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Metal matrix composites have been constantly used in aeronautical, aerospace and industrial applications [1]. 

Similarly, some nanomaterials such as carbon nanotubes (CNTs), silicon carbide (SiC) and alumina (Al2O3) 

nanoparticles have been used as nanoreinforcements in metallic matrices, obtaining high mechanical properties 

and some functional properties such as sensors and actuators [2]. Isaza et al. [3, 4] developed a methodology for 

manufacturing aluminum or magnesium matrix reinforced with CNTs, called sandwich technique. In those 

works, it was found that with the addition of the nanoreinforcement into the metallic matrix, all its tensile 

mechanical properties (elastic modulus, yield strength and maximum strength) are increased. Contrary to what 

was expected and reported of various authors [5], the composites also exhibited an important plastic behavior. In 

order to understand this behavior, a transmission electronic microscope (TEM) JEOL 2010 was used in the areas 

near the interface between the reinforcement and the matrix. Dark-field TEM images consist on identifying in 

diffraction patterns some spots different to those coming from the central electron beam. With this selection, the 

electron beam passes across the sample in just one specific orientation, thus the contrast in the image is associated 

with either different crystalline planes or different phases. 

 Figure 1a shows scanning electron microscopy (SEM) images of the manufactured composites. The dark areas 

correspond to a greater concentration of nanoreinforcements, where the dark-field TEM analyzes were carried 

out to identify the microstructural changes produced by the manufacturing process. Figures 1b and 2 show dark-

field TEM images for the composites reinforced with 0.25 and 1.0 wt.% MWCNTs, respectively. From these 

images, several spots were analyzed, being easy to identify different grain orientation and size (~10-60 nm in 

equivalent diameter for both composites). With these images, it is corroborated that a recrystallization process 

took place during the composite manufacturing, which allows improving the mechanical properties by the Hall–

Petch relationship; i.e., the MWCNTs are acting as nucleation sites, restringing the grain growth by the pinning 

effect [6] during the nucleation stage. The small grain sizes caused the remarkable improved yield strength. Thus, 

the load transfer mechanism and the Hall–Petch relationship dominate the increment in mechanical properties of 

the composites. The Hall–Petch equation relates the grain size to the yield strength, which is related with the 

deformation mechanisms like dislocations. Accordingly, small grain sizes can also allow sliding between grains, 

which is a mechanism that enhances the plasticity in the materials. 
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Figure 1. a) SEM images for magnesium reinforced with 1.0 wt.% MWCNTs and b) Dark-field TEM images for 

magnesium reinforced with 0.25 wt.% MWCNTs. 

 
Figure 2. Dark-field TEM images for magnesium reinforced with 1.0 wt.% MWCNTs. 
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