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Abstract
Very recently, the use of 5050 Al alloy has been tremendously 
increased in the navy and aerospace industries because of its 
excellent corrosion resistance even in salt water and very high 
toughness even at cryogenic temperatures. This work was attempted 
to estimate the effect magnesium content in 5050 Al alloy on the 
improvement of wettability, tensile strength and elastic modulus 
of SiC/5050 Al alloy composites cast by stir casting route. The 
wettability, strength, and modulus of elasticity were improved due 
to increase of wettability. The other mechanisms, which could 
enhance properties of SiC/5050 Al alloy composites, were grain 
boundary strengthening and precipitation strengthening.
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I. Introduction
Metal Matrix Composites [MMC] with high specific stiffness and 
strength are employed in applications in which saving weight is 
a chief issue [1]. The reinforcement is very significant because 
it governs the mechanical properties, cost and performance of a 
given composite. Two types of discontinuous reinforcement are 
used for MMCs: particulate and whiskers. Whiskers generally 
cost more than particulate reinforcements. For instance, silicon 
carbide whiskers cost ₹13000 per kg, whereas silicon carbide 
particulates cost ₹436 per kg. The first production application of 
a particulate reinforced MMC in the United States was a set of 
covers for a missile guidance system.
The stiffness and strength of particulate reinforced aluminum 
MMCs are significantly better than those of the aluminum matrix. 
For instance, at a volume fraction of 30% silicon carbide particulate 
reinforcement, the strength is about 45 percent greater than that of 
the 6061 Al alloy matrix and the stiffness is doubled [2-3]. Silicon 
carbide (SiC) nanoparticles possess high thermal conductivity, 
low thermal expansion coefficient and good wear resistance. 
Silicon carbide nanoparticles are especially used high-temperature 
ceramic bearings, sealing valves and spray nozzles. The main 
issue of SiC nanoparticles is the low wettability by the molten 
metal. Exclusively, the conventional casting processes yield in 
inhomogeneous distribution of particles within the matrix. Also, 
the high surface energy of nanoparticles motivates to form clusters, 
which are inadequate to block the movement of dislocations for 
the strengthening of composites.

Aluminum alloys such as 1xxx [4], 2xxx [5], 3xxx [6], 4xxx [7], 
5xxx [8], 6xxx [9], 7xxx [10] and 8xxx [11] have been used with 
several reinforced nanoparticles. The SiC particles were reinforced 
with Al alloys such as pure Al [12], 2024 Al alloy [13], 6063 Al 
alloy [14, 15], 7020 Al alloy [16, 17] and 8090 Al alloy [18], as yet 
5050 Al alloy is not used with SiC nanoparticles. The 5xxx series 

of Al alloys are strain hardenable; have moderately high strength, 
excellent corrosion resistance even in salt water; and very high 
toughness even at cryogenic temperatures. Several researchers 
[19-22] have employed chemically activated wetting method to 
produce aluminum matrix composite reinforced with ceramic 
particles. They conveyed that Mg, Ca, Ti, Si, Zr and Zn could 
be selected as a wetting agent to ease the integration of ceramic 
particles by molten aluminum. Till date, Magnesium (Mg) is used 
to enhance solid solution hardening and strain hardening of 5050 
Al alloy.

The wetting of the silicon carbide (SiC) nanoparticles by molten 
aluminum (Al) alloy is essential to the formation of beneficial 
metal matrix composites. To accomplish this, Mg alloying of 
aluminum has been expected to increase the wetting of the 
alloy on the SiC nanoparticles. The present investigation aims 
at fabricating of SiC/5050 Al alloy composites and to admit 
the improvement of strength, stiffness and fracture behavior by 
increasing the wettability of SiC nanoparticles with molten 5050 
Al-alloy thorough the addition of Mg.

II. Materials and Methods
The raw materials are 99% pure aluminum, 99% pure magnesium, 
SiC nanoparticles of 100 nm size as shown in fig. 1. The magnesium 
content was varied from 2.0% to 3.0% in 99% pure aluminum to 
get the composition of 5050 Al alloy. The melting practice was 
carried in the resistance furnace as per standards. The composite, 
with 30 vol.% SiC content, was produced by the stir casting and 
low-pressure die casting process. The cast composites were given 
H32 heat treatment. The flat-rectangular tensile specimens used 
in the work is shown in figure 2(a) & 2(b). Tensile tests were 
conducted on a Universal Testing Machine (UTM) with across load 
speed of 0.5 mm/min at room temperature (ASTM D3039). 

The fractured surfaces of the test samples were analyzed with 
a scanning electron microscope (SEM) using S-3000N Toshiba 
SEM. Drop Shape Analysis (DSA) was also carried for determining 
the spread angle. A drop of 5050 Al alloy at 700oC was metered 
onto a 10.0 mm dia. silicon carbide spherical ball. The drop shape 
and spread angle was analyzed using profile projector.

          (a)
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  (b)

  (c)
Fig. 1: Raw Materials Used in the Present Work: 99% Pure Al, 
(b) 99% Pure Mg and (c) SiC Nanoparticles.

Fig. 2: As-cast SiC/5050 Al Alloy Composites (a) 2mm Thick 
Specimens for Tensile Tests and (b) Shape and Dimensions of 
Tensile Specimen (mm).

III. Results and Discussion
In the present work, the Mg content was limited to 3.0% only, 
because the magnesium would form MgO precipitates beyond 
3.0% in 5050 Al alloy. The formation MgO precipitates is seen 
in figure 3 representing the 5050 Al alloy consisting of 4.0% Mg. 
The SiC nanoparticles were found randomly distributed (fig. 4) 
in the 5050 Al alloy matrix. Micro voids between the clusters 
were also seen in the microstructures of the SiC/5050 Al alloy 
composites. At places, the clusters (fig. 5) of SiC nanoparticles 
were observed in the SiC/5050 Al alloy composites.

Fig. 3: Formation of MgO in 5050 Al alloy.

A. Analysis of Wettability
Drop Shape Analysis (DSA) is an image analysis method for 
determining the spread angle. In the present work, the spread 
angle is an included angle measured between the edges of meatal 
in contact with the SiC spherical ball. As shown in figure 6, the 
spreading of 5050 Al alloy on the SiC spherical ball increases 
with an increase in Mg content in 5050 Al alloy. Consequently, 
the wettability of SiC nanoparticles increases with an increase in 
Mg content in 5050 Al alloy. Also, the chemical reaction between 
these materials promotes the wettability. The DSA shows that the 
interfacial reaction increases the spread angle from 100° to 123° 
for the change of Mg content from 2.0% to 3.0%. 

Fig. 4: Microstructures of SiC/5050 Al Alloy Composites: (a) 
2.0%Mg, (b) 2.5%Mg and (c) 3.0%Mg.
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Fig. 5: Formation of Clusters in SiC/5050 Al Alloy Composite

Geometrically, the contact angle can be computed by measuring 
the droplet diameter and the height of the apex as shown in fig. 
7. The contact angle (θ) is, thus, calculated using the following 
relation:

     (1) 

Work of adhesion,     (2)

Interfacial energy,    (3)

Spreading coefficient,    (4)

where, γm and γp are, respectively, the surface energies of matrix 
and particulate materials. The contact angles were, respectively, 
61.3o, 57.0o and 50.6o for Mg content of 0.2%, 0.25% and 0.3% 
in 5050 Al alloy. The contact angles found in the present work 
were within the acceptable range as compared with another work 
[23], wherein the contact angle for SiC/Al composite was found 
to be θ <90°.

Fig. 6: Drop Shape Analysis of 5050 Al Alloy on SiC Spherical 
Ball

Fig. 7: Determination of Contact Angle

Wetting of nanoparticles and adhesion between nanoparticle 
and matrix is governed by the principles of theory of adhesion 
based on the surface energy properties of nanoparticle and matrix, 
respectively. For the SiC nanoparticles, the surface area does not 
change without affecting its chemical potential. As shown in figure 
8, the work of adhesion increases with a decrease in the contact 
angle. Also, the SiC nanoparticle encourages the higher work of 
adhesion due to its high surface energy. The work of adhesion, 
which is the work required to separate the SiC nanoparticle and 
the matrix 5050 Al alloy, increases with Mg concentration. As 
described in [24], the work of adhesion decreases as the interfacial 
bonding is decreased. 

Fig. 8: Effect of Contact Angle on the Work of Adhesion.

Fig. 9: Effect of Contact Angle on the Interfacial Energy.

The interfacial energy is defined as the energy needed to form a 
unit area of the new interface between nanoparticle and matrix. 
This is always less than the sum of surface energies of the two 
phases (nanoparticle and the matrix) owing to the existence of 
some energy of attraction between nanoparticle and matrix. To 
form an interface between SiC nanoparticle and matrix 5050 Al 
alloy, the required internal energy decreases with an increase 
in the concentration of Mg as shown in fig. 9. There is lack of 
spontaneous wetting between the SiC nanoparticle and matrix 
5050 Al alloy as the values of spreading coefficient are negative 
as shown in fig. 10. This means that the bonding between the SiC 
nanoparticle and the matrix 5050 Al alloy is imperfect (implies 
to partial bonding).
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Fig. 10: Effect of Contact Angle on the Spreading Coefficient

B. Schemes for Composite Strength
The particulate nanocomposites contain reinforcing particles 
in nanoscale (≤100 nm). The issues, that perform key roles in 
the properties of nanocomposites, are nanoparticle-matrix 
interaction and particle-particle interaction. The nanoparticle-
matrix interaction represents the wettability and adhesiveness. 
The particle-particle interaction characterizes the formation of 
nanoparticle clusters. The attraction forces between nanoparticles, 
due to the van der Waals and electrostatic forces, affect the particle-
particle interaction and deteriorate the composite’s performances 
[25]. The quality of interface and the strength of adhesion at the 
interface determine load transfer between the matrix and the 
nanofillers [26]. In the literature, available to till date, different 
formulae were applied to estimate adhesion between matrix and 
nanoparticles. As shown in fig. 11, the tensile strength increases 
with increasing content of Mg content in 5050 Al alloy which was 
used to fabricate SiC/5050 Al alloy composites.

Fig. 11: Tensile Strength of SiC/5050 Al Alloy Composites as a 
Function of Magnesium Content

Fig. 12: Effect of Empirical Constant on Strength of SiC/5050 Al 
Alloy Composites for Expression Proposed by Pukanszky et al.

Pukanszky et al. [27] gave an empirical relationship to find the 
composite strength with strong particle–matrix interfacial bonding 
as mentioned below:

   (5)

where B is an empirical constant, which depends on the surface 
area of particles, particle density and interfacial bonding energy. 
The composite strength was determined for the range of B varying 
from 3.6 to 3.9. The experimental values fit only for the value of 
B between 3.7 and 3.8 at lower concentrations of Mg as shown 
in fig. 12. 

Hojo et al. [28] predicted the composite strength considering the 
mean particle size dp according to the relation:

    (6)

where kp(vp) is a constant being a function of the particle loading; 
kp is relative change in strength of matrix due to the presence of the 
particulate. The values of kp were 0.41, 0.43 and 0.48, respectively, 
for the Mg concentrations of 2.0%, 2.5% and 3.0% in aluminum as 
obtained from the tensile strength plots. Even though, the results 
coincide with the test results for low concentrations of Mg, but this 
scheme fails for high concentrations of Mg higher than 2.5%.

Considering adhesion, formation of precipitates, particle size, 
agglomeration, voids/porosity, obstacles to dislocations and 
interfacial reaction between particle and matrix, a criterion was 
proposed for the strength of composite [29-30] as given below:

   (7)

 
where vv and vp are the volume fractions of voids and the nanoparticle 
in the composite, mm and mp are the possion’s ratios of the matrix 
and nanoparticless and dp is the mean diameter of the nanoparticle. 
The results obtained from this model were within the acceptable 
limit (2%) of the experimental values. The experimental values of 
tensile strength were lower than the strength values predicted from 
this model due to partial bonding between the SiC nanoparticles 
and the matrix 5050 Al alloy.
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It can be seen form figure 13 that the high-angle grain boundaries 
are found in the matrix 5050 Al alloy encouraging a high density 
of dislocations. High-angle grain boundaries (large misorientation 
angles) are effective in blocking the dislocations. The yield and 
tensile strengths rest on the ease with which dislocations can move. 
Increasing the dislocation density enhances the tensile strength 
which compels for the requirement of a higher shear stress to 
move the dislocations. When the dislocations gather progressively 
at the grain boundary, sub-grain boundaries can form due to the 
stress concentration at the tip of the leading dislocation as shown 
in fig. 14. 

Fig. 13: Misorientation Angles of Grain Boundaries

Fig. 14: Formation of Sub-Grains in 5050 Al Alloy

As the volume fraction of SiC nanoparticles was increased in 
5050 Al alloy (matrix), the clustering tendency was increased. 
Consequently, the reduction of load transfer from the matrix to the 
SiC nanoparticles as seen from fig. 15. The schemes of Pukanszky 
et al. [27] and Hojo et al. [28] did not consider the formation of 
clusters; therefore, they are not applicable to the nanocomposites 
wherein the nanoparticles tend to form clusters. The scheme 
proposed by AC Reddy [29-30] could reflect the loss of strength 
due to the formation of clusters as the results express the similar 
trend of experimental results as shown in fig. 15.

Fig. 15: Load Transfer in SiC/5050 Al Alloy Composites

As shown in Al-Mg phase diagram (fig. 16), the maximum 
solubility of Mg in Al is 17.4%. As per the binary phase diagram 
of Al-Mg, the strengthening precipitates could be α, β (Al3Mg2) 
and γ (Al12Mg17) phases. As 5050 Al alloy consists of considerable 
amount of Si, there is a possibility of Al-Si-Mg ternary phase 
diagrams. From the Al-Si-Mg ternary phase diagram (fig. 17), 
the probable strengthening precipitate could be Mg2Si. Also, the 
condensation of surplus vacancies into dislocation loops helps the 
nucleation Si clusters. Diamond structure (A4) is formed from 
Si precipitates without intermediate stages from the Si clusters. 
Figure 18 reveals the formation of strengthening precipitates in 
5050 Al alloy. The β phase was present in the three studied samples. 
The γ phase was noticed in the 5050 Al alloy consisting of 0.30% 
Mg.  An increase in the composite strength can also be attributed 
to the precipitate strengthening.

Fig. 16: Al-Mg Phase Diagram

Fig. 17: Al-Si-Mg Phase Diagram
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As shown in Al-Mg phase diagram (fig. 16), the maximum 
solubility of Mg in Al is 17.4%. As per the binary phase diagram 
of Al-Mg, the strengthening precipitates could be α, β (Al3Mg2) 
and γ (Al12Mg17) phases. As 5050 Al alloy consists of considerable 
amount of Si, there is a possibility of Al-Si-Mg ternary phase 
diagrams. From the Al-Si-Mg ternary phase diagram (fig. 17), 
the probable strengthening precipitate could be Mg2Si. Also, the 
condensation of surplus vacancies into dislocation loops helps the 
nucleation Si clusters. Diamond structure (A4) is formed from 
Si precipitates without intermediate stages from the Si clusters. 
Figure 18 reveals the formation of strengthening precipitates in 
5050 Al alloy. The β phase was present in the three studied samples. 
The γ phase was noticed in the 5050 Al alloy consisting of 0.30% 
Mg.  An increase in the composite strength can also be attributed 
to the precipitate strengthening.

Fig. 18: Formation of Precipitates in SiC/5050 Al Alloy 
Composites

C. Schemes for Composite Stiffness
Modulus of elasticity is the measure of stiffness of a material. 
Einstein [31] proposed the stiffness of particulate composites 
based on the rigid particle assumption as follows:

     (8)

where Ec and Em are elastic modulus of composite and matrix, 
and Vp is nanoparticle volume fraction. Einstein’s equation for the 
elastic modulus of particulate composites relays on assumption 
of uniform dispersion of reinforcement nanoparticles without 
interface between matrix and reinforcement. As observed from 
figure 4, the SiC nanoparticles are not dispersed uniformly in the 
matrix material of 5050 Al alloy. Hence, the predicted modulus 
of elasticity was diverged from the experimental value (figure 
19).  Another researcher, Kerner [32] estimated the modulus of 
elasticity of the composites assuming the spherical particles in a 
matrix as given below:

  (9)

The clusters of SiC nanoparticles were formed; the clusters were 
not spherical in shape. Hence, the projected values of the elastic 
modulus are much lower than the experimental values as shown 
in figure 19. For a two-phase particulate composite, Counto [33] 
computed the modulus of elasticity assuming the perfect bonding 
between filler and matrix as stated below:

  (10)

Fig. 19: Elastic Modulus of SiC/5050 Al Alloy Composites as a 
Function of Mg Content.

As per the wettability analysis of SiC/5050 Al alloy composites, a 
partial bonding was observed between the SiC nanoparticlas and 
the matrix alloy. Also, the SiC/5050 Al alloy composite did not a 
two-phase particulate composite according EDS analysis wherein 
the formation of precipitates were observed. Hence, the computed 
modulus of elasticity was lower than the experimental value. Ishai 
and Cohen [34] estimated the modulus of elasticity assuming 
perfect adhesive bonding at the interface between particulate and 
matrix with a state of macroscopically homogeneous stress field 
as given below:

    (11)

The predicted values were slightly higher than the experimental 
values due to the presence of voids and imperfect bonding. The 
scheme proposed by AC Reddy [29-30] to find the elastic modulus 
of composites including perfect boding, interphase between 
particles and matrix, formation of clusters and effect of voids/
porosity is given below:

  (12)

The predicted values of elastic modulus using Eq. (12) would 
match with the experimental data with very small deviation owing 
to the kind of bonding between SiC nanoparticles and matrix.

Fig. 20: Fracture Surface of SiC/5050 Al Alloy Composites
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D. Fracture Behavior
Particulate reinforced metal matrix composites are isotropic and 
their fracture behavior is similar to that of conventional alloys. 
The SiC nanoparticles are stiffer and harder than the matrix 5050 
Al alloy. The matrix alloy bears the major portion of the applied 
load. The SiC nanoparticles tend to restrain movement of the 
matrix (5050 Al alloy) phase in the vicinity of each nanoparticle. 
The presence of nanoparticles inhibits grain growth and high 
dislocation density. As read from the literature, the dominant 
mechanism of tensile failure in aluminum/silicon carbide systems 
is by void formation [35]. The fracture surfaces were nearly 
similar for the three SiC/5050 Al alloy composites comprising 
of 0.20%, 0.25% and 0.30% Mg content. The tensile fracture 
surface of SiC nanoparticles reinforced 5050 Al alloy shows a 
little evidence of voiding around SiC nanoparticles as shown in 
fig. 18. The fracture surface reveals shallow and long dimples. 
It is also observed that the interfacial sliding is lower than grain 
boundary sliding. The intermetallic phases were ruptured during 
the plastic deformation of tensile testing. These ruptured phases 
act as void nucleation sites. The other factors influencing fracture 
behavior are the non-uniform distribution of SiC nanoparticles and 
the formation of precipitates along the grain boundaries. Further, 
fig. 18 reveals the decohesion of nanoparticles from the matrix 
and cluster cracking.

IV. Conclusion
This research work was aimed at to investigate the influence of 
Mg addition in 5050 Al alloy used for the matrix material. The 
addition of Mg upto 3% could improve the wettability of 5050 
Al alloy with SiC nanoparticles. When the magnesium content 
was increased beyond 3.0% in 5050 Al alloy, formation MgO 
precipitates were observed. For SiC/5050 Al alloy composites, the 
strengthening precipitates could be α, β (Al3Mg2), γ (Al12Mg17) 
and Mg2Si phases. The tensile strength and modulus of elasticity 
were enhanced due to increased content of Mg upto 3.0%. In 
the SiC/5050 Al alloy composites, the grain boundary sliding 
was dominating feature than the interfacial sliding resulting 
shallow and long dimples. The deviation experimental results 
with theoretical ones was attributed to imperfect bonding between 
SiC nanoparticle and matrix 5050 Al alloy.
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