figure 10. Bode plot for pure Al and Al-Fe alloys after one hour immersion in 3.5% NaCl at
room temperature.

3.2. Characterization of Corroded Alloys

SEM micrographs of the corroded pure Al sample surface after one hour of immersion in 3.5%
NaCl solution are shown in Figure 11a. This figure indicates that the Al sample surface was mostly
corroded with pit formation as well as flakes and crackers due to the localized attack of chloride ion
on the Al matrix [67]. Pit formation on the surface was correlated with the CP results where anodic
current density increased dramatically after Eqo. EDS analysis (arrow mark from Figure 11a) showed
76.74% Al, 10.21% O, 5.38% Na, and 7.67% Cl on the corroded surface. The reduction in the amount
of Al from 100% to 76.74% was due to the deterioration of the pure Al sample. The most possibly
corrosive product was the development of an aluminum oxide/hydroxide layer with NaCl deposition
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on the surface. Aluminum oxide/hydroxide layer acts like a protection film that protects the surface
from corrosion.

Element wt.%
O 10.21
INE} 5.38

Al 76.74

Cl 7.67

Total 100.00

9/9/2019

7.56

Total 100.00

2 8 10
ull Seale 6309 cts Cursor: 0.000

Element
O
NE!
Al
Cl
Fe
100.00 Total 100.00

2 4 g i 0 12 14 186 18
ull Scale 4357 cts Cursor: 0.000 ke

Figure 11. Field emission scanning electron microscope (FESEM) micrographs and EDS profile analysis
obtained for (a) pure Al and (b) Al-10 wt.% Fe alloys after one hour immersion in 3.5% NaCl at
room temperature.

SEM images and EDS analysis of the Al-10 wt.% Fe alloys after corrosion are shown in Figure 11b.
Corrosion products are regularly deposited over the alloy surface. EDS analysis (arrow mark from
Figure 11b) showed 68.93% Al, 7.56% Fe, 9.66% O, 5.67% Na, and 8.18% Cl in wt.% on the surface,
which represent corrosion products, while analysis before the corrosion experiment showed it was 90%
Al and 10% Fe. The reduction in the amount of Al and Fe after exposure in the NaCl solution suggested
that Al and Fe deteriorated where their amount was reduced to around 23% and 24%, respectively, due
to the formation of corrosion products on the surface. The presence of a high amount of oxygen in
corrosion products proved that a thick corrosion layer was formed that covered the entire alloy surface.
The white particles in corrosion products (Figure 11b) were mostly Na and Cl, which revealed the
presence of NaCl (from the solution) deposited onto the surface of the Al-10 wt.% Fe alloys.
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In the current study, due to the presence of many active centers and the large surface area in
the pure Al sample, the reported corrosion-resistance value was lower than that of the Al-Fe alloys.
Corrosion-resistance improvement in the Al-Fe alloys was attributed to the combined effect of alloying
(Fe addition) and the usage of high-energy ball milling. The ball-milling process extended the mixing
of Fe in Al and produced a homogeneous mixture of Al-Fe alloys that hindered pitting corrosion and
its influencing abilities for passivation [68]. Corrosion resistance can be improved by mixing Fe in Al,
which increases passivation kinetics, stabilizes the passive film, and decreases the difference between
the intermetallic bonds and the electrochemical characteristics of the matrix [69].

Consequently, from the characterization information of the fabricated alloys, it was confirmed
that the addition of Fe passivated the Al to a higher level by minimizing both pitting and uniform
corrosion. By increasing Fe by up to 10 wt.% as an alloying element to Al, the corrosion behavior of the
alloy was proportionally enhanced.

The XRD results of corrosion products formed on the pure Al and Al-10 wt.% Fe alloys, along
with the respective diffraction patterns and JCPDS number, are shown in Figure 12, which clearly
indicates the existence of multiple phases. Pure Al showed Al, x-Al(OH)3 (Bayerite, JCPDS: 83-2256)
and NaCl (JCPDS: 88-2300). The Al-10 wt.% Fe alloys contained intermetallic compounds (Al;3Fe4 and
AlgFe) along with Al, x-Al(OH)3, y-Fe;O3 (maghemite, JCPDS: 39-1346), and NaCl. The formation of
NaCl in the corrosion products of pure Al and Al-10 wt.% Fe came from the studied solution that was
deposited onto the surface. From the XRD results of the corrosion products formed on the Al-10 wt.%
Fe alloys, it can be found that the number of AlgFe peaks are identical as those present after the attrition
and sintering process (Figure 3), whereas some Al;3Fe, peaks disappeared in the corrosion products,
which might be attributed to the transformation of Al;3Fe, into y-Fe;O3 and a-Al(OH)3. Intermetallic
AlgFe is very stable and does not allow itself to be dissolved, whereas Al;3Fey facilitates preferential
dissolution [67] and is transformed into a stable form of oxide/hydroxide (y-Fe,O3 and a-Al(OH)3)
in NaCl solution. y-Fe;O3 and «-Al(OH);3 are thermodynamically stable phases of iron oxides and
aluminum hydroxide, respectively. It was also reported by other researchers that Al-Fe alloys provide
protection against corrosion due to the formation of iron and aluminum hydroxide/oxide as a passive
film exposed to NaCl solution [54,58]. Al-10 wt.% Fe alloys provide protection to corrosion due to
the presence of y-Fe;O3 as well as x-Al(OH); as corrosion products, which are protective, adherent,
and stable in nature. A pure Al corrosion product, on the other hand, showed an absence of y-Fe,Os.
Thus, the corrosion resistance of Al-10 wt.% Fe was greater than that of pure Al in NaCl solution. XRD
data of the corrosion products correlate with SEM and EDS results, which leads us to conclude that
Al-10 wt.% Fe alloys show the presence of an oxide/hydroxide layer/film on the surface leading to an
enhancement of corrosion resistance.
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Figure 12. XRD pattern of pure Al and Al-10 wt.% Fe alloys after 1 h of exposure in 3.5% NaCl solution.
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