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Abstract

In this research, the effects of density and porosity on the mechanical properties of a stir-cast
hybrid magnesium ZE41 alloy strengthened with 2% weight of silicon carbide (SiC) and
boron carbide (B4C) are assimilated. The experimental and theoretical densities of the ZE41
hybrid matrix were found and compared. From the results of density analysis, it can be
inferred that the experimental density of hybrid matrix is smaller when compared to the
pure ZE41 matrix. The percentage porosity of hybrid matrix was also analyzed, and it was
observed that the hybrid matrix has a slight increase in porosity when compared to the
pure ZE41 matrix. The ultimate strength and hardness of the ZE41 hybrid matrix have
increased significantly due to its moderate density and acceptable porosity values.

Keywords: ZE41 alloy; density; porosity; strength; elastic modulus; hardness

1. Introduction

Magnesium (Mg) alloys are well-known for their light-weight applications, especially
in automobiles, aircraft, and structural applications. It received the name ‘green material of
the 21st century’ [1]. Due to the presence of rare-earth elements such as Cerium (Ce) and
Zirconium (Zr), ZE41 magnesium alloy has excellent properties to be used in high-strength
applications with refined microstructure and growth of intermetallic compounds [2]. The
properties of ZE41 magnesium alloy can be improved by adding ceramic particles through
the stir-casting route through either ex situ or in situ addition [3,4]. In an approach to
develop a hybrid metal-matrix composite (matrix containing two or more reinforcements)
based on the ZE41 Mg alloy, attractive results of mechanical properties were obtained by
the current authors of this paper through a stir-casting approach and was published in a
different article [5]. In their work, it was mentioned that ZE41 magnesium alloy was added
ex situ with ceramic particles that were 2% of its weight, such as SiC, titanium carbide (TiC),
and B4C, separately through stir casting, and the finest results of mechanical properties
were attained for matrixes reinforced with SiC and B4C. The reinforcement particles, which
were preheated at 200 °C, were introduced into the molten magnesium at 700 °C. The
mixing was performed at 600 rpm for 25 min to obtain a uniformly distributed casting in an
inert environment facilitated by SFs and argon gas. By considering the improved properties
of SiC and B4C, the authors have developed an ZE41 hybrid matrix containing the same, in
which higher hardness, mechanical strength, and impact strength were obtained due to the
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refined microstructure and intermetallic growth. The experimental results were validated
with the theoretical models, and a detailed explanation of the microstructure and its effects
was discussed in detail in their article. This paper will delve into the effects of porosity
and density on the mechanical properties of the hybrid composite (ZE41 + SiC + B4C)
developed by the authors in the work mentioned, along with the castings reinforced with
S5iC, TiC, B4C, and pure ZE41.

2. Density

The densities (theoretical and experimental) of the manufactured composites are found
by using Equations (1) and (2). The theoretical density of the composite can be found by
using the rule of mixtures, whereas experimental density can be found by utilizing the
Archimedes principle. The variation in theoretical and experimental densities is represented
in Figure 1. The value of experimental density is noted to be less than the theoretical
density due to the presence of cavities, which developed due to factors such as difference
in coefficient of thermal expansion at the matrix-reinforcement interface and the variation
in densities of reinforcement and the matrix. The theoretical density has a higher value,
since the reinforcement particles such as SiC, TiC, and B4C have higher densities when
compared to the ZE41 matrix.
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Figure 1. Variation in theoretical and experimental densities of composites.
Theoretical density of a composite:
Pth = PmatVmat + Peer Veer 1
Experimental density:
Pexp = (Wair/ Wair — Wwater)) X Pwat 2)

where density of water is pwat =1 g/cc.
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It can be inferred from Figure 1 that the variation in theoretical and experimental
density is greater for the ZE41 matrix added with TiC particles. This is attributed to the
improper mixing and presence of more cavities, which could be further explored with help
of the porosity results in Section 3. Furthermore, it is evident from the optical microscopic
and SEM images that there are agglomerations in TiC-reinforced matrix, which also exhibits
poor wettability.

3. Porosity

Porosity is a vital factor that decides the mechanical and tribological properties of a
composite, and it is normally expressed in %. The variation in theoretical and experimental
densities gives a clear picture of porosities present in the composites. The experimental
porosity analysis can be found with the help of Dewinter material plus software version 4.5.
An image-processing technique, which clearly differentiates between pores and solid
material by creating binary images that are black in color from microscope images, is
known as the thresholding methodology. From this image, the number of pores present
in the scanned area of the image and its percentage area is further interpreted with the
help of this software module. The minimum and maximum perimeter of the pores are also
employed to find the % porosity. It is clear from the images that the matrix with TiC has
a higher percentage of porosity. The results obtained in the determination of density and
the inferences are in good agreement with the porosity results. Factors such as deprived
wettability and clustering of particles will lead to shrinkage of casting, thus causing the air
to become entrapped between the particle matrix interface. The porosity analysis images
are represented in Figure 2. Generally, various methods are adopted to reduce the porosity
such as selecting proper speed and impeller positions during stir casting. Furthermore,
preheating the reinforcements is another method to reduce the porosity of castings. Various
other methods such as squeeze casting, which applies pressure before solidification, is
adopted to reduce the porosity of the castings. In this work, preheating of reinforcements to
200 °C is done to increase the wettability of particles in the castings. Even though reheating
was performed, TiC particles exhibited elevated percentage of porosity, which is due to less
reaction between the Mg /TiC interface. This is attributed to the fact that the path of the
interfacial Mg/TiC interface is found to be sequestered as per the OM and SEM images of
the matrix [6].

Porosity = 0.1794 % | (c1)

Figure 2. Cont.
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Figure 2. Images of porosity analysis. OM images of (al) ZE41, (a2) ZE41 + SiC, (a3) ZE41 + TiC,
(a4) ZE41 + B4C, (a5) hybrid; etched images of (b1) ZE41, (b2) ZE41 + SiC, (b3) ZE41 + TiC,
(b4) ZE41 + B4C, (b5) hybrid; processed etched images of (c1) ZE41, (¢2) ZE41 + SiC, (c3) ZE41 + TiC,
(c4) ZE41 + B4C, (c5) hybrid.

From Figure 3, it can be interpreted that the intermetallic formations are fewer in
pure ZE41. When ceramic particles are added, it is observed that more nucleation sites are
formed, resulting in the development of intermetallic and new grains. Furthermore, it has to
be noted that the formation of pores is found near the vicinity of the nucleation sites, which
normally occur at sites where the rare-earth elements are present. In the TiC-reinforced
matrix, agglomerations are identified, which leads to the non-uniform distribution of
particles and thus more porosity. Normally, porosity arises in a metal matrix composite
due to the formation of gas, which becomes entrapped during the process, especially due
to stirring. A similar finding in a research work states that agglomerations will lead to a
weak bond between the particles and matrix, which absorbs gases such as hydrogen since
the agglomerated particles have pores [7]. The current authors in their previous work have
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found that the pure matrix had an ultimate tensile strength (UTS) of 121 MPa. The matrix
reinforced with SiC, TiC, and B4C had UTS values of 136, 125 and 137 MPa, respectively.
The hybrid matrix displayed the highest UTS value of 141 MPa. This can be correlated
with the porosity values, and it is very evident that the lowest strength of TiC-reinforced
matrix is due to its highest porosity level caused by agglomeration of ceramic particles. The
hybrid matrix had comparatively lower porosity, and thus the strength values is increased
substantially [8]. Similarly, the hardness results also showed an almost identical trend with
the TiC matrix, with the least hardness at around 58 HV. The material failure during the
tensile test occurs when the cavities unite, reducing the ability of the material to elongate
and resulting in the fracture of the specimen. To avoid porosity, it is suggested to perform
certain heat treatment processes after the casting, which can be considered as a future scope
of this work. Apart from this, the wettability of TiC or any other ceramic particles shall
be improved by preheating it to a higher temperature near the value of melting point of

the alloy.
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Figure 3. SEM pictures of (a) pure ZE41, (b) ZE41 + SiC, (c) ZE41 + TiC, (d) ZE41 + B4C, (e) hybrid
(ZEA41 + SiC + B4C); red arrows represent the development of pores and green arrows represent new
nucleation sites; light blue circles represent agglomerations.

4. Conclusions

The density and porosity of the stir-cast hybrid metal matrix composite based on ZE41
shows direct dependence on its mechanical properties. Furthermore, the study reveals
how porosity governs load transfer efficiency and initiation of cracks, thereby establishing
a process—structure—property linkage with direct inferences for optimizing the casting
process. The following conclusions are drawn from the results of this work.

1.  The experimental and theoretical densities of the composites are compared and it is
observed that the experimental densities are less due to the presence of cavities.

2. The porosity of the composite reinforced with TiC showed highest value of porosity
due to its lower wettability, and thus had reduced strength and hardness values.

3. The pores started to initiate especially near the nucleation sites of intermetallic parti-
cles, especially at the vicinity of rare-earth elements.
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4. With the increase in porosity values, the mechanical properties such as strength and
hardness seem to have reduced.
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