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In this investigation, Al-10 wt. %Fe alloy was produced from metallic powders processed using
mechanical alloying (MA) technique. The initial powders were processed in a planetary ball mill for
10, 30, 70, 100 and 150 hours at room temperature in an inert atmosphere. The processed powders
were consolidated and sintered using a high frequency induction heat sintering (HFIHS) machine to
form bulk samples. The consolidation pressure, heating rate, temperature and time of sintering were
50MPa, 823K/min, 823K, 6minutes, respectively. The crystallize size of the bulk samples were
calculated from the peak profile obtained through X-Ray diffraction (XRD). The smallest crystallite
size was found to be 30nm in the sample obtained from the 150 hours milled powders. The sintered
samples were investigated for their corrosion behavior at room temperature in 3.5% NaCl solution
through two well-known techniques, electrochemical impedance spectroscopy (EIS) and
potentiodynamic polarization resistance. The results show that with increase in milling time, the
corrosion potential ( corr) moves to a higher positive value with an increase in corrosion current (jcorr)
i.e. corrosion resistance decrease.
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1. INTRODUCTION
In the last decade, there has been an increasing demand in the development of aluminum and its
alloys due to the stringent requirements of using high strength and low weight alloys in the automobile
and modern aircraft industry. The maximum strength of wrought aluminum alloys ranges between
550-600 MPa through precipitation hardening mechanism [1]. However, at elevated temperatures (>
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423K) the strength of the alloys decreases significantly [2]. This puts the limit on the use of aluminum
alloys for elevated temperature applications. To increase the strength at elevated temperatures, new
processes or modifications are needed in place of traditional /or existing methods. The strength of
aluminum alloys can also be increased by alloying aluminum with transition metals (TM). Transition
metals enhance the strength of the alloy by forming secondary phases and intermetallics leading to
microstructural stability at elevated temperatures [1]. Al-Fe alloys have been an area of interest in the
last few years owing to the low diffusivity of Fe in aluminum. The lower diffusivity of Fe in the
aluminum matrix ensures microstructural stability even at elevated temperatures by forming secondary
phases including super saturated solution. However, there exists a limit of Fe content in Al-Fe alloy if
processed using traditional methods. It was observed that the maximum diffusivity of Fe in aluminum
matrix is less than 0.03 at. % at elevated temperatures [1]. It is highly desirable to increase the alloying
content of Fe beyond the 0.03 at. %. To further increase the solid solubility limits of Fe in Al matrix
other non-equilibrium processing techniques such as mechanical alloying (MA) and rapid
solidification (RS) must be employed. These non-equilibrium techniques not only extend the solid
solubility limit of Fe in Al matrix but also refines the microstructure to ultrafine /or nanometer level
with uniform dispersion of oxides and intermetallics. Since the alloys are produced with higher content
of Fe and refined microstructure, it is expected that the processed alloy shows improved mechanical
and physical properties compared to its traditional counterparts [3-6]. Various parameters that define
the morphology of processed powders are the time and type of mill, milling atmosphere, ball to
powder weight ratio, grinding medium and process control agents [5]. MA takes place in a high energy
ball mill wherein the powder particles are subjected repetitive welding, fracturing, and re-welding of
powder particles resulting in fine particles within a fine grained matrix due to high energy impact [3].
In contrast to characterizing the mechanical properties, a limited interest has been shown
towards the characterization of the corrosion properties in nanocrystalline materials. The corrosion
behavior in nanocrystalline materials is found to be dependent on various other factors such as
concentration of the impurity present [6], processing techniques [7, 8], texture of the processed
material [9, 10] and environment [11,12] that inherently arise during the processing of nanocryatalline
materials. These factors along with refinement of grain size [4, 5] influence the corrosion behavior in
such materials. Thus, a direct correlation between the effect of grain size on the corrosion behavior of
nanocrystalline materials is difficult to establish and can be studied case by case wherein; the effect of
other contributing factors described above can be assumed to remain invariant.
It is well known that, the nanocrystalline material consists of large volume of grain boundaries
than the coarse grained material. The large volume of grain boundaries in nanocrystalline materials
mainly arises due to the decrease in grain size or grain refinement of the coarse grained material.
Hence, it is expected that the corrosion resistance in these materials tend to be different [13]. It is
observed that, the nanocrystalline materials experience more uniform corrosion than the coarse grained
material. This could be due to the fact that, in the nanocrystalline materials the pit formation is
observed to be shallow and largely interconnected to produce uniform corrosion. On the other hand,
the pit formation in the coarse grained material is observed to be rather deep and practically remain
isolated from the neighboring pits. This leads to the formation of localized corrosion in the coarse
grained material [14].
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As mentioned above, the corrosion resistance of a material depends on the environment. It is
observed that the corrosion resistance of nanocrystalline materials tends to increase in passive and
decrease in active environment. However, in the active-passive environment it is observed that the rate
of uniform corrosion in nanocrystalline materials tend to supersede the localized corrosion [15].
Similarly, the corrosion resistance of a coarse grained pure material was observed to increase in active
environment and decrease in passive environment [16].
The corrosion rate in the nanocrystalline materials also depends on the solubility of the
corrosion products. It is observed that the corrosion rate tends to increase if the corrosion products are
soluble and decrease in the case of insoluble products [17].
A limited number of investigations have addressed the influence of severe plastic deformation
(SPD), a process for refining the grain size of an initial coarse grained material, on the pitting and
uniform corrosion in Al-based alloys. A majority of these investigations observed that the corrosion
resistance decrease with a decrease in grain size [18-20]. Also, the corrosion resistance in finer grained
materials was observed to increase in acidic and alkaline media. However, in neutral electrolytes a
slight change in the corrosion resistance was observed [20].
The present study is performed to investigate the influence of grain size on the corrosion
behavior of the MA nanocrystalline bulk Al-10 wt.% Fe alloy, obtained through the sintering of milled
powders for various milling times, in 3.5% NaCl solution. It is known that 3.5% NaCl solution provide
the most corrosive medium for Al and its alloys.
The present study is performed at room temperature using the potentiodynamic polarization
and electrochemical impedance spectroscopy (EIS) measurements techniques.

2. EXPERIMENTAL
2.1. Fabrication of ultrafine/nanocrystalline Al -10%Fe alloys
Pure Al (99.95% with an average particle size of 1µm) and pure Fe (99.95% with an average
particle size of 3 µm) were used as starting materials for producing nanocrystalline Al-10 wt. % Fe
alloy. The mixture was initially degassed at 373K for 24 hours in vacuum before charging them into
the milling containers. The mechanical alloying was performed in a pulverisette-5 planetary high
energy ball mill for different milling time viz 10, 30, 70, 100 and 150 hours in an argon atmosphere
using stainless steel balls of 15mm diameter. The ball-to-powder weight ratio (BPR) and the speed of
rotation were set to 10:1 and 120 rpm, respectively. It is well known that during milling, the powder
particles experience cold welding, fracture and re-welding processes. These processes lead to grain
refinement and agglomeration of powder particles if the milling is performed for longer duration. The
process control agents (PCA) act as a surfactant and inhibit agglomeration of these powder particles
[21-23]. To avoid agglomeration of powder particles, 1 wt. % stearic acid was used as a process
control agent (PCA) in this investigation. After milling the powders for desired number of hours, the
milled powder was transferred into a graphite die in an inert atmosphere. The powder in the graphite
die is then consolidated and sintered in a high frequency induction heat sintering (HFIHS) machine.

Int. J. Electrochem. Sci., Vol. 10, 2015

3057

The rate of heating was set to 823 K/min. The sintering temperature was set at 823 K while
maintaining a constant pressure of 50 MPa for 6 minutes.

2.2 X-Ray Diffraction (XRD)
The sintered samples of Al-10wt. % Fe alloy was characterized by Discover D8 diffractometer
operating in the θ-θ geometry using a Cu-Kα (λ = 0.154nm) radiation. The sample surface was polished
using various grit sand papers with final polishing performed using colloidal silica solution to produce
mirror finish surface. The X-ray scanning was performed for a 2θ ranging from 38 to 39 degree with a
scanning speed of 5° per minute. The scanning was focused in the small 2θ range to capture the most
intensive peak of Al which is at (1 1 1) plane.

2.3. Scanning Electron Microscope (SEM)
The scanning electron microscope (SEM) images for microstructure characterization of the asmixed and milled powders were obtained from JEOL model JSM-6610LV FESEM.

2.4. Chemicals, Materials, and Electrochemical cell
The electrochemical experiments in this investigation were performed in a 3.5% NaCl solution.
A conventional three-electrode cell configuration was used in which Ag/AgCl acted as a reference
electrode (RE), the platinum foil as a counter electrode (CE) and the nanocrystalline Al–10 wt. % Fe
alloy fabricated in the current investigation formed the working electrode (WE). The preparation of
WE involved a series of steps wherein; a blind hole of about 0.5 mm in depth and diameter was drilled
on one surface of the alloy. A long copper wire with similar diameter was place in the dilled hole and
later soldered to form a rigid joint. The entire assembly was then mounted in an epoxy resin and
allowed to cure for 24 hours at room temperature. After curing, the other surface was polished using
Buehler MetaServ 250 Twin machine. The surface was later fine polished using colloidal silica
solution to produce a scratch free mirror surface.

2.5 Experimental Procedure (linear polarization and the EIS)
The electrochemical experiments were performed using Autolab system manufactured by
Metrohm (PGSTAT20) in a 3.5% NaCl solution. The open circuit potential (versus Ag/AgCl) was
carefully observed after immersing the working electrode in the test solution until the potential
stabilized within ±1mV. Once the potential stability was established, the electrochemical impedance
spectroscopy test was initiated. The corresponding EIS data were recorded for the nanocrystalline
sintered specimens obtained from milled powders. The scanning frequency was selected in the range of
100 KHz to 100 MHz, along with an ac wave of ± 5 mV peak-to-peak overlaid on a dc bias potential to
obtain Nyquist and bode plots. An equivalent circuit of Nyquist plots was deduced by fit and
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simulation method. The linear potentiodynamic polarization curves were obtained by scanning the
potential in the forward direction from −0.1 to 0.1V against Ag/AgCl at a scan rate of 1 mV/s.
All the electrochemical experiments were recorded after immersion of the electrode in the test
solution at a temperature of (25±1) °C. Fresh solution and fresh specimens were used after each weep.
For each experimental condition, two to three measurements were performed to ensure the reliability
and reproducibility of the data.

3. RESULTS AND DISCUSSION
3.1. X-Ray Diffraction (XRD)
Fig. 1 shows the XRD patterns of Al-10wt. % Fe sintered samples obtained from milled
powders for different milling times. It is observed that, with an increase in milling time the Al (1 1 1)
peak shifts to higher diffraction angles along with significant broadening. This is being attributed to
the grain refinement caused by mechanical alloying. The Al peak at (1 1 1) was used to calculate the
average grain (crystallite) size using Debye-Scherrer's equation [24] given by
K
(1)
D
BCos
where, D=crystallite size, K=shape factor (assumed to be 0.9) and λ = 0.154nm, the wavelength
of Cu-Kα radiation, B indicates to full width at half maximum (FWHM). The variation of crystallite
size with milling time is shown Fig. 2. The smallest average crystallite size was found to be 37 nm in
the sample produced using powder milled for 150 hours. From the figure, the formation of Al6Fe
metastable phase is observed during the sintering process.
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Figure 1. XRD patterns of Al-10wt. % Fe sintered samples obtained from milled powders for different
milling times
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Figure 2. Variation of crystallite size of the sintered sample with milling time.

3.2. Scanning Electron Microscope (SEM)
Fig. 3a shows the morphology of the as-mixed powders containing a mixture of 90 wt. % of
Aluminum and 10 wt. % of Fe. From the figure, it is evident that the as-mixed powders were spherical
shaped with an average particle size of 2 µm. Fig. 3b shows the morphology of the milled powders (to
70 hours). From the figure, it is evident that the milled powders were no longer spherical shaped. The
change in the morphology of the milled powders could be attribute to the amount of straining that takes
place during the milling where the particles are flattened, cold welded, fractured and re-welded. It is
also evident from the figure that 1 wt. % of stearic acid (PCA) was not sufficient to inhibit
agglomeration of the milled powders.

a

b

Figure 3. SEM images of the Al-10wt. % Fe alloy powders (a) as-mixed (b) milled for 70hrs.
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3.3. Electrochemical Measurements
The corrosion behavior of the nanocrystalline sintered alloys, obtained from powders milled for
various milling times, were investigated after 1 hour exposure in an aerated 3.5% NaCl solution by
linear polarization measurement. Fig. 4 shows the linear potentiodynamic polarization (LPP) curves
for the sintered alloy. A similar shape is observed for all samples. The values of cathodic (βc) and
anodic (βa) Tafel slopes, corrosion potential (ECorr), corrosion current density (jCorr) and polarization
resistance (Rp) that were obtained from the LPP curves and listed in Table 1.
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Figure 4. Potentiodynamic polarization curves of Al-10% Fe alloy obtained from milled powder in
3.5% NaCl at room temperature after 1 hr immersion.
Table 1. Potentiodynamic polarization parameters of Al-10% Fe alloy in 3.5% NaCl atroom
temperature after 1 hr immersion.
Tafel Data

Milling
Time
(Hours)
10
30
70
100
150

βamV/decade βcmV/decade EcorrmV Jcorr,
µAcm-2
62.21
54.83
62.97
52.21
88.07

14.95
16.75
25.88
19.16
21.73

-729
-723
-715
-701
-695

0.2832
0.5701
2.7487
4.9802
10.582

Linear
Polarization
Data
RpΩcm2

18476
9776
2898
1223
715

Through the polarization diagram (Fig.4) it is observed that with an increase in milling time,
the cathodic curves shifts to a higher current value. This indicates that with an increase in milling time
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the corrosion current (jcorr) increases. Similarly, it is observed that the increase in milling times leads to
an increase in corrosion potential (Ecorr). The corrosion current density, jcorr, was determined
graphically by extrapolating the cathodic and anodic Tafel slopes to the Ecorr (versus Ag/AgCl). The
observed values of corrosion rate (jcorr) and the corrosion resistance (Rp) are shown in Table 1. It is
confirmed from Table 1 that with milling time the corrosion current increases and polarization
resistance decreases. Thus it can be concluded that with an increase in milling time, the rate of
corrosion in nanocrystalline aluminum alloy increases. It is known that aluminium in contact with
water solution forms a rapid hydrated oxide film (AlOOH, also regarded as Al2O3.H2O) on its surface.
The hydrated oxide film formation process can be found elsewhere [25]. In NaCl solution, chloride ion
tend to attack the passive film (hydrated oxide) by forming products (AlOHCl, AlOHCl 2) which is
soluble in water and further helps in dissolution of the passive film [26].
Electrochemical impedance spectroscopy (EIS) method has been commonly used to investigate
the corrosion behavior and the process of passivation for different metals and alloys in a variety of
corrosive environments [27-30]. The corrosion behavior of sintered Al-10% Fe samples were carried
out in 3.5% NaCl solution after an immersion time of 1 hour and the Nyquist plots obtained at the
open-circuit potential is shown in Fig.5.
.

Figure 5. Nyquist plot of Al-10% Fe alloy obtained from milled powder in 3.5% NaCl at room
temperature after 1 hr immersion.

The Nyquist plots were analyzed by fitting the experimental results to an equivalent circuit
model shown in Fig. 6. The values of various parameters [RS represents the solution resistance, Q is
the constant phase elements (CPEs), Rct is the charge transfer resistance] obtained by correlating the
experimental results with the equivalent circuit are listed in Table 2. From the figure, it is observed that
the increase in milling time remarkably decreased the diameter of the semicircle and smallest diameter
was obtained for 150 hrs milling. The data in Table 2 reveal that the values of RS and Rct decreases
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with increasing milling time. The constant phase elements (CPEs, Q) with a variation in n values
ranging from 0.76 to 0.89 indicate the presence of minor pores in double layer capacitors. This could
imply that the film formation on the surface of aluminium is non homogenous and with diminutive
porosities. The shapes of Nyquist plot of the milled specimens are similar at each concentration, with
one depressed semicircle indicating that the corrosion mechanism is similar for all regions. From fig.6
it is observed that the diameter of the arc, giving the charge-transfer resistance ( ct) of corrosion
reaction, exceeds 1 kΩ.cm2 for all. This high ct values indicate that a stable oxide layer is formed on
aluminum alloy and that it has an excellent corrosion resistance in the 3.5 wt% NaCl solution.
It is important to note that the results from EIS measurements indicated that the corrosion
resistance values of sintered samples decreased with increasing milling time. Similar observation was
made earlier based on the experimental results from LPP data.

Figure 6. Equivalent circuit fitting for EIS.

Table 2: Electrochemical Impedance parameters of Al-10% Fealloy in 3.5% NaCl atroom temperature
after 1 hr immersion.
EIS Data
Milling
Time
(Hours)

Rs
Ωcm2

Cdl µMho
cm-2

n

Rct Ω
cm2

10
30
70
100
150

12.4
18.2
27.2
31.2
39.2

93.7
103
116
125
138

0.776
0.803
0.835
0.865
0.896

6100
4800
3900
2200
1120

Fig.7 shows the Bode plot for sintered samples. From the figure the total impedance value of
sintered sample obtained from 150 hour milled powder was found to be 790 Ω cm 2. Similarly, the total
impedance value of sintered sample obtained from 10 hour milled powder was found to be 4664 Ω
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cm2. The decrease in impedance values with milling time implies that the corrosion resistance of the
sintered alloy decrease with increase in milling time.

Figure 7. Bode plot of as received (AR) and different milled Al-10% Fe alloy in 3.5% NaCl atroom
temperature after 1 hr immersion.

From the results obtained during this investigation it can be concluded that due to milling the
corrosion resistances of the sintered Al-Fe alloy decreases and could be attributed to the refinement of
grain/or microstructure. It is also known that, an increase in the grain refinement leads to the formation
of increased number of sites that can promote or enhance the corrosion rate which in turn reduces the
corrosion resistance of the nanocrystalline material [14]. Hence, it can be concluded that the extent of
grain refinement plays a significant role on the corrosion behavior of the nanocrystalline material.

4. CONCLUSIONS
Al-10 wt.% Fe bulk nanocrystalline alloy was produced from metallic powders processed using
mechanical alloying (MA) technique. The initial powders were processed in a planetary ball mill for
10, 30, 70, 100 and 150 hours at room temperature in an inert atmosphere. The processed powders
were consolidated and sintered using a high frequency induction heat sintering (HFIHS) machine. The
smallest crystallite size was found to be 28nm in the sample obtained from the 150 hours milled
powder. The corrosion behavior of sintered samples were investigated at room temperature in 3.5%
NaCl solution using electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization
resistance techniques. The results from both the methods show that with an increase in milling time,
the corrosion potential ( corr) moves to a higher positive value with an increase in corrosion current
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(jcorr). This implies that the corrosion resistance of the sintered alloy was found to decrease with an
increase in milling time.
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