
�� �� �� �� �� �� �� �� �� �	 �
 �� ��
���
�����������������������������
�������������������������������������������������


����������������� �
�������!���"�������������������#�������������������$���%�������&�"������
�'���(�)�(�*�&�"���+�,�-���.�������/���0�����������������0�0���������!���������.���"���������!
�1�,�-�%���,�2���%����������������

�����0�����3���4����������
�4�����������0�����������$�������/���������/�������5��� ��������������� �3���.���������������������������������������$���6���/����������� �
�����������7������������

�%����� ���3���%���������0
�4�����������0�����������$�������/���������/�������5��� ��������������� �3���.���������������������������������������$���6���/����������� �
�����������7������������

�'��� �����3���%�����8����
�4�����������0�����������$�������/���������/�������5��� ��������������� �3���.���������������������������������������$���6���/����������� �
�����������7������������

�����������9�:�:�!�����;����� �:�*�)�;�<�*�)�=�:�(�>�?�*�)�<�2

�@�A�� �� �B�5������� ���������;���*�)���C�*�D�3�������;�=�2�&�*�)�2�3���-�)�-�E�&�)�E�;���� �� �� �� �F �� �G�H�I �J �K�L �
 �G�M�N�O�P�Q�H�R�G
�S�G�
 �T �H�B
�U�V�W�X�B



EVERGREEN Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 10, Issue 01, pp94-104, March 2023 

Morphology and Corrosion Behavior of Stir-Cast Al6061-
CeO2 Nanocomposite Immersed in NaCl and H2So4 Solutions 

Dinesh Kumar1*, Satnam Singh1, Surjit Angra1

1Department of Mechanical Engineering, National Institute of Technology Kurukshetra-India 

*Author to whom correspondence should be addressed:
E-mail: dinesh_61900120@nitkkr.ac.in

(Received November 25, 2022; Revised February 3, 2023; accepted February 6, 2023). 

Abstract: Durability in terms of life is intended as a significant factor in developing advanced 
materials. The enrichment in corrosion resistance of the produced progressive material can be the 
solution. In the current study, a nanocomposite of aluminum 6061 and cerium oxide was prepared 
with a stir casting route reinforced in the range of 1-3 wt.%. The corrosion and microstructural 
behavior were observed under parametric conditions. The exposure time (36-180 hours), 
temperatures (room temperature, 45 ºC, and 75 ºC), and 2.5 wt.% of Sodium chloride (NaCl) and 
Sulphuric acid (H2So4) solutions were chosen as parameters for examining the corrosion rate using 
the immersion test method. The lower corrosion resistance was noticed in aluminum metal matrix 
nanocomposites (AlMMNCs) reinforced with 3 wt.% of CeO2. The SEM analysis concluded voids, 
holes, clustering of particles, and debris kind of defects were observed in stir casting of AlMMNCs 
samples. The Pitting, fretting, and grain boundary corrosions were the primary degradation factors 
for corrosion behavior as evaluated from microstructural characteristics. The 0.116 has been 
observed as a significant corrosion rate in mm potential per year after 180 hours as exposure time at 
75ºC in 2.5 wt.% NaCl solution.  
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1. Introduction

The use of aluminum and alloys has been considered
the primary material for military and civilian aircraft 
construction of body structures since the Second World 
War. Other uses for aluminum-based materials are found 
in the automotive, aerospace, and transportation sectors 1). 
The lower density, combined with the higher strength and 
stiffness, is a major reason for choosing aluminum as the 
working material over monolithic materials. Nowadays, 
this aluminum and alloys are being replaced by metal 
matrix composites (MMCs). In an MMC, a brace or two 
is added to an aluminum matrix, creating a new material 
that has greater strength, stiffness, lower density, and 
higher corrosion resistance2). The composite with one 
nano-reinforcement is called aluminum metal matrix 
nano-composites (AlMMNCs), while the composite with 
two or more reinforcements added to the aluminum as the 
matrix material is called hybrid aluminum metal matrix 
nano-composites (HAlMMNCs)3). The lightweight 
structures and automotive components were the uses of 
such advanced aluminum-based composites in different 
corroding environments. The corrosion investigation is a 
significant parameter for accessing potential applications 
of hybrid composites to structural and component 
manufacturing in various industries4). 

A lot of research was carried out on the physical, 
mechanical, and tribological behavior of AlMMNCs, 
however, the study of corrosion behavior as metallurgical 
characteristics has to be explored so far. The corrosion 
may be accelerated due to the interaction of reinforcement 
particles with matrix material in physical, chemical, and 
electrochemical forms5–7). The galvanic interaction of 
reinforcement and matrix also causes to increase in 
material loss and corrosion of the composite. The rapid 
penetration of reinforcement and matrix caused 
preferential corrosion along the interfacial region in 
MMCs. These difficulties can be prevented in AlMMNCs 
compared to monolithic alloys and enhance the corrosion 
resistance of fabricated AlMMNCs8). The cracks, pit holes, 
and inhomogeneities can be arises in the composites, 
which tends to result in a decrement in load-bearing 
capacity and catastrophic failure of the material. These 
defects present in composites limits the application in a 
corrosive environment under the existence of stress9). 

The previous findings focused on pitting potential and 
excavation morphology when performing corrosion tests 
in exposure to Nacl solution10). Authors also observed 
crater and holes initiates due to reinforcements in the 
matrix and this could be the reason for pits generation in 
the composites compared to monolithic alloys11). Baig 
et.al. concluded that the low volume fraction of Al2O3 as 
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corrosion rate of AlMMNCs samples under 2.5 wt.% 
NaCl and H2So4 solutions at ambient temperature with 
exposure time. The AMMCs reinforced with wt.% of 
CeO2 exhibited better corrosion resistance compared to 
monolithic Al-6061 alloy during the immersion test for 
both the aqueous solutions. So, it has been noticed that the 
corrosion resistance was enhanced with an increment in 
the weight percentage of the reinforcements. The nano-
size of the reinforcement was also found significant in 
reducing the corrosion rate of the AlMMNCs. However, it 
has also been observed during the corrosion test of the Al-
6061 alloy that the corrosion resistance decreased with the 
increment in exposure time. Now the phenomenon of 
decrement in corrosion resistance with an increase in 
exposure time has been changed in AMMCs specimen 
which indicates the anodic stabilization of AlMMNCs. 
The corrosion behavior of Al-B4C metal matrix composite 
was carried out in 3.15 wt.% of NaCl solution. The study 
concluded that after the immersion test, some defects were 
created on subsurface of the composite specimen. The 
lower oxidation rate was observed in Al-B4C specimens 
compared to aluminum alloy8). Similarly, the polarization 
behavior of Al- B4C was evaluated in 0.5 M Na2SO4 
solution. The B4C reinforced AMMCs samples found 10% 
higher corrosion resistance compared to monolithic Al-
alloy8). Liaqat Ali Shah et al. analyze the corrosion 
resistance of Al-based MMCs reinforced with TiB2 
particles using Tafel polarization in 3.5 wt.% NaCl 
solution. The increment in corrosion resistance was 
recorded as the reinforcement wt.% is increased in 
AMMCs 31). The comparative analysis of corrosion in Al-
Al2O3 and Al-SiC MMCs using anodization and 
immersion test in cerium oxide32). The surface treatment 

enhanced the corrosion resistance in both the MMCs, but 
Al2O3 particles achieved better corrosion resistance 
compared to SiC particles. However, the low pitting 
corrosion was also observed in Al-Al2O3 samples 
compared to Al-SiC MMCs33). Singh et. al. fabricated the 
MMC of Al-Cr using stir casting technique and analyzed 
the corrosion behavior on fabricated AMMCs samples. 
The electrochemical impedance spectroscopy technique 
had utilized in the presence of 0.5M H2SO4 solution for 
corrosion characteristics of the developed MMCs. The 
corrosion rate was enhanced by reinforcing the Cr particle 
to the pure Al-alloy. Further, corrosion resistance 
comparison had also made between MMCs reinforced 
with nano and micro-Cr particle to Al matrix. The anti-
corrosion potential quality of Cr particles in matrix 
material enhances the corrosion resistance characteristic 
in the fabricated composites34). The MMCs with nano-
particle filler shows the better corrosion resistance 
compared to micro-filler particles. In general terms, the Cr 
with nano-filler has advanced shielding phenomenon 
under corroded environment compared to monolithic Al-
alloys as well as micro -filler reinforcement MMCs35). 
Following the same trends, the current study observed the 
intermetallic due to reaction results of Al-6061 and CeO2 
particulates. Thus, an optimistic advantage can be seen in 
the corrosion resistance of the prepared composite due to 
the discontinuity of aluminum matrix alloy or the addition 
of nano CeO2 in the matrix material in the stir casting 
process. Furthermore, the decrement was recorded in mass 
loss of the ALMMNCs in static 2.5 wt.% of NaCl and 
H2So4 solutions with a decrement in particle size or nano 
-size. 

 

 

Figure 4 (a and b): COR of AlMMNCs samples at room temperature in aqueous solutions 
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Figure 5 (a and b): COR of AlMMNCs samples at 45 °C in aqueous solutions 

 
Figure 6 (a and b): COR of AlMMNCs samples at 75°C in aqueous solutions 

 
Figures 5 (a and b) and 6 (a and b) show the corrosion rate 
variation of AlMMNCs specimens after exposure of 36 to 
180 hours, immersed in 2.5 wt.% of NaCl and H2So4 
solutions, at 45 and 75 °C respectively. The results of the 
immersion test at room and elevated temperature show 
that a higher corrosion rate was achieved with H2So4 
solutions compared to NaCl. However, results compared 
to the matrix material, a lower corrosion rate was observed 
in AlMMNCs compared to monolithic alloy. The 
decrement in the corrosion rate was noted with an 
increment in the weight percentage of the CeO2 
particulates in prepared AlMMNCs.  A linear increment 
was noticed in the corrosion rate as exposure time and the 
temperatures were increased during immersion testing of 
fabricated composites.  
 
4.4 Morphology of corroded AlMMNCs surface 

The corroded surfaces of Al-6061 alloy and AlMMNCs 
reinforced with 1-3 wt.% of Cerium oxide were 
represented in figure 7 (a, b, c, and d) after SEM analysis. 
The immersion test was performed under 2.5 wt.% of 
NaCl and H2So4 solutions after 36 h, 72h, and 180h as 
exposure time at room temperature, 45°C, and 75°C. 
Severe damage was found on Al-6061 and AlMMNCs 
surfaces. The large pitting defects in the NaCl medium 
were produced on the Al-6061 surface as shown in figure 
7(a) and were seen by physical examination also. 
However, Al-CeO2 composite with 3 wt.% of 
reinforcement exhibits a reduced amount of damage under 
NaCl solution compared to the monolithic matrix material 
as shown in figure 7(b).  The cracks and pitting corrosion 

behavior was noticed in AlMMNCs specimen under NaCl 
solution at room temperature after 72 hours of exposure 
time. Figure 7(c) represents the severe degradation on the 
surfaces of AlMMNCs specimen reinforced with 3 wt.% 
in an H2So4 medium at room temperature after 72 hours 
of exposure time. After 72 hours of exposure time the 
corrosion behavior was noticed as cracks, voids and 
dimples in the AlMMNCs specimen as confirmed by SEM 
analysis. The clustering of reinforcement particles was 
seen in AlMMNCs specimens in H2So4 solution at 75°C 
after 72 hours of exposure time as represented in figure 
7(d). This is because of disturbed grain boundaries and 
results in microstructural changes as the corrosion effect.  
In addition to clustering, pitting defects also occurred due 
to the non-uniform distribution of reinforcement particles. 
Magnified SEM micrographs also confirm the pitting 
behavior in the agglomerated region of the fabricated 
AlMMNCs. The corrosion rate was more affected by 
H2So4 solution compared to NaCl at elevated temperature 
of 75°C. The CeO2 as rare earth oxide remains slugged 
into matrix material during immersion in NaCl solution 
and being less anodic, was the reason for being more 
corrosion resistive than immersed in H2So4 medium. 
Although, fewer pits were observed with increment in the 
addition of nano-sized REPs in the Al-6061 alloy. The 
investigation also confirms the formation of grain 
boundary corrosion in fabricated nanocomposite as shown 
in figure 7(d). The reinforcement particles restrain this 
behavior to a certain limit with increment in addition of 
CeO2 particulates but cannot be able to eliminate. 

Figures (4, 5, and 6) also shows that the surface 
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degradation is higher with heated aqueous solutions for 
both pure Al-6061 alloy and nano AlMMCs. However, 
AlMMNCs possess higher corrosion resistance compared 
to the monolithic matrix alloy with an increase in the 
exposure period. The size and number of pits in per unit 
area were observed for incremented temperature and 
immersion in 2.5 wt.% of NaCl and H2So4 solutions. The 
corrosion behavior of AlMMNCs influenced by several 
aspects; processing methods; kind and characteristics of 
matrix materials; shape, size, weight / volume percentage 
of reinforcements; type of corrosive solutions, and 
environmental circumstances36). Dogan Semsek 
performed the corrosion test in NaCl and H2So4 solution 
for AMCs reinforced with ZrO2 and graphite. The pitting 
and fretting corrosion were observed as main degradation 
effect on the surfaces during tests. The NaCl solution was 
found to be better corrosion resistance compared to H2So4 

solution37). The influence of corrosion in Al-SiC MMCs 
led to development of interphases between aluminum and 
silicon carbide, which causes voids and cracks on the 
MMCs surface3). Sunday Aribo et. al. prepared stir cast 
composite of Al6063 reinforced with SiC and snail-shell-

Ash (SSA) and performed the corrosion tests. The results 
revealed that increment in the reinforcement percentage 
increases the hardness of the MMCs. The higher the 
hardness of the MMCs led to enhancement in corrosive 
resistance of the hybrid MMC samples38). Bodunrin et. al. 
investigated the influence of corrosion behavior of Al-
6063/SiCp MMCs in 0.3M H2So4 and 2.5 wt.% of NaCl 
solutions. The SiCp presence in the aluminum alloy gives 
the superior corrosion resistance in NaCl solution 
compared to H2So4. Furthermore, the corrosion resistance 
was significantly enhanced with thermomechanical 
treatment of the MMCs in H2So4 solution39). In current 
study, the interfacing of matrix and reinforcements plays 
the vital role in fabrication of AlMMNCs samples. 
Stronger the interfacial bonding, higher the corrosion 
resistance capability of the produced hybrid 
nanocomposite. The improvement corrosive resistance 
was noticed in Al-6061-3wt.% CeO2 HMMCs which is 
the consequence of strong interfacial bonding and uniform 
distribution of matrix and reinforcement particulates in the 
AlMMNCs.  

 
 

 

Figure 7 (a-d): (a) Corroded surfaces of Al-6061 alloy immersed in NaCl solution at room temperature,  

(b) Corroded surfaces of Al-6061/3wt.% CeO2 immersed in NaCl solution at room temperature after 72 h exposure time, (c) 

Corroded surfaces of Al-6061/3wt.% CeO2 immersed in H2So4 solution at room temperature after 72 h exposure time, (d) Corroded 

surfaces of Al-6061/3wt.% CeO2 immersed in H2So4 solution at 75°C after 72 h exposure time. 
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