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Abstract

In this study, the distribution of boron carbide in the stir zone of the FSPed specimens was examined
experimentally and numerically about probe shape, including circular, square, and hexagonal shapes.
First, composites were created using different tools. Then, using an optical microscope, the
microstructural properties of the samples, such as the size and shape of the silicon particles, were
examined. To simulate the procedure and further explore particle distribution, the coupled Eulerian-
Lagrangian (CEL) method is employed. The tool was also modeled using a Lagrangian formulation
while the material was characterized using an Eulerian formulation. The model predicted the changes
in strain and temperature in composites created with different probe shapes. The outcome
demonstrated that the circular probe was not suitable for the production of composites because it
could not disperse particles in the parent alloy. Tools with flat surfaces, such as square and hexagonal
tools, have more evenly distributed metal particles. Square probes can be employed in the FSP process
to create composites and offer the best performance in terms of reinforcing particle distribution in the
metal matrix. Due to the greater distribution of reinforcing particles, the sample made with a square
tool had the highest hardness. Using a tool with a square pin improves the average hardness by 8 and
21%, respectively, compared to hexagonal and circular tools.
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1. Introduction

Aluminum and its alloys are extensively used in the construction of ships, airplanes, and other forms
of transportation due to its distinctive attractiveness in manufacturing lightweight objects. However,
many technical applications, especially those requiring surface contact, do not suit these metals [1,
2]. Their use has therefore been constrained. Researchers have used various methods to improve the
performance of these alloys to achieve that goal [3, 4].

The FSP method is one of the widely used methods to modify the microstructural properties of metals
and also to produce metal-based composites [5, 6]. This method is similar to the friction stir welding
method, with the difference that metal joining is not required. Furthermore, these methods use
identical parameters and equipment. In this method, a rotating tool with a particular geometry that
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has a comb and a pin enters the sample and creates microstructural changes [7]. Also, in this method,
metal composites can be created by embedding reinforcing particles in the alloy.

The homogenous dispersion of reinforcement particles in the parent metal is one of the main issues
in the manufacture of metal-based composites [8, 9]. In conventional methods of composite
production, the accumulation of reinforcement particles in the parent alloy is abundant. This
accumulation of reinforcement particles severely diminishes the mechanical characteristics of the
resulting composite. One technique that can disperse the reinforcing particles in the parent metal more
effectively is the FSP approach. However, the design of the FSP tool probe ultimately determines
how well this procedure works. AI-CNT composites were created by Sharma et al. [10] using the FSP
technique. They applied a tool with a circular probe to spread the particles in the aluminum matrix.
Their findings showed that the generated composite's particle accumulation was improperly
dispersed. Darzi Bourkhani et al. [11] investigated the effect of probe diameter on the tensile
properties of nanocomposites. To create composite specimens, they used cylinder tools with
diameters of 4, 6, and 8 mm. They discovered that if Al.Os particles aggregated to form coarse
particles, ductility would suffer. The sample made with instruments that had an 8 mm diameter had
the maximum particle accumulation. In this sample, extremely coarse agglomerated particles formed,
erasing the beneficial effects of grain refinement on ductility and leading to noticeably poorer
composite ductility. Using friction stir processing (FSP), Li et al. [12] fabricated AA6061/316 surface
composites using single and double-pin tools. According to their findings, a significant difference in
reinforcement particle dispersion was observed when the number of pins was increased from 1 pin to
2 pins. The effect of hybrid pin profiles on AA5052/SiC surface composites fabricated via friction
stir processing was investigated by Sarvaiya et al. [13]. Based on the results, it was determined that
the hybrid pin tool distributed SiC particles uniformly due to lateral downward movement and
pulsation.

It's essential to achieve some process elements, including temperature and strain distribution, to
comprehend the process better [14-16]. Using experimental techniques to study these factors is
exceedingly challenging and frequently impossible. Numerical techniques have been created
specifically to examine these phenomena [17, 18]. Recently, the CEL method was used to simulate
severe plastic deformation (SPD) [19-21]. The material domain is specified using an Eulerian
formulation, which may prevent significant mesh distortion. Al-Badour et al. [22] used the CEL
technique to predict volumetric flaws like tunnels during the FSW of aluminum. The CEL approach
was employed by Akbari et al. [15, 23] to look at the materials mixing in the SZ during the FSW
process. To investigate commonly occurring defects in FSW processes, Das et al. [24] developed a
coupled Eulerian—Lagrangian (CEL) finite element model. Ragab et al. [25] developed a finite
element model based on the Coupled Eulerian Lagrangian (CEL) approach to investigate the FSW of
steel. They stated that a higher tool rotation rate resulted in a higher peak temperature, greater plastic
strain, rougher surface, and larger flash size.

As seen, the experimental investigation of the tool pin effect in the FSP process has been investigated
by previous researchers, although experimental methods cannot study many process parameters. For
this purpose, in this research, the effect of the tool pin on the distribution of reinforcing particles is
studied by simultaneously using experimental and numerical methods, which is one of the innovations
of this research. Various probe shapes used in earlier research were gathered and examined to discover
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the best tool probe for composite manufacture with suitable particle dispersion. After creating the
composites using various probes, macro photos were used to examine how the particles were
distributed within the parent alloy. Information on temperature variations and strain generated by
each probe during the operation is required to determine the causes of altering the dispersing pattern
of particles in the parent alloy using different probes. The CEL approach was used to gather this data
using process modeling.

2. Experimental method
A356 alloy, with chemical compositions listed in Table 1, was used to fabricate composites.

Table 1. Chemical composition of A356 aluminum alloy

Element wt (%)
Si 7
Fe 0.31
Cu 0.2
Mn 0.1
Mg 0.3
Zn 0.1
Ti 0.25

In this experiment, B4C reinforcement with an average size of 10 m was used from commercial
sources. B4C particles were inserted for composite manufacturing into a groove that had dimensions
of 1.4 mm in width and 3.5 mm in depth. To prevent reinforcement particles from escaping during
FSP, the tool, without a probe, initially sealed the grooves' surface. The plate was next treated by FSP
using a tool with a varied probe shape for four passes down the groove.

Hardened H13 tools with various tool probe shapes, including circular, square, and hexagonal, were
used in this study to examine the impact of the tool probe shape on particle dispersion in the metal
matrix. Dimensions of the FSP instruments used in this work are shown in Figure 1. The FSP tool tilt
angle was held constant across all trials at 3°. The tool traverse and rotational speeds were maintained
throughout all experiments at 1200 RPM and 32 mm/min, respectively.

18 mm

uI 3.5mm

Figure 1. Specifications of the tools used in the process
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After FSP, the composites' microstructure was examined using a metallurgical microscope.
According to normal metallographic methods, the FSPed specimens were mechanically polished and
etched with Keller's reagent. The composites’ microhardness at various places in the stir zone was
assessed with a 200 g load applied, and a 15 s dwell time (SZ).

3. Model description

To predict temperature and strain during composite manufacture using the FSP approach, a three-
dimensional CEL methodology is applied. Eulerian analysis, in which the nodes are fixed, and the
material travels across the fixed meshes, can correct mesh distortion in FSP modeling. As a result,
the workpiece was specified as an Eulerian body with EC3D8RT components, and the tool was
defined as a rigid isothermal Lagrangian body. The CEL model models aluminum as the parent metal
and does not consider reinforcement particles. The complete set of governing modeling equations for
the CEL approach can be found in the authors' earlier work.[15, 23]. Temperature, strain, and strain
rate all affect the flow stress in FSP.

Convective heat transfer coefficients vary depending on the surface. To save time, the backing plate
is disregarded, and a convective heat transfer coefficient of 6000 W/m?2.°C is established at the
bottom. The equivalent value at the top surface of the samples was set to 50 W/(m?.°C) to account
for heat loss through natural convection. All motion requirements are specified regarding the tool's
reference point to control FSP tool movement correctly (Figure 2).

Rotational

speed
P Tool reference

point

Eulerian Workpiece

Vy= zero
(Back surface)

Figure 2. Boundary conditions used in the model

Besides the contact between the FSP tool and the workpiece, the stirring action causes self-contact
inside the materials in the SZ. All tool and material interactions were referred to as general contact
interactions. To simulate friction between tools and workpieces, Coulomb's law of friction was
applied.
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For the described model, a mesh size of 1.2 mm (Figure 3) is almost perfect. The tool is modeled as
an isothermal Lagrangian rigid body by the 4-node 3D bilinear rigid quadrilateral components.
Additionally, the tools mesh with 0.7 mm elements.

Figure 3. Meshed tools and workpieces in the numerical model

4. Result and discussion

4.1 Particle distribution and microstructure in composites

The microstructures of the A356 parent alloy are shown in Figure 4. As seen in this image, there were
coarse acicular silicon particles, and the Si particles' dispersion within the metal matrix was not
uniform. This microstructure contributes to the alloy's brittle nature.
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Figure 4. Microstructural images of a) different areas of the FSPed sample, b and c) base metal

Figure 5 illustrates the microstructure of the SZ of the FSPed specimens without reinforcing particles.
Silicon particles were dispersed evenly throughout the SZ after breaking up into coarse needle-like
particles. Additionally, the dendritic microstructure of the parent alloy was destroyed. Si particles of
the coarse needle type are divided into tiny pieces. This results from temperature exposure and severe
plastic deformation that occurred during FSP. Additionally, FS-Processed A356 has no porosity,
which is consistent with earlier observations [26, 27]. Also, compared to the circular tool, the square
tool has turned the needle-shaped Si particles into smaller particles.
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Figure 5. Microstructural photos of composites produced with a) circular tool b) square tool

Figure 6 displays macro pictures of the FSPed samples made with several probe profiles, including
cylinder, square, and hexagonal. The FSP specimens appear to be flawless, while the SZ has a basin-
like shape. Particles were not evenly dispersed throughout the samples made using the circular probe
profile, as seen in Figure 6. When a circular probe profile is utilized, the creation of various transverse
bands with various particle percentages may be because of insufficient material strain. It can be
inferred that the probe profile with a flat surface has a stronger eccentricity and pulsation effect, which
increases material flow while improving particle distribution compared with the circular probe
profile. The probe cross-section for the circular probe profile is the same in both static and dynamic
drawings since there is no pulsation effect. But there is a distinction between static and dynamic
illustrations of the hexagonal and square probe profiles [28]. Although the hexagonal probe produces
approximately 50% more pulses than the square probe, the square probe's revolving arm is larger.
Figure 6 illustrates how using the square probe tool rather than the hexagonal tool results in a better
distribution of the reinforcement particles. Strain and temperature are computed during the process
using numerical simulation to investigate the cause of the square tool's superiority. Figure 6 displays
the strain distribution at the composite cross-section created using various probes throughout the
process. Compared to other probes, it turns out that the circular tool's strain has the lowest value. This
low strain is consistent with the experimental findings of the manufactured composite and points to
an insufficient material flow during the process that prevents the reinforcing particles from dispersing
properly in the aluminum phase. The strain is much greater than with circular tools in samples made
with tools with flat surfaces. The tool with the square probe, as seen, causes the most strain in the
sample. When using tools with smooth surfaces, the strain is increased and the revolving arm and
pulsation effect primarily improve the material flow. Increasing the number of edges reduces the peak
strain while simultaneously increasing the area subject to the strain. The square tool is under the most
stress because it has the largest rotating arm compared to other probes.
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Figure 6. Macro image of the SZ and the strain created in the samples produced Wlth a) circular tool, b) hexagonal tool
c) square tool

The temperature distribution at the cross-section of the composite using various probes is shown in
Figure 7. It turns out that all of the samples' temperature changes are only marginally different from
one another. The minimal temperature variation between the various samples is caused by the fact
that the tool shoulder, which generates most of the heat produced throughout the procedure, is the
same size for all tools. According to these findings, there isn't much of a difference between the
temperature histories of samples made with various equipment; therefore, the temperature cannot
account for changes in the particle dispersion pattern when using various probes.
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Figure 7. Temperature changes in samples produced with a) circular tool, b) hexagonal tool ¢) square tool

4.2 Hardness

The microhardness profile of the B4C composite layer created by various tool probe profiles is shown
in Figure 8. The hardness of the composites is noticeably higher than that of the parent alloy, as seen
in this figure. There are several causes for this growth. First, the microstructural improvements made
during FSP, such as the breaking up of Si particles, the removal of coarse a-Al dendrites, and grain
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refining, increase the hardness of the SZ. As a result of the Si needles being broken down and
homogenized, Shinoda and Kawai [29] concluded that the SZ becomes harder.

Second, the presence of reinforcement particles with very high hardness at the stir zone of the piston
alloy matrix improves hardness. Additionally, the A356 parent alloy and the B4C reinforcing particles
have very different coefficients of thermal expansion, which causes more geometrically required
dislocations (GNDs) to form during heat cycles [30, 31]. Another factor contributing to improved
hardness is the Orowan strengthening mechanism. The latter mechanism, however, improves
hardness less effectively for reinforcements made of micron-sized particles and works better when
particle size is decreased.

Another noteworthy finding is the variance in microhardness values for composites made using
square, circular, and hexagonal probe shapes. This finding may be connected to the non-uniform
homogeneous distribution of B4C in the metal matrix. Less variation in the microhardness profiles
occurs when the reinforcing particles are distributed uniformly. The composite generated by square
probes exhibits an average microhardness of 82.61 HV (Figure 8).
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Figure 8. Hardness changes in the cross-section of samples produced with different tools

5. Conclusion

This study investigates the impact of the probe profile on the dispersion of reinforcing particles within
the metal matrix. The coupled Eulerian-Lagrangian (CEL) method is used to analyze particle
dispersion further and explain the process. The workpiece is modeled using an Eulerian formulation,
whereas the tool is described using a Lagrangian formulation. In conclusion, this study's findings
were as follows.

e After the FSP process, the needle-shaped silicon particles were transformed into small circular
particles. Also, the square tool produced smaller particles than the circular tool because of
having smooth surfaces and thus creating more strain.

e The results showed that the circular probe could not evenly distribute the particles.

e Comparing samples created with square probes to samples created with circular tools, the
particle dispersion in the samples created by the square probes is significantly better.
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e The maximum strain depends on the revolving arm's value.

e The fundamental element in particle dispersal in the metal matrix is the pulsing effect of the
probe.

e The maximum hardness was obtained in the sample produced with a square tool because of
the better distribution of reinforcing particles.
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