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Abstract - In the present investigation, an attempt has been made to study the corrosion behavior of the Al 2014 after equal 
channel angular pressing (ECAP) in different corrosive medium such as 3.5 wt.% of sodium chloride, sodium sulfate, 
sodium nitrate and sodium fluoride solutions. Potentiodynamic polarization (PDP) results showed icorr values of about 2.72, 
0.97, 0.51 and 0.22 µA/cm2 for Cl-, F-, NO3

- and SO4
2- respectively for ECAPed sample. The highest icorr values of Cl- 

indicate the aggressive nature of the corrosive medium. The results obtained from both PDP and electrochemical impedance 
spectroscopy (EIS) revealed about four times increase in corrosion resistance behavior for the ECAPed sample than that of 
base sample in Cl- ion environment. Surface morphology image revealed that pitting occurred preferentially around the 
precipitates due to the attack of chloride ions, but the pit size is significantly smaller than unprocessed material. EDS 
analysis showed increased oxygen content on ECAPed sample surface after PDP analysis than base sample.  
 
 
I. INTRODUCTION 
 
In general, cold working, surface treatments, 
coatings, reinforcement have been used to improve 
the mechanical properties of different materials. 
However, these techniques enhance the properties of 
the base material by either changing the dimension, 
composition or by an external element. But equal 
channel angular pressing (ECAP) is one of the simple 
and emerging techniques to improve the mechanical, 
micro structural and wear resistance properties of 
different metal alloys through grain refinement 
without any dimensional or compositional changes 
[1]. During the past one decade, attempts were made 
to improve the properties of structural alloys of 
aluminum using ECAP method by making it an 
ultrafine grained (UFG) material. Among the various 
aluminum alloys, 2014 (Al-Cu alloy) is the material 
used for aircraft fittings, military vehicles, weapon 
manufacturing and structural applications due to its 
high strength and hardness. It has been reported that 
mechanical and micro structural properties of peak 
aged Al 2014 alloy are improved through ECAP 
particularly in route Bc (Details of Route Bc is 
explained in the experimental part in detail) [2]. 
However, corrosion resistance is one of the important 
properties that influence the effective functioning of 
the material which totally depends on the 
environment in which it is applied. In general, 
environments containing anions such as chloride, 
sulfate, nitrate, etc. are considered to be highly 
corrosive for different aluminum alloys which may 
results in the failure. After ECAP processing, the 
grain refinement leads to high density of grain 
boundaries which have higher energy than the grain 
and it may provide more sites for the initiation of 
pitting corrosion. It has been reported that ECAP 
processing decreases the corrosion resistance of the 
base material due to high grain boundary area, 

internal stress, increased dislocation density and 
second phase that provide more sites to initiate 
corrosion [3]. However reports are also available to 
explain the improved corrosion resistance due to 
ECAP processing [4]. Nevertheless, study on the 
corrosion behavior of ECAPed aluminum copper 
alloys is scanty. Therefore, systematic study on the 
corrosion behavior of aluminum alloys in different 
corrosive medium will be helpful to extend the 
knowledge on the electrochemical behavior after 
ECAP. Hence, in the present investigation, an attempt 
has been made to study the corrosion behavior of the 
ECAPed Al2014 in 3.5% sodium chloride, sodium 
sulfate, sodium nitrate and sodium fluoride solution 
and the results where compared with the as received 
substrate. 
 
II. EXPERIMENTAL 
 
Al 2014 alloy rod of diameter 15mm in stock 
condition and with following chemical composition: 
Al-92.56%, Cu-4.7%, Mn-0.831%, Mg-0.751%, Fe-
0.234%, Zn-0.0946% was taken for the present 
investigation. The as-received rods were machined to 
the diameter of 11.7mm and with the length of 70mm 
to match with die specifications. The samples were 
subjected to solutionizing at 4950 C, followed by 
ageing at 1950 C for 5 hours to attain peak hardness 
[2]. ECAP process was conducted in room 
temperature using a split die with an angle of 
90°between the two channels and 30° outer arc of 
curvature. The sample and channels of die are coated 
with Molybdenum disulphide (MoS2). Load of 30 
tons is applied and samples were processed using 
route Bc for three passes. Route Bc follows 90° 
rotations in same direction between every pass. The 
mechanical and micro structural properties were 
presented in our previous work [2]. The circular 
samples for corrosion test were cut from the core of 
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the ECAPed sample perpendicular to the direction of 
pressing and were polished using 1200 grit SiC emery 
sheets followed by ultrasonification in acetone for 10 
minutes. Then the samples were lacquered 
completely except the surface to be exposed for the 
corrosion test. The electrochemical tests were 
performed using Autolab PGSTAT302N workstation 
in 3.5% of sodium chloride, sodium sulfate, sodium 
nitrate and sodium fluoride solution with three 
electrode system. Herein, the system contains 
working electrode, saturated calomel reference 
electrode and a platinum counter electrode. 
Electrochemical tests such as potentiodynamic 
polarization and electrochemical impedance tests 
were carried out. Samples were immersed in all the 
solutions for 30 min before test to attain stable 
potential (open circuit potential). EIS studies were 
carried out in the frequency range of 100 kHz to 10 
mHz. After EIS the system was allowed to reach 
steady state and then potentiodynamic polarization 
(PDP) tests were performed by scanning the electrode 
from -200mV to 200mV with respect to OCP. The 
sweep rate was 0.001V/s. The PDP plots obtained 
have been represented as potential vs current density. 
The surface morphology of the tested samples was 
analyzed by field emission scanning electron 
microscopy (FESEM) and energy dispersive X-ray 
analysis (EDAX) using FESEM/EDAX model Carl 
Zesis Supra 40 VP instrument for elemental analysis. 
 
III. RESULTS AND DISCUSSIONS 
 
3.1 Electrochemical impedance spectroscopy 

Figure1shows the Nyquist plot obtained from the 
electrochemical impedance spectroscopy of base and 
the ECAPed sample studied in different electrolytes. 
From the figure it is evident that, the arc obtained was 
capacitive in nature and the sample processed by 
ECAP possess higher diameter in all the electrolytes 
which says that ECAP improves corrosion resistance 
of Al 2014 alloys. Impedance results showed single 
time constant behavior for all the electrolytes except 
NaCl solution which showed a clear two time 
constants behavior. The single time constant behavior 
can be attributed to the charge transfer reaction 
process occurring at the double layer. The two time 
constants behavior of base and ECAPed sample in 
NaCl environment shows the formation of a defective 
oxide layer (corrosion product) during immersion in 
the electrolyte. Various equivalent circuits were tried 
to fit for the obtained plots and the best fit was 
obtained in R[R(Q)] and R[R(Q)][R(Q)] for the 
single and two time constant behavior as shown in 
figure 2 and the values are given in Table 1. 
 
From the Table 1 it is evident that among the 
different electrolyte studied, the obtained Rct values 
for NaCl was lowest which clearly indicates the 
aggressive nature of Cl- ions on Al 2014 sample. 
From the table it is also evident that both Rox and Rct 
values were found to be two and five times higher 
than that of base sample. This clearly shows the 
improved resistance behavior of the alloy after ECAP 
process.  
 

From the Table it has also been observed that the Qdl 
value of the processed specimen is about one order 

lower than that of the base sample which indicates the 
improved capacitive behavior of the ECAP processed 
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sample. This shows that passive layer formed on the 
ECAPed sample in sodium chloride solution is more 
stable and thick than that of base. The density and 
stability of the passive layer decides the corrosion 
resistance of the Al alloy [5]. It has been reported that 
in ultrafine grained materials the high fraction of high 
energy grain boundaries and dislocations provide 
preferential sites for the development of passive film 
and reduces corrosion rates by accelerating the 
passivation process and reducing the intensity of 
galvanic couple between grain interior and grain 
boundary [6].This may be the reason for obtaining 
better corrosion resistance in other mediums such as 
sodium nitrate, fluoride and sulfate. 
 
3.2 Potentiodynamic polarization measurements 
Figure 3 represents the potentiodynamic polarization 
curve recorded for base and ECAPed samples in 

3.5% of sodium chloride, sodium sulfate, sodium 
nitrate and sodium fluoride solution. The 
corresponding values obtained from PDP curves were 
tabulated in table 2. 
 

 

 
 
From figure 3 it is evident that sample processed by 
ECAP shows better corrosion resistance in all the 
electrolytes than the unprocessed sample as the curve 
shifts towards nobler potential region (more positive 
side). Moreover, sample in 3.5% sodium chloride 
solution possess the lowest corrosion potential and 
highest corrosion current density of -0.668V and 
8.6µA/µm2. This result is in good agreement with the 
results obtained from EIS. The highest corrosion 
potential was obtained in sodium nitrate with -

0.245V. Among the different electrolytes studied F- 

and Cl- have the highest propensity to penetrate into 
the natural oxide layer, since they are small and very 
mobile. They may replace oxygen atoms in the 
network of the natural oxide film. However, the F-can 
form a stable Na2AlF6 layer at the surface which is 
comparatively less soluble than AlCl3. However, the 
mobility of the sulfates and nitrates into the oxide 
film is limited due to the bulky nature of these ions 
[7]. Nitrates are aggressive on aluminum alloys at 
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higher pH values approximately at 10[8]. Since the 
3.5% sodium nitrate is having pH of 6.51, it showed 
higher Ecorr value. However, icorr values obtained in 
sulfate was 0.226 µA/cm2 in ECAPed sample, which 
is least of other electrolytes. 
 
3.3 Surface morphology 
Among the different studied corrosive medium, Al 
2014 showed poor corrosion resistance and severe 
pitting in 3.5% NaCl medium as discussed above. 
Hence, the surface morphology of both base and 
ECAPed samples before and after corrosion test are 
shown in Fig 4.  

 
 
From the figure it is evident that clear pits and cracks 
are observed on base and ECAPed samples after PDP 
in Cl- ion medium which indicates the severe chloride 
ion attack on the exposed sample [Figure 4(b) and 
(d)]. Few pits are rarely seen on ECAPed sample 
[Figure 4(d) insert]. However, the size of the pit 
observed in base was larger on base sample (~20µm 
diameter) than ECAPed sample (~4µm diameter). 
The formation of pits may be resulted from the 
galvanic cell formed between cathodic CuAl2 
precipitates and anodic matrix. It has been reported 
that similar type of corrosion attack is observed for 
Al-Si alloy in 3.5% NaCl solution [9]. The elemental 
composition analyzed on base and ECAPed samples 
after corrosion test showed oxygen content of 8.26% 
and 19.02% respectively. Hence it obvious that the 
percentage of oxygen in ECAPed sample is high in 
chloride environment which says that, ECAP due to 

its ultrafine grains induces oxide layer formation on 
the surface that protects the material from corrosion. 
CONCLUSION 
 
1. PDP results showed higher Ecorr and lower icorr 

values after ECAP in all the environments. The 
highest icorr values of Cl- indicate the aggressive 
nature of the corrosive medium.  

2. EIS results showed higher charge transfer 
resistance (Rct) for ECAPed sample. 

3. SEM analysis revealed significantly larger pits in 
base than that of ECAPed sample.  

4. Higher oxygen content was observed after 
corrosion test in ECAPed sample than base 
sample in EDS analysis.  

5. Hence, it can be stated from the above results, 
that ECAPed sample showed improved corrosion 
resistance than the base sample in all the 
environments mentioned above. 
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