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        HE CORROSION resistance of Aluminum (Al) in 3.5% NaCl 

…….was improved after surface mechanical attrition treatment 

(SMAT). Cyclic potentiodynamic polarization (CPP) measurements 

have shown hysteresis’s loop area owing to localized attack. Surface 

examinations using scanning electron microscopy (SEM), electron 

dispersive X-ray (EDX), X-ray diffraction (XRD) and grazing induced 

X-ray diffraction (GIXRD) have been used to investigate changes of 

composition on the surface at different depths. The result of 

polarization shows that as increasing the time of annealing before 10 

min SMAT the surface of Al becomes more resistance and behaves 

similar to that of adding cathodic inhibitor. The study was carried out 

also for the annealed samples after different time of SMAT 0, 5, 10, 

15, 20 and 25 min. proved that the corrosion resistance was improved 

with increasing the time till 15 min treatment and decreased again 

after that. CPP experiments at all the time except at 15 min SMAT 

recorded the formation of different steps at different potential after the 

corrosion potential. The steps are similar to that recorded due to 

formation of protective film and the break down due to pitting 

corrosion. GIXRD proved that the appearance of these steps is due to 

the formation of different metallic and intermetallic solid solution 

phases which have different corrosion potential. On the other hand the 

more corrosion resistance of 15 min SMAT was attributed to the 

formation of the most anodic phase of Al39 Cu47. The dissolution of 

the treated SMAT Al in 3.5 % NaCl are localized attack and mainly 

intergalvanic corrosion where its rate depends on the defence between 

the corrosion potential of the phases recorded and the Al substrate. 

    
Compounds present in Al and Al alloys may be either non-metallic impurities,  
forming intermetallic compounds or components going into solid solution 
intergranularly

(1)
. On the other hand, metallic impurities present either as 

elements or as intermetallic compounds where, the corrosion resistance of Al 
depends on its corrosion potential

(2)
. In part 1 of the present work 

(3)
, the 

corrosion resistance of grain refines Al using surface mechanical attrition 
treatment (SMAT) in 3.5% NaCl was investigated under free condition. The 
techniques used were open circuit potential and surface examination such as 
scanning electron microscopy (SEM), electron  dispersive X-ray (EDX) and X-ray 
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diffraction (XRD) to represent the effect of SMAT on the corrosion resistance of 
Al. The results proved that the corrosion resistance of Al is controlled by the time 
of oxide film formation which depends on different factors such as the grain 
refinement, the segregation of Fe to the outer surface , the formation of micro 
cavities and  the crystallographic orientation of habit Al (111) plane phases. 
 

It is well known that 
(2,4)

 in the case of commercial Al, a large number of 
intermetallic compounds may be present in the surface. Accordingly as the 
escape depth of both of EDX and XRD analysis are far from the surface, it is 
necessary to examine the surface by anther technique to show the phases formed 
near to the surface. In the present study, a rapid or accelerated technique of 
cyclic potentiodynamic polarization is used to show the type of attack occurring 
during the dissolution of SMAT Al in 3.5% NaCl. On the other hand, surface 
examination such as SIM, EDX and XRD beside GIXRD techniques was used to 
elucidate the effect of different phases formed at different depths, far from and 
near to the surface, on the corrosion resistance.  
 

Materials and Methods 
 
The material used in this study was a commercial aluminum sheet and the 

nominal chemical composition was described in part 1
(3)

.  The corrosion studies 
of Al samples in 3.5% NaCl were performed by potentiodynamic cyclic 
polarization test. The measurements were carried out using a PS6 Meinsberger 
Potentiostat/Galvanostat, Germany. 

 
Electrochemical experiments were carried out in a conventional three 

electrode cylindrical Pyrex glass cell with a platinum counter electrode, a 
saturated calomel electrode (SCE) as a reference electrode and working 
electrode. Before polarization measurements, the sample was kept at -1500 mV 
versus saturated electrode for 20 min in the test solution to reduce the 
preimmersion oxide on the sample surface. The potentiodynamic cyclic 
polarization test was carried out by scanning the electrode potential from -1500 
mV to +500 mV using a scanning rate of 1 mV/Sec and reversed again to the 
backward direction with the same scan rate. Current- time tests were achieved by 
the application of a constant potential value for a certain time period.  

 
 Details of the surface analysis techniques, surface pretreatment and other 

experimental methods were described elsewhere 
(5)

.   
 

Results and Discussion 
 
Electrochemical measurement 

Figure 1 presents the polarization behaviour of Al in 3.5 % NaCI solution 
with different time of pre-annealing at the same time of SMAT. It is clear from 
the results presented in Fig. 1 that the corrosion potential (Ecorr) is shifted 
towards negative values as the time of pre-annealing is increased. The most 
negative shift in Ecorr is associated with the lowest cathodic and anodic corrosion 
current. This indicates that as increasing the time of pre-annealing before 10 min 
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SMAT, the surface becomes more resistant and behaves similar to that of adding 
cathodic inhibitors. It is relevant to mention

(6)
, when a cold worked metal is 

heated, the energy stored in the metal during the cold working process is 
released, the dislocation tangles rearrange themselves, and the internal stresses, 
hardness and strength of the metal are progressively reduced

(6)
 .On the other 

hand, the hall-pitch relation
(7-9)

 reveals that yield strength is inversely 
proportional to gain size. This confirms that as increasing the time of pre-
annealing at the same temperature of 600

◦
C of Fig. 1,SMAT becomes more 

effective to yield lower gain sizes which improve both of the mechanical 
properties

(10)
 (strength and wear resistance) and corrosion resistance. 

 
Potentiodynamic polarization measurements are a relatively rapid technique 

that can give quick and certain answer to corrosion and corrosion problems. 
Accordingly the effect of SMAT time of 5, 10, 15, 20 and 25 min on the 
dissolution of Al in 3.5% NaCl was studied, Fig. 2.  It is clear from Fig. 2(a) that: 
none of these curves exhibited any active-passive transition. This is in agreement 
with previously published data which represent that, Al can form a protective 
passive film in air before treatment

(11,12)
.  Ecorr of the cold worked Al (zero)      

(Fig. 2 a) was shifted to more negative potential after annealing (blank) (Fig. 2 b) 
from the value of-800 to-1060 in 3.5% NaCl, respectively. By contrast, E corr. 
were displaced to a less negative (anodic) direction by increasing the time of 
SMAT and a maximum shift was recorded  after 15 min SMAT as shown in Fig. 
2(d). The shift recorded in Ecorr can be explained as being a result of decreasing 
the grain size to become more refined as confirmed previously

 (3)
. 
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Fig. 1. Potentiondynamic polarization curves of Al in 3.5% NaCl in different time of 

pre-annealing after 10 min of SMAT. 
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Fig. 2. CPP curves of Al in 3.5% NaCl at different time of SMAT. 
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In contradiction, by increasing the time of SMAT  to 20 and 25 min, Ecorr 

returned to more negative value which increased again to become higher than 

that recorded in case of zero SMAT (blank) . This behaviour occurs as a result of 

two factors, the first one is due to the increase in the number of accumulated 

micro-vacancies which are weak points where attack may initiate. While the 

second factor is related to the increase in the percentage of Fe specially at the 

white spots which forms a micro galvanic corrosion with Al substrate 
(3)

. 

 

A previous work of the potentiostatic polarization of Al in different 

concentration of NaCl from 10
-5

 to 10
-1

M has shown that at diluted concentration 

up to 10
-2

 M NaCl after the Ecorr has been attained within a few millivolts, a 

breakdown of passivity occurred. They concluded that corrosion of Al and Al-Cu 

alloys in NaCl progresses by pitting and Epit shifted to more negative potential 

values as increasing the concentration of NaCl. 

 

It can be observed from all curves of Fig. 2 that after the Ecorr some steps were 

recorded which are similar to those recorded due to the formation of protective or 

passive film and those breakdown due to pitting corrosion. This is in agreement 

with the previous studies for three reasons, the first one is related to the formation 

of hysteresis loop after CPP measurements as represented in Fig. 2. The second 

reason is related to the previous study
(11)

 at the same concentration of NaCl which 

concluded that Ecorr was the same as the pitting potential (Epit) ( Epit and Ecorr 

coincide). While the third one is related to the appearance of these steps at definite 

values of potential as represented in Table 1. This table shows the variation of the 

Ecorr (Epit) and the potential of the different steps present as a function of time of 

SMAT. By increasing the time of SMAT, Ecorr was shifted to less negative 

potential and the second step after Ecorr became the new Ecorr. This occured till 10 

min SMAT while at 15 min SMAT  only  Ecorr was recorded at  the more anodic 

value of potential of -760 mV, (Table 1) and there is no any another steps recorded. 

On increasing the time of SMAT to20 and 25 min., Ecorr were shifted again to more 

negative values and the steps recorded at 5 and 10 min appeared again. 

 

It was found that, it is difficult to calculate the corrosion rate by means of 

polarization from Tafel slop or resistance polarization due to the appearance of 

the different steps which gives higher error in the results. In consequence, it was 

of interest to give another fact to represent the effect of SMAT time on the 

corrosion resistance from the electrochemical view through calculation of the 

current densities at constant value of potential after both of Ecorr and the different 

steps recorded. A potential of zero mV was selected to clarify what about the 

effect of SMAT on the corrosion resistance. It was found from Table 1 that, the 

current density recorded at 5 min SMAT is 140 mA/cm
2
which decreased by time 

to become in smallest value of 30mA/cm
2
 at 15 min SMAT. Further increase in 

the SMAT to 20 and 25 min, the current density increases again to become 70 

and 100 mA/cm
2
, respectively. 
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To confirm the CPP result, current density against time measurement for 

preannealing Al before (blank) and after different time of 5,10, 15, 20 and 25 

SMAT were studied in 3.5% NaCl at constant value of -800 mV. This value was 

chosen from the polarization curves of Fig. 2 where at blank, 5, 10, 20 and        

25 min SMAT this value is recorded at the anodic branch while the same value 

of -800 at15 min SMAT is within the cathodic branch. The current- time curves 

of Fig. 3 show that, initial current densities begin at higher values which 

decrease to reach nearly a steady state and contain some oscillations. This 

oscillation may be due to the dissolution and reformation of a corrosion product 

and or initiation and repassivation of some localized attack depending on the 

time of SMAT as represented in Fig. 3. Figure 3 shows that in case of blank 

sample the current density recorded after 60 min is 2.75 mA and as the time of 

SMAT is increased up to 15 min considerably large decrease in current density is 

recorded and a maximum decrease to 0.1mA is recorded after 15 min SMAT. 

After that, at 20 and 25 min SMAT the current density increases again to show 2 

and 1.75 mA, respectively. This supports the conclusion reported previously in 

CPP of Fig. 2 which represents the higher corrosion resistance of 15 min SMAT. 

To complete the picture it is necessary to examine the surface of the sample 

before and after electrochemical measurements. 

 

 

 
 

 

Fig. 3. Current –time curves for Al in 3.5% NaCl in different time of SMAT at 

constant value of potential (-800 mV). 
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TABLE 1. Ecorr, the potential of the different steps present and I (mA/cm2) at zero 

(mV) as a function of time SMAT. 

 

Sample Treatment 
ECorr. and the potential of 

different steps present (mV) 

I (mA/cm2) recorded at  zero 

mV 

Cold worked(0) -700, -640 

70 

 

 

Annealing only -1065, -1015, -930 and -810 90 

5 min. -1010, -940 and -820 140 

10 min. -920, -760 90 

15min. -890 80 

20min. -1100, -940, -820 70 

25min. -1090, -930, -810 100 

 

Surface analysis measurements 

It was of interest to examine the surface of Al sample after SMAT before and 

after immersed in 3.5% NaCl for 120 min using different surface analysis 

techniques such as EDX, GIXRD and SEM  

 

      EDX analysis 

As recorded in part 1
(3)

 it is necessary to mention that the SEM examination 

after immersion of SMAT Al for all time of 5, 10, 15, 20 and 25 min in 3.5% 

NaCl shows the appearance of a bright spot at a specific sites on the surface. On 

the other hand, the EDX analysis concluded that Fe was detected with a small 

ratio overall the surface in comparison with the higher ratio recorded at the 

bright regions. 

 

In this study, the EDX analysis of Table 2 represent the effect  of SMAT time 

on the changes of the surface composition of Al before and after treatment in 

3.5% NaCl for 120 min. It was found from Table 2 that, the ratio of Fe is bigger 

after immersion than that recorded before immersion either at the whole surface 

or at the bright Fe spots. This shows that also NaCl accelerates the segregation 

rate of Fe to the outer surface beside SMAT effect. 
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TABLE 2. EDX analysis of SMAT time of Al before and after treatment in 3.5% 

NaCl for 120 min. 

 

 

Time 

of 

SMAT 

(min.) 

Over the major part of the surface 

(at %) 
In the white regions (at %) 

Before 

treatment in 

3.5% NaCl 

after treatment in 

3.5% NaCl 

Before treatment 

in 3.5% NaCl 

after treatment in 

3.5% NaCl 

O Al Fe O Al Fe O Al Fe O Al Fe 

blank 7.5 92.5 --- 15.8 84.2 --- 7.8 89.4 2.8 10.76 82.32 6.7 

5 9.5 91.5 --- 17.5 82.0 0.5 8.2 88.4 3.4 12.2 74.3 13.5 

10 12 88 --- 19.66 79.8 0.54 9.2 80.3 10.15 14.5 62.11 23.39 

15 12.5 87 0.5 28.29 70.71 1 10.2 74.4 15.3 16.2 41.08 42.72 

20 12.2 85.3 2.5 15.2 80.6 4.2 4 87.6 8.4 22.3 59.2 18.5 

25 10 84.8 5.2 13.1 80.4 6.5 3 83.6 13.4 22.73 50.4 26.88 

 

      GIXRD technique  

In the light of the above results recorded in part 1 
(3)

 where XRD of higher 

escape depth examination is used, it was necessary to study and examine the 

surface of SMAT Al before and after immersion in 3.5% NaCl using (GIXRD) 

analysis technique to show the phases formed near to the surface. Table 3 shows 

that after 5 min SMAT without immersion in 3.5% NaCl, the measured 

composition of the surface represented the appearance of intermetallic solid 

solution phases of Al4Cu9 and Al1 Ti1beside Si and Al metallic phases. These 

phases disappeared after treatment in 3.5% NaCl and the phases recorded are 

metallic Al and traces of intermetallic Cu3 Al only. The appearance of NaCl 

phase is due to the contamination from solution. In generally all the phases were 

recorded with different plane of orientation and different structure. Increasing the 

SMAT time to 10 min, the surface of the untreated sample exhibited the 

formation of Al1Fe3, Al4Cu9and Al10O16 solid solution phases and the elemental 

Si phase only with different plane orientation and structures. After treatment in 

3.5% NaCl for 120 min only Al was detected. 

 

On increasing the SMAT time to 15 min, the detected phases containing 

elemental phases of Si, Al, Fe, Ti with a very small ratio of only Al10Cu0.01 solid 

solution for the untreated sample. The treated sample of 15min SMAT in 

3.5%NaCl recorded mainly AL35 Cu47 of different planes and a small ratio of 

elemental Al, Si phases. As mentioned previously these phases are different from 

those recorded with the lower SMAT time. 
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(a) (a) 
(a) 

(b) 

(b) 

(a) 

(b) 

(a) 

(b) 

TABLE 3. GIXRD pattern identification Al sheets after SMAT of different times from 5 to 25 

min (a) after and (b) befor treatment in  3.5 % NaCl for 120 min. 

 

 

     10 min SMAT 

Structure l k h Phase Card no. 

cubic 2 0 0 Al1Fe3 98-060-7484 

cubic 3 2 0 Al4Cu9 98-015-1371 

cubic 3 2 0 Al4Cu9 98-015-1371 

orthrhombic 0 2 0 Si 98-008-9415 

tetragonal 1 2 1 Al10.666O16 98-006-8771 

tetragonal 3 1 0 Al10.666O16 98-006-8771 

orthrhombic 1 1 3 Si 98-008-9415 

orthrhombic 1 1 3 Si 98-008-9415 

orthrhombic 2 1 1 Si 98-008-9415 

orthrhombic 2 0 2 Si 98-008-9415 

orthrhombic 1 2 4 Si 98-008-9415 

cubic 4 0 0 AlFe3 98-60-7484 

cubic 6 3 2 Al4Cu9 98-015-1371 

cubic 5 5 0 Al4Cu9 98-015-1371 

cubic 5 5 0 Al4Cu9 98-015-1371 

cubic 6 3 3 Al4Cu9 98-015-1371 

     immersed 

     10 min SMAT 

cubic 1 1 1 Al 01-071-4625 

cubic 1 1 1 Al 01-071-4625 

cubic 0 0 2 Al 01-071-4625 

cubic 0 2 2 Al 01-071-4625 

cubic 1 1 3 Al 01-071-4625 

cubic 2 2 2 Al 01-071-4625 

     5 min SMAT 

Structure l k h Phase Card no. 

Cubic 3 2 0 Al4Cu9 98-000-1625 

Cubic 3 2 0 Al4Cu9 98-000-1625 

orthrhombic 0 2 0 Si 98-008-9416 

orthrhombic 2 0 0 Si 98-008-9416 

orthrhombic 2 0 0 Si 98-008-9416 

Cubic 3 3 0 Al4Cu9 98-000-1625 

orthrhombic 1 2 4 Si 98-008-9416 

orthrhombic 1 2 4 Si 98-008-9416 

tetragonal 2 1 1 AlTi 98-009-9782 

Cubic 2 2 0 Al 98-015-0692 

tetragonal 3 1 0 AlTi 98-009-9782 

     immersed 

     5 min SMAT 

Structure l k h  Card no. 

Cubic 0 1 1 NaCl 01-089-2780 

Cubic 0 2 2 Cu3Al 01-073-2762 

Cubic 0 0 2 Al 01-073-2661 

Cubic 0 2 2 Al 01-073-2661 

Cubic 1 1 3 Al 01-073-2661 

Cubic 2 2 2 Al 01-073-2661 

     25 min SMAT 

Structure l k h phase Card no. 

hexagonal 2 1 0 AlCuO2 98-003-2633 

hexagonal 2 1 0 Al2C3.4 98-005-7667 

cubic 2 0 0 Al 98-015-0692 

hexagonal 2 2 0 Al2C3.4 98-005-7667 

cubic 2 2 0 Al 98-015-0692 

     immersed 

     25 min SMAT 

cubic 1 1 1 Al 98-015-0692 

cubic 2 0 0 Al 98-015-0692 

cubic 2 2 0 Al 98-015-0692 

cubic 2 2 0 Al 98-024-0129 

orthorhombic 1 1 5 Si 01-089-9056 

cubic 0 2 2 Al 00-003-0932 

cubic 0 2 2 Al 00-003-0932 

cubic 3 1 1 Al 98-015-0692 

cubic 3 1 1 Al 98-024-0129 

cubic 1 1 3 Al 00-003-0932 

     15 min SMAT 
Structure l k h Phase Card no. 

orthorhomic 2 0 0 Si 98-008-9416 
Cubic 1 1 1 Al 98-015-0692 

orthorhomic 2 1 1 Si 98-008-9416 
Cubic 1 1 0 Fe 98-006-4795 

orthorhomic 0 2 2 Si 98-008-9416 
Cubic 2 0 0 Ti 98-004-1503 
Cubic 2 0 0 Al0.99Cu0.01 98-010-7774 
Cubic 2 0 0 Fe 98-006-4795 
Cubic 2 2 0 Al 98-015-0692 
Cubic 2 2 0 Ti 98-004-1503 

orthorhomic 1 1 5 Si 98-008-9416 
Cubic 3 1 1 Al 98-015-0692 
Cubic 3 1 1 Ti 98-004-1503 
Cubic 3 1 1 Ti 98-004-1503 
Cubic 3 1 1 Ti 98-004-1503 

     immersed 
     15 min SMAT 

orthorhombic 2 4 2 Al35.472Cu47.792 98-24-0196 
orthorhombic 4 2 0 Al35.472Cu47.792 98-24-0196 
orthorhombic 4 2 0 Al35.472Cu47.792 98-24-0196 

Cubic 1 1 1 Al 98-005-3775 
orthorhombic 0 6 2 Al35.472Cu47.792 98-24-0196 
orthorhombic 0 2 2 Si 98-008-9416 
orthorhombic 0 0 4 Al35.472Cu47.792 98-24-0196 
orthorhombic 4 4 4 Al35.472Cu47.792 98-24-0196 
orthorhombic 4 4 4 Al35.472Cu47.792 98-24-0196 
orthorhombic 4 4 4 Al35.472Cu47.792 98-24-0196 
orthorhombic 4 4 4 Al35.472Cu47.792 98-24-0196 
orthorhombic 4 4 4 Al35.472Cu47.792 98-24-0196 
orthorhombic 8 2 0 Al35.472Cu47.792 98-24-0196 
orthorhombic 2 4 6 Al35.472Cu47.792 98-24-0196 
orthorhombic 5 9 1 Al35.472Cu47.792 98-24-0196 
orthorhombic 5 9 1 Al35.472Cu47.792 98-24-0196 
orthorhombic 5 9 1 Al35.472Cu47.792 98-24-0196 
orthorhombic 7 3 3 Al35.472Cu47.792 98-24-0196 
orthorhombic 7 3 3 Al35.472Cu47.792 98-24-0196 
orthorhombic 8 2 2 Al35.472Cu47.792 98-24-0196 
orthorhombic 0 6 6 Al35.472Cu47.792 98-24-0196 
orthorhombic 4 2 6 Al35.472Cu47.792 98-24-0196 
orthorhombic 4 2 6 Al35.472Cu47.792 98-24-0196 
orthorhombic 4 2 6 Al35.472Cu47.792 98-24-0196 

Cubic 2 2 2 Al 98-005-3775 
Cubic 2 2 2 Al 98-005-3775 
Cubic 2 2 2 Al 98-005-3775 
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Further increasing in the SMAT time to 20 and 25 min before treatment in 3.5 % 

NaCl, two solid solution phases of AlCuO2 and Al2Cu3.4 beside only elemental 

phase of Al were detected. After treatment in 3.5%NaCl  the surface composition 

revealed that there is no phases of intermetallic solid solution and  Al is the 

mostly phase recorded  over the surface with a very small amount of Si phase . 

 

From the above results, we can conclude that at all the time of SMAT except 

at 15 min three features are recorded. First, before treatment in 3.5% NaCl 

different types of solid solution phases with a lower concentration of elemental 

Al and Si phase were detected. Second   Al and Si are the only phases detected. 

The last feature recorded about the structures which distributed between cubic, 

orthorhombic and tetragonal with different plane of orientations. In 

contradiction, at 15 min SMAT, the surface composition shows mainly a 

different phase of elemental Si, Fe and Ti before treatment in 3.5% NaCl. Also, 

after treatment the recorded composition is mainly Al39Cu47 phase. 

 

These conclusions confirm the above results of potentiodynamic polarization 

curves of Fig. 2, where:  At all the SMAT time except 15 min the polarization 

curves show that, after Ecorr different steps appeared. This was attributed to the 

formation of different intermetallic solid solution as shown in Table 3. It is well 

known that intermetallic particles in aluminum alloys may be either anodic or 

cathodic to the matrix. Accordingly, two main types of local attack are formed; 

one of them appears around a more or less particle potential and the attack is 

occurring mainly in the matrix. This type is called localized galvanic corrosion 

of the more active matrix (anodic) promoted by the more noble (cathodic) 

particle. While the second type of local attack is often deep which occurs as a 

result of particles fallout, selective dissolution of the electrochemically active 

particles or as in the case of some Cu-bearing particles, particle dealloying and 

non-faradaic liberation of the Cu component?  

 

On the other hand, also at 15 min SMAT, Fig. 2(d) shows that no steps are 

recorded after Ecorr consistent with the surface composition of the untreated 

sample where the metallic phase of Al, Si, small amount of Fe and Ti were only 

detected with a very traces amount of Al10Cu0.01 phase. The appearance of small 

amount of Fe and traces of Al10Cu0.01 phases is responsible for the non-detection 

of the steps in Fig. 2(d) where the potential difference between Al and both of Si 

and Ti is very small. On the other hand the surface of the treated sample in 3.5% 

NaCl of 15 min SMAT represents mainly the formation of Al35Cu47 phase  which 

is behind the shift in Ecorr to more anodic (-740 mV) and also the disappearance 

of the previous steps recorded.   

 

  SEM 

In order to conform the effect of formation of the above mentioned phases on 

the corrosion behaviour of Al, the SEM image of Fig. 4 was taken at potential of 

zero mV of Fig. 2 which was recorded after 10 min SMAT. The micrograph of 
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Fig. 4 reveals that the surface had a cluster of Fe, where the EDX  analysis 

represent 23.39 at %of Fe. The appearance of the local attack around the cluster 

confirms that the phases formed are more resistance than the Al substrate and the 

hysteresis loop recorded in Fig. 2 is not due to the pitting corrosion only but also 

due to the intergalvanic attack which is formed as a result of the potential 

difference between the cluster of Fe and Al substrate. 

To understand the dissolution of these phases, it is necessary to mention that 
(13)

 the dissolution of θ phase of Al2 Cu which formed due to the enrichment of 

Cu on Al surface by a simple dealloying mechanism of 

 

Al2 Cu   →  2Al
+++

 + Cu + 6e                                     (1) 

 

This occurs at potential more active than the Cu reversible potential. Others 
(12, 14, 15)

 

supported the view that the dissolution involves firstly the dealloying of 

intermetallic compound particle of θ Al2Cu as 

  

Al2Cu        →     2Al
+++

+Cu
++

+8e                                 (2) 

Cu
++

+2e     →      Cu                                                     (3) 

 

Secondly, metallic Cu clusters were isolated mechanically and electrically by 

physical coarsening of the dealloyed particles. Others 
(16)

 found that the 

dissolution of Cu occurs as a result of the galvanic couples due to cathodic 

reaction with Al alloy to produce Al
+++

 and Cu
++

. Another work by the present 

author reported previously 
(11,12)

   that the Cu cluster itself go to the solution as a 

result of the galvanic attack around the cluster itself.  Accordingly it can be 

confidently mentioned therefore that the dissolution of the different phases 

recorded was due to the above of the four previous mentioned reasons as, the 

first one occurs by a simple dealloying of the intermetallic compound as in 

equation (1). The second one occurs by isolating the metallic clusters of Fe, Si, 

Cu… mechanically and electrically by physical coarsening of the dealloyed 

particles. The third one is due to the cathodic reaction of the intermetallic 

compound to produce its cations such as Al
+++

 and Fe
+++

 or Al
+++

 and Cu
++

 and 

so on. The last reason is occurs as a result of the metallic cluster itself such as Fe, 

Cu, Si,… go to the solution due to the  galvanic attack around the cluster itself. 
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Fig. 4. SEM image showing the surface of Al after 10 min. SMAT at potential of zero mV. 

 

Conclusion 

 

(a) The results of electrochemical measurement concluded that: 

1. In all cases the dissolution of Al occured mainly by localized attack as 

represented by the appearance of hysteresis loop area in the CPP curves. 

2. In all curves of CPP there were no active-passive transition where the 

corrosion potential was the same as the pitting potential, i.e. Epit and Ecorr 

coincide. On the other hand all the curves except at 15 min SMAT Al the Ecorr 

recorded the formation of different steps which had different corrosion 

potential.  

3. By increasing the time of annealing at constant the time of SMAT, Ecorr was 

shifted to more negative potential while both the cathodic and anodic current 

densities decreased. This indicates that the surface of Al became more 

resistance and behaves similar to that of adding cathodic inhibitor. 

4. By increasing the time of SMAT of Al after annealing Ecorr was shifted to less 

negative potential which recorded a maximum anodic value at 15 min. 

SMAT and the corrosion rate was decreased by the same manner as 

represented from I-T measurement. As increasing the time of SMAT to 20 and 

25 min Ecorr were returned again to increase towards the more negative value 

and the corrosion rate is increased again. These represented that 15 min SMAT 

is the best time for improving the surface to become more corrosion resistance. 

(b) The results of surface examination shows that: 

1. The EDX analysis concluded that in all cases Fe was detected with a small 

ratio over the entire surface in comparison with the higher ratio recorded at 

the bright spots regions. Also, in all cases the ratio of Fe recorded on the 

surface after treatment in 3.5% NaCl was higher than before. This proved that 

not only SMAT time affects increasing the segregation of Fe to the outer 

surface but also the treatment in 3.5% NaCl is more effective. 
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2. GIXRD technique concluded that the steps recorded during the CPP 

measurement are controlled by the formation of different metallic and 

intermetallic solid solution phases. These phases may be either anodic or 

cathodic to the Al matrix.  

3. The effect of the SMAT of Al on the corrosion resistance depends also on the 

Ecorr of the phases recorded where the dissolution is manly intergranular 

galvanic corrosion. 
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 تحسين مقاومة تأكل االلومنيوم من خالل التشويه البالستيكى الفائق 
 تحت ظروف معجلة( 2)
 

دمحم رفعت ابراهيم , عبير عصمت المليجى
 * 

       شيماء عصمت عبد الحميد ,

 وعلى عبد الفتاح الوراقى

و قسم الكيمياء الفيزيقية 
*

 – جيزة –المركز القومى للبحوث  –قسم فيزياء الجوامد 

 .مصر

 

من كلورايد الصوديوم % 5.3نتيجة تم تحسين معدل تأكل االلومنيوم فى محلول 

استخدمت قياسات . وذلك بعد وضع المعدن تحت التشويه البالستيكى الفائق لسطحه

االستقطاب البوتنشيوديناميكى والتي وضحت حدوث التباطئ الحلقى نتيجة لحدوث 

لعينات كال من الميكروسكوب الماسح استخدم فى فحص اسطح ا. التأكل الموضعى

وحيود االشعة السينية ( EDX)و االشعة السينية المشتتة ( SEM)االلكترونى 

(XRD ) الى جانب حيود االشعة السينية السطحية(GIXRD)  لتحديد التغيرات

 .الموجودة عند اعماق مختلفة من السطح

 

دقائق  01قبل  (annealing)اثبتت نتائج االستقطاب انه بزيادة زمن التصلد 

اصبح سطح االلومنيوم اكثر ( SMAT)معالجة باستخدام التشويه الميكانيكى الفائق 

من كلوريد الصوديوم ويسلك مسلك المثبط % 5.3مقاومة للتأكل في محلول 

 .الكاثودى

 

ساعات  3لمدة )  (annealing) امتدت الدراسة ايضا على عينات محمصة

 (SMAT)ومعالجتها باستخدام انهاك االسطح بالتشويه الميكانيكى ( م 011֯عند 

دقيقة والتى اثبتت انه تزداد مقاومة  03، 01، 03، 01، 3لفترات مختلفة هى 

 .دقيقة وبعد ذلك تقل مرة اخرى 03التأكل بزيادة زمن المعالجة حتى 

 

ا التيار سجلت قياسات االستقطاب البتنشيوديناميكى خطوات محددة يكون فيه

هذه الخطوات تشبه . ثابت عند قيم مختلفة من الجهد ويظهر هذا بعد جهد التأكل

تماما ما يحدث عند تكوين طبقة حامية على سطح المعدن وانهيار هذه الخطوات 

 .هى نتيجة االنهيار فى الجهد حدوث التأكل الثقبى

 

ان  (GIXPD)اثبتت طريقة الفحص باستخدام حيود االشعة السينية السطحية 

هذه الخطوات التي ظهرت نتيجة ثبوت قيم التيار هى نتيجة تكوين اطوار مختلفه 

 different metallic and intermetallic solid)ذات قيم جهد مختلفه  

solution )  . وعلى الجانب االخر تبين ان السبب فى تسجيل اعلى مقاومة عند

اكثر انودية من االلومنيوم نحاس  دقيقة يرجع الى تكوين طور 03المعالجة لمدة 

(Al39Cu47)  ووجد ايضا ان ذوبان االلومنيوم المعالج(SMAT Al )  فى

من كلورايد الصوديوم يتم من خالل التأكل الموضعى ويكون غالبا % 5.3محلول 

تأكل بين جلفانى ويعتمد معدله على الفرق فى الجهد بين جهد تأكل الطور المتكون 

 .نفسهوجهد االلومنيوم 

 

 

 


