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ABSTRACT: Ultra-fine grained (UFG) pure copper of 99.99 wt.% purity has been successfully obtained at room 

temperature by Equal Channel Angular Pressing (ECAP), with the grain size about 200 nm after 2 passes. X-ray 

diffraction and Transmission Electron Microscopy (TEM) were used to characterize the microstructure evolution. The 
effect of ECAP passes on the electrochemical behavior of copper were investigated by potentiodynamic polarization 

test. The UFG copper display a higher corrosion resistance, despite the increase of the defect density, such as 

dislocations and grain boundaries.  
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1.  Introduction   
               Nanocrystalline and submicrocrystalline materials stimulated recently considerable interest 

among researchers [1]. These materials are characterized by a very fine grain size and a large 

amount of grain boundary area. The presence of a large amount of grain boundary area results in 

unusual and extraordinary changes in both mechanical and physical properties. 

Recent investigations have shown that sever plastic deformation (SPD) is an effective method 

for forming submicron-grained material [2-4].  One of the most common SPD methods is the Equal 

Channel Angular Pressing (ECAP) [5]. This technique has an important benefit; in fact, very high 

plastic strains can be attained in relatively thick-sectioned products. This significant advantage has 

resulted in ECAP, is emerging as an important metal processing method for obtaining extremely 

fine grain structures in alloys in bulk forms. While the strength increases spectacularly after ECAP, 

the ductility remains relatively high or even increases in some cases. 

The influence of corrosive environment on service characteristics such as resistance to corrosion of 

ultra-fine grain (UFG) materials fabricated by SPD is a practically important issue which has 

received attention for the last 10 years [6-9]. 

Recently, there are a number of reports dealing with the microstructure of aluminum and its 

alloys processed by ECAP [10-14], in which submicron sized grains with sharp boundaries were 

formed. In addition to aluminum and its alloys , copper is another typical FCC metal for model 

studies, which has relatively lower stacking fault energy (SEF) such that dislocation cross-slip is 

expected more difficult in it. However, the reports on the microstructure of copper deformed by 

ECAP are relatively scarce [15].  

The present work focused on the influence of microstructure change on the corrosion behavior 

of pure copper processed by ECAP. Electrochemical investigations on the as-received and ECAP 

copper were performed in 3% NaCl aqueous solution, complemented by microstructural study. The 

results should be helpful for better understanding the corrosion behaviour of ECAP copper, and 

exploiting their possible engineering application. 
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2.  Materials and experimental methods 
2.1.  Samples and severe plastic deformation process 

     The starting material for the experiments was OFHC copper (99.99% purity) annealed for 24 h at 
600

◦
C under a low pressure of purified argon to ensure homogeneous structure before pressing, and 

quenched in iced water. Processed samples were with a dimension of 10 x 10 x 70 mm
3
. The ECAP process 

consists in forcing a specimen to pass through two channels of equal cross-section interesting at an angle. 

After passing through the channels, the sample, while retaining its original geometry, has undergone a shear 
deformation which under typical conditions (Φ= 90°, i.e. perpendicular channel). The ECAP-die was shown 

in Fig. 1. Three orthogonal planes X, Y and Z with the associated directions were defined. In this work, only 

tow pressings of the sample without rotation between two successive passes (route A) are prepared. The 
ECAP was carried out at room temperature with MoS2 as lubricant. 

 

 
Figure. 1 : Schematic illustration of ECAP technique. 

 

2.2.  Structural and morphological characterizations 

X-ray diffraction was performed on a wide angle diffractometer in the θ-2θ step scan mode by using 
Cu-Kα radiation. Scans were collected over a 2θ range of 30-120° with a step of 0.02°. A 10 s acquisition 

time was used at each step to obtain good statistics. The crystallite size and the equivalent lattice strain were 

determined from the Full Width Half Maximum (FWHM), β, of reflections using the Halder - wagner 

approach [16]. The peaks shapes were approximated by the Kα1 + Kα2 superposition of Voigt functions by 
using a WinPLOTOR software. The lattice parameters of the sample before and after ECAP were obtained 

from a linear regression analysis of the measured lattice parameter, obtained from each peak, plotted against 

the Nilson-Reley function [17]. The error bars were obtained by calculation of the standard deviation on the 
lattice parameter values calculated from each peak.  We have concluded that the resulting error of the lattice 

parameter value does not exceed 0.025%. 

To evaluate morphological evolution of samples after ECAP used in the present investigation were 

studied by using the Transmission Electron Microscopy (TEM) JEOL 2000 EX at acceleration voltage of 
200 KV. 

 

2.3.  Potentiodynamic polarization tests  
The potentiodynamic polarization curves of the copper were accomplished with a Radiometer’s 

Electronic Potentiostat Galvanostat controlled by the software VoltaLab. The potentiostat was programmed 

to apply a continuously varying potential to the sample at a rate of 0.2 mV/s. All potentials were measured 
against the saturated calomel electrode (SCE), and a graphite electrode was used as the counter electrode. 

The specimen was finished by grinding with 1200-grit silicon carbide (SiC) paper. All experiments were 

performed in aerated NaCl 3% solution, at room temperature. For each material and electrolyte combination, 

the corrosion sample was allowed to be stabilized in electrolyte for 40 min. To ensure the reproducibility, at 
least three replicates were run for each specimen. 



 

 

Rakia Daly et al., J. Soc. Chim. Tunisie, 2013, 15, 183-190 185 

3.  Results and discussion 

3.1.  Microstructure after ECAP 

Fig. 2a shows typical X-ray diffraction patterns taken on the X-plane of the samples before 

and after ECAP. It contains the (111), (200), (220), (311) and (222) reflections of the Cu phase. A 

slight {111}-texture exists in the different samples according to the relative maximum intensity of 

each Bragg reflection peaks. Moreover, it can be seen, line broadening increases with ECAP. This 

broadening is related to the changes of microstructure, i.e., the reduction of crystallite size and 

lattice strain introduced by using a process of plastic deformation by ECAP. Fig. 2b shows typical 

X-ray (200)-peak broadening before and after ECAP; the progressive broadening of the (200)-peak 

with ECAP is clearly observed.  

      
Figure 2 : (a) : Typical X-ray diffraction patterns taken on of the samples before and after ECAP. ,(b) : The (2 0 0) peak 

recorded in the X-plane before and after ECAP. 

 

The lattice strain and the crystallites sizes calculated using the Halder – Wagner method [16], 

are given in table. 1, they reach 0.33% for the lattice strain, whereas the crystallite size achieved 

after 1 and 2 passes are about 280 nm and 220 nm respectively. 

 
Table I : The lattice strain and the crystallites sizes calculated evolution during ECAP processing. 

 0 pass 1 pass 2 passes 

Microstrains (%) - 0.33 0.56 

Crystallites size  40 m 280 nm 220 nm 

 

The grain refinement, after ECAP, is clearly achieved with high level of strain. This behavior 

should be related to an important plastic deformation occurs during pressing in the die which 

increases the lattice strain because of the increase of the defect density, i.e. dislocations, grain 

boundaries, lattice defects with their characteristic strain fields.  

From a direct examination of diffraction patterns before and after ECAP, we note, in the 

deformed samples, that peaks are slightly shifted to high θ values. It is not easy to draw a clear 

conclusion about this effect since many features should operate simultaneously: the creation of 

stacking faults by severe plastic deformation is probably one of the reasons of this shift. Another 

feature is the decrease of lattice parameter: which should arise from a compression of the lattice due 

to an ultrafine-grains structure obtained mainly for the deformed samples. We have calculated the 

lattice parameter values before and after ECAP by using the Nilson-Reley function. The obtained 
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values are presented in table. 2. We note that the lattice parameter decreases after pressing and 

reach a value of 3.6275 Å after one pass.  

 

     
Figure 3:  Microstructure of copper prepared by ECAP (1 pass): (a) and (b) TEM micrographs of the 

microstructure in two magnifications, (c) selected area diffraction patterns 

 

Table II The lattice parameter values before and after ECAP. 

 

Fig. 3a and 3b represents the typical bright-field TEM images showing the microstructures of 

the investigated samples observed in the X planes after the single pass through the die. Some areas 

with banded type structure were clearly observed (Fig. 3a). These bands appear fragmented into 

smaller grains with a width of ≈200 nm (Fig. 3b). The boundaries between the bands appear straight 

and well defined; the dislocation density inside the bands is rather high. Fig. 3c shows the 

corresponding electron diffraction patterns (SADP), we note that diffraction spots are still resolved 

even through they are slightly elongated; this indicated a low misorientations between the newly 

created grains accompanied by an eventual distortion of the lattice. Although the grain sizes 

estimated from TEM analysis (≈200 nm) differ slightly from those calculated from the XRD 

analysis (≈260 nm), this small difference is due to that MET is a direct measurement technique 

while the DRX is based on mathematical equations. The investigated microstructure should be 

formed during severe plastic deformation, since no subsequent heating was carried out. Its 

characteristic features are the existence of high internal stresses which is confirmed by the bending 

extinction contours observed inside the grain boundary and the presence of extrinsic grain boundary 

defects.  

Fig. 4 presents typical images showing the very high dislocation density within the grains 

copper after 2 passes. Fig. 4a shows rather thick regions of the foil sample where many fringes are 

observed, leading to the description of the deformed state as one that has non-equilibrium 

boundaries, with indeterminate, fuzzy contrast [18, 19]. In other area of the same sample some 

arrangement of the dislocations into cell and sub-grain boundaries are also observed in Fig. 4b. 

 

 0 pass  1 pass  2 passes 

Peak FWHM a (Å)  FWHM a (Å)  FWHM a (Å) 

(111) 0.317   0.458   0.404  

(200) 0.303 3.6368  0.633 3.6275  0.446 3.6288 
(220) 0.471   0.492   0.472  

(311) 0.597   0.584   0.560  

(222) 0.443   0.519   0.524  
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Figure 4: TEM images showing (a) fuzzy boundary fringe patterns and (b) dislocation rearrangement as cell and 

sub grain boundaries in the copper after 2 passes. 
 

3.2. Electrochemical investigation. 

The potentiodynamic polarization curves of the copper electrode in aerated NaCl 3% solution 

after (a) 0 pass, (b) 1 pass and (c) 2 passes are shown in Fig. 5. 

 

 
Figure  5 : Potentiodynamic polarization curves for ECAP processed copper in NaCl 3% solution. 

 

The cathodic reaction of copper in aerated sodium chloride solutions is well known to be the 

oxygen reduction [20], 

                
  OHeOHO 442 22                 

(1) 

The equal channel angular pressing 1 and 2 passes, slightly increases the cathodic current and 

to some extent the anodic current. 
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The proposed mechanism for copper anodic dissolution in chloride media is divided to three 

stages as shown in the scheme presented in Fig. 6 [21-23]. 

 

 
Figure  6 : Typical anodic polarization characteristics of copper in aqueous chloride media. 

 

Stage 1. The initial reaction is between chloride ions and copper metal in the solution 

resulting in the formation of CuCl  layer, which is the least soluble of the copper chlorides on the 

anodic as described by the Eq. (2) [24]. 
  eCuClClCu ads            

(2) 

In this stage, a potential region of “apparent Tafel” behavior is observed. Both charge transfer 

and mass transport controlling kinetics are usually assumed. As indicated in Fig. 5, the slope of this 

stage for copper 0 pass is different from the copper after 1 and 2 passes, which is related to 

difference in kinetics parameters before and after ECAP. 

Stage 2. The depletion of chloride ions will yield a rather well-defined electrode potential 

which corresponds to a copper electrode in a CuCl  saturated solution with in the absence of excess 

electrolyte, especially NaCl . When the surface is covered, the anodic dissolution of copper occurs 

through oxidation of metallic copper to cuprous ion, which can be shown as Eq. (3) [25-26].  

                               
  eCuCu                                                           

(3) 

This in turn reacts with chloride ion from the solution to form CuCl film: 

                     adsCuClClCu  

   
 
                            (4) 

                     )( filmads CuClCuCl 
                                              (5) 

The equilibrium potential of Eq. (4) is described as function of chloride ion in Eq. (6) [27]. 

           )(][log059.0105.0 SCEequi VClE             (6) 

For the chloride concentration in this study, the Eequi obtained about - 0.088 V versus SCE. As 

shown in potentiodynamic polarization curves (fig. 5), the first peak for all samples is attributed to 
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both Eq. (4) and (5). 

Mass transport controls the kinetic of the potential range where limiting the current density. 

Under this condition, the adsorbed CuCl  layer has poor adhesion, does not provide enough 

protection for copper, and transforms to the soluble copper chloride complex, 

2CuCl
 
[28].  

              
  )(2)(2 surfacefilm CuClClCuCl

                (7) 

Before ECAP the potential region between -6 and 27 mV versus SCE is attributed to 

passivation zone. After ECAP passes this region shifted towards positive potentials especially after 

2 passes (21 – 38) mV versus SCE. Furthermore, we noted a slightly increases of both passivation 

current density (Ip) and passivation potential (Ep). The corrosion potential (Ecorr) increases from -

248 mV versus SCE for Cu 0 pass to -183 mV and -181 mV versus SCE after 1 and 2 passes 

respectively. As can be seen from table.3, the positive shift of around 65 mV versus SCE in Ecorr 

and the slightly increases in corrosion current density (Jcorr) indicate the relatively better corrosion 

behavior of copper after ECAP passes, despite the fact that this result is totally unexpected for 

copper according to prior research [8,29]. Indeed, ECAP copper increases the defect density, such 

as dislocations and grain boundaries.  

 
Table III : Parameters obtained from potentiodynamic polarization curves. 

 0 pass 1 pass 2 passes 

Ecorr (mV/SCE) -248 -183 -181 

Jcorr (A/cm
2
) 5.2 3.2 2.4 

 

Stage 3. At higher potential, any increase in current density is due to the electrodissolution of 

copper and the diffusion of soluble 

2CuCl  from Helmoltz plan in the bulk solution [30]. Also in this 

stage the kinetics are controlled by both charge transfer and mass transport. Eq. (8) and (9) show 

this stage: 

          
  )(2)(2 solutionsurface CuClCuCl

                                (8) 

          
  eClCuCuCl surface 22

)(2                       (9) 

Reasonably, in chloride containing medium, 
Cl  usually takes part in the whole process of 

copper corrosion, including surface adsorption, chelation, and film formation. Furthermore, 
Cl  

also plays a vital role in acceleration of copper corrosion [31]. The corrosion products from 

reactions (3)-(5) are porous CuCl  which can react with water and form OCu2  (Eq (10)) in 

succession. Then the surface of copper electrode is covered with an insoluble compound layer 

containing CuCl  and OCu2  [32]. The 
Cl  in the environment can easily penetrate into the porous 

film, and accelerate the corrosion of copper substrate. 

      
  ClHOCuOHCuCl film 222 22)(                  (10) 

 

4.  Conclusions 

Severe plastic deformation under ECAP, allowed copper to be highly deformed with a mainly 

granular ultrafine structure, about 200 nm in size. In this deformed state, compound has high level 

of lattice strains, this affects the electrochemical properties apart through potentiodynamic 

polarization tests that revealed a slightly high corrosion resistance of the ECAP copper specimens 

tested in NaCl 3% solution especially after 2 passes. 
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