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Abstract.  In this study, AA1060/Alumina composites were fabricated by combined stir casting and accumulative 
press bonding (APB). The APB process was repeated up to six press bonding steps at 300Ċ. As the novelty, potential 
dynamic polarization in 3.5Wt% NaCl solution was used to study the corrosion properties of these composites. The 
corrosion behavior of these samples was compared and studied with that of the annealed aluminum alloy 1060 and 
versus the number of APB steps. So, as a result of enhancing influence on the number of APB process, this 
experimental investigation showed a significant enhancement in the main electrochemical parameters and the inert 
character of the Alumina particles. Together with Reducing the active zones of the material surfaces could delay the 
corrosion process. Also, at higher number of steps, the corrosion resistance of composites improved. The sample 
produced after six number of steps had a low corrosion density in comparison with high corrosion density of 
annealed specimens. Also, the scanning electron microscopy (SEM), was used to study the corrosion surface of 
samples. 
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1. Introduction 
 

As a new group of advanced materials, aluminum based composites are being considered in 
several industries especially such as automobile and aerospace due to their desirable properties 
such as being light having high strength and coefficient of thermal expansion and so on (Vini et al. 
2017, Farhadipour et al. 2018, Heydari Vini et al. 2020). Severe plastic deformation (SPD) 

processes are now widely used to produce ultrafine-grained (UFG) materials (Seah et al. 2003, 
Supat et al. 2021). These processes are such as accumulative roll bonding (Sedighi et al. 2016), 
accumulative press bonding (Amirkhanlou et al. 2014), multi-axial forging (Lee and Kang 2011), 
cyclic extrusion compression (CEC) (Chen et al. 2008) and so on. During APB, pressing is done 
on cumulated bars with same dimensions. Usually, the thickness reduction per each step of 
pressing is 50% and two bars are bonded together during the pressing process. This process is 
capable to achieve a composite via cumulative pressing without any change in their dimensions by 

inserting extra plastic strains on them including cutting, surface degreasing with acetone, brushing 
and stacking together for the next press bonding step (Vini and Daneshmand 2019, 2020). During 
the recent years, mechanical properties, texture and microstructure evolution of SPD processed 
metals and alloys have been the topic of many researches (Borhani 2016, Sereshki et al. 2016). 
Also, many investigations have been done on the effect of additive particles on the oxidation and 
corrosion of composite materials (Tjahjono et al. 2021, Bakhtadze et al. 2020, Mikhailov and 
Chachkov 2020, Kianfar 2019). However, the corrosion behavior of these APB-processed samples 
needs an in depth investigation. Many researchers investigated the corrosion behavior of 

aluminum based composite samples fabricated by SPD techniques such as ARB and showed the 
effect of its parameters on the properties of the MMCs (Darmiani et al. 2013, Wang et al. 2022, 
Gao et al. 2022). In the present study and as the novelty, a 3.5Wt-% NaCl aqueous solution at 
room temperature was used to analyze the corrosion behavior of Al/alumina composites fabricated 
at 300°C for the first time. To stabilize the open-circuit potential (Ecorr) with a 50 mv min−1 of 
sweeping rate, the samples were immersed into the electrolyte for about 30 min. In all potentio 
dynamic tests. Intersection of the cathodic and anodic Tafel curves extrapolated from the anodic 

and cathodic polarization curves were used to study the values of the corrosion potential (Ecorr) and 
the corrosion current density (I corr) (Mikhailov and Chachkov 2020, Kianfar 2019, Darmiani et al. 
2013, Vini et al. Reihanian et al. 2013, Vini et al. 2017). 
 
 

2. Experimental procedure 
 
2.1 The stir casting process 

 
The fully annealed alloy 1060 is used as raw material aluminum. Alumina particles as additive 

particles with average grain size 2 micrometers are used as reinforcement with purity 99%. Before 
the casting process, the additive particles were preheated at 400Ċ for 5 hours to diminish their 
humidity. The alumina particles with Wt. 5% were put on the surface of the aluminum melt at 
750Ċ and this composition was rotated with a rotary speed of 650 rpm with the blowing of Argon 
gas to protect the melt from oxidation. The stir casting process allows to create a desirable bonding 

between aluminum and alumina particles which leads to decreasing the amount of voids and 
cavities in the final composite matrix. The dimension of the final fabricated composite samples is 
200×15×5 mm. Brushing the surface of composite samples prior, the APB process in necessary to  
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Table 1 The APB process steps for fabrication of Al/ alumina composites 

No. of 

steps 

Pressing 

temperature (°C) 

No. of composite 

layers 

Reduction 

in steps (%) 

Composite layer 

thickness (µm) 

Final reduction 

(%) 

Plastic 

strain 

1 300 2 50 5000 50 0.8 

2 300 4 50 2500 75 1.6 

3 300 8 50 1250 87.5 2.4 

4 300 16 50 625 93.75 3.2 

5 300 32 50 312.5 96.87 4 

6 300 64 50 156.25 98.43 4.8 

 

 

Fig. 1 SEM micrographs of Al/ Alumina composites after three APB steps 

 

 
create a desirable bonding. As mentioned before, brushing allows to deliver a coarse surface which 
increases the introduces a restricted shear during the forming process which disrupts the oxide 
layers. This disruption creates more cracks and allows the virgin metals to extrude along the cracks 
and toward the opposite composite layers which create metallic bonding (Vini and Daneshmand 
2019). 

 

2.2 The APB process 
 
At the starting of the next stage to set up the APB process and to clean the illuminations and 

grease from the surface of the composite samples, the samples were putted in the acetone bath for 
30 minutes. Then, two bars put on together preheated at 300Ċ for 10 minutes (preheating) and 
were pressed (50% reduction in thickness). Then, this process was repeated up to six steps. The 
APB process was continued up to six steps with 5 Wt.% of alumina particles. The APB steps of 
the process are summarizing in Table 1. 

A 3.5 Wt. % NaCl aqueous solution on the 1 cm2 of samples at the room temperature was used 
for doing the corrosion tests. To stabilize the open-circuit potential, the samples were deep into the 
electrolyte for about 30 min. For all potentio dynamic tests, the sweeping rate was 1 mV. min−1. 
The intersection of the cathodic and anodic Tafel curves extrapolated from the anodic and cathodic 
polarization curves were used to calculate the values of the corrosion potential (Ecorr) and the 
corrosion current density (Icorr). 
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Fig. 2 Potentiodynamic polarization curves and its anodic part of the annealed Al and APB 

processed composites 

 
 

3. Results and discussion 
 

Fig. 1 shows the microstructure of the composites cross section in step #3. According to Fig. 1, 
during the APB process, the size and thickness of dense clusters decreases accordingly. Fig. 1 
shows that the uniformity of clusters increases after the 3 th step, significantly. The Al matrix flows 
among the particles where dispersed uniformly through the Al matrix during the forming process. 

For sample with three and six number of steps, the potentio dynamic polarization curves 

recorded are shown in Fig. 2. Also, the polarization diagrams for these samples are given in Table 
2. Formation of a non- protective passive layer for the surface of all samples leads to showing an 
active behavior in the anodic potential. In general, Al has a permanent oxide film on its surface 
because of the reaction between Al and atmosphere oxygen. So, due to the senility of Al to pitting 
corrosion in aqueous media, it is dangerous for formation of the protective passive film. At higher 
corrosion current densities, the anodic potential of the produced samples is more positive than 
annealed Al (Chen et al. 2021, Darmiani et al. 2013). Table 2 shows the lowest corrosion current 

density for the six step APB processed sample. According to Table 2, βa, βc, Ecorr, Icorr, Rp and Vcorr 
are the slope of the anodic and cathodic curves, corrosion resistance, the density of corrosion 
current, polarization resistance and the corrosion sped of samples, respectively. 

Moreover, the kinetics of material corrosion whereas the corrosion current density, Icorr and the 
corrosion potential, Ecorr, represents a thermodynamic characteristic of a given metal-electrolyte 
system means the corrosion value more precisely. These results indicate that in comparison with 
the pure Al, the corrosion resistance of the sample with three steps can be improved. It means that 
increasing the number of steps leads to increasing the corrosion potential which is due to the 

decreasing the activity of the sample surfaces (Mikhailov and Chachkov 2020, Reihanian et al. 
2013, Korchef and Kahoul 2013). Fig. 3 shows the Stern- Geary corrosion polarization resistance  
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Table 2 The potentio dynamic polarization values recorded for samples 

Vcorr 

(µm/year) 

Rp 

(KΩ.cm2) 

Icorr 

(µA/cm2) 

Ecorr 

(V vs. SCE) 

βa 

(mV/decade) 

βc 

(mV/decade) 
Sample 

13.22 164 0.24 -1.1 299 128 Step #3 

7.18 661 0.06 -0.98 215 169 Step #6 

16.16 85 0.3 -0.78 71 292 Annealed Al 

 

 

Fig. 3 Effect of steps on the corrosion polarization resistance (Rp) of composites 

 

 

Fig. 4 Effect of steps No. on the corrosion speed of composites 

 
 

(Rp) of samples versus the number of APB steps. Fig. 3 shows that the sample produced with six 

steps has the most corrosion polarization resistance while the annealed Al has the lowest value. 
This value for the sample with six steps is about six times more than that of the annealed Al.  

Fig. 4 shows the corrosion speed (Rp) of samples versus the number of APB steps. According to 
Fig. 4, sample produced with three steps has the most corrosion speed while the annealed Al has  
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Fig. 5 SEM micrographs of APB processed samples after electrochemical tests in two magnifications (a) 

Annealed Al and after, (b) 3 and (c) 6 steps of APB process 
 
 

the lowest value. So, Alumina particles has a significant effect on the structural refinement by 
increasing the number of APB steps. Two mechanisms (dislocation strengthening and grain 
boundary strengthening mechanism) can explain the strengthening of the Al matrix during the 
APB process. Vini and Daneshmand (2019, 2022) at lower number of steps especially No.2, the 
work hardening of the aluminum matrix has a main role for increasing the strength. 

In the Al/Alumina composites, the non-deformable Alumina particles stimulate slip systems of 
metallic matrix near its adjacent layers and therefore, the density of dislocations and the strain 
hardening rise from the first step up to the 6 th. The plastic flow between the clusters creates 
uniform distribution of the reinforcement at higher steps and as a result, the distance between the 
particles increases. In the other words, it is clear that the regions with high density of dislocations 
have different electrochemical behavior in comparison with the regions made of coarse grains and 
low density of dislocations. So, decreasing the grain size leads to decreasing the rate of corrosion, 

Fig. 4. 
Al and its alloys become hydrated when are in touch with a watery solution and produce a 

hydrated oxide film (AlOOH which is considerable as Al2O3. H2) on their surfaces. The production 
of the hydrated oxide is 

Al + H2O →AlOH + H+ + e-                                 (1) 

AlOH + H2O→  Al(OH)2 + H+ + e-             (2) 

AlOOH + H+ + e- →  Al(OH)2          (3) 

So, the main reaction is 

Al + 2H2O→AlOOH + 3H+ + 3e-            (4) 

Increasing the strengthening mechanism during the APB process, raises the chemical activity of 
surface. This is steady with the higher cathodic polarization current density of the sample 
fabricated with six steps which shows the higher reduction rate of H+ ions to H2 atoms. During the 

corrosion, both of the reduction reactions and oxidation should be considered in the equilibrium 
condition (Darmiani et al. 2013, Reihanian et al. 2013, Reihanian et al. 2013)  

The APB processed samples have the ability to form an oxide layer with the lowest cathodic 
reaction rate. So, the anodic potential of samples is nobler than that of the annealed Al with the 
lowest cathodic current density due to the presence of alumina particles. These particles shift the 
equilibrium condition of the corrosion process to the lower value of Icorr due to the activity of the 
surface and the cathodic reaction and can improve the corrosion resistance (Reihanian et al. 2013,  
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Fig. 6 SEM micrograph of pits propagated in the Al matrix (a) Annealed Al and after, (b) three and (c) six 

steps of APB process 
 
 

Korchef and Kahoul 2013). Fig. 5 shows the SEM micrographs of all specimens. As shown in Fig. 
5, by increasing the number of APB steps, the number of pits increases and their depth decreases, 
the uniformity of their distribution decreases and their length increase which leads to generation of 
longer pits. 

Fig. 6 shows the localized corrosion zones and cracks on the surface of samples. As can be seen 
in Fig. 6, the beginning of the local corrosion process is near the alumina particles (secondary 
phase) or grain boundaries. Materials with high amounts of dislocations and grains boundary 
density, equilibrates the energy in all parts and facilitates the generation of surface layer. So, due 
to the high amounts of the energy trapped in the un-equilibrated grain boundaries during the APB 
process, the generation of the surface layer for the UFG materials energy equilibrium for the un-
equilibrated grain boundaries and grain boundary defects leads to a uniform and more 
homogeneous corrosion. In the other words, severe plastic deformation of the pressing process, 

increasing the density of dislocations and creation an ultra-fine grain structure are the most 
important factors for improvement of the corrosion resistance of aluminum alloy 1060. 
 
 

4. Conclusions 
 

1) After three APB steps, a uniform distribution of particles through the matrix is achieved.  

2) Increase in the strain energy of the material due to the formation of fine grains, decreases the 
corrosion resistance of Al and increases the cathodic reaction during the APB. These variation 
of results during the experimental tests are due to lack of filtering of results obtained. 
3) The composite sample with six number of APB steps has the lowest corrosion current 
density and the highest charge transfer resistance. This behavior decreases the cathodic reaction 
rate of the hybrid composite that causes the chemical activity of the surface and is due to the 
inert effect of the particles.  
4) By increasing the number of APB steps, the number and length of theses pits increased and 

their depth decreased too. 
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