. crystals

Article

The Influence of Shock Wave Surface Treatment on
Vibration Behavior of Semi-Solid State Cast
Aluminum—AIl;SiO5 Composite

Paul Sureshkumar Samuel Ratna Kumar 1, Peter Madindwa Mashinini 1, Mahaboob Adam Khan 20,
Marimuthu Uthayakumar 23*(, Ainagul Rymkulovna Toleuova 4, Dariusz Mierzwirski >,
Kinga Korniejenko > and Mohd Shukry Abdul Majid 3

Department of Mechanical and Industrial Engineering Technology, University of Johannesburg,
Johannesburg 2092, South Africa

School of Automotive and Mechanical Engineering, Centre for Surface Engineering, Kalasalingam Academy
of Research and Education (KARE), Krishnankoil 626126, India

Faculty of Mechanical Engineering and Technology, University Malaysia Perlis (UniMAP),

Kangar 02600, Malaysia

Faculty of Mechanical Engineering, Abylkas Saginov Karaganda Technical University, Ave. Nursultan
Nazarbayev 56, Karaganda 100027, Kazakhstan

Faculty of Material Engineering and Physics, Cracow University of Technology, Jana Pawta II 37,
31-864 Cracow, Poland

*  Correspondence: uthaykumar@gmail.com; Tel.: +91-9443-9185-25

check for

ok Abstract: The semi-solid state casting procedure was used to manufacture as-cast AA5083, 1 and
updates

2 wt.% of aluminosilicate reinforced composite material. After solidification, developed as-cast
Citation: Kumar, P.S.S.R.; Mashinini,

PM.; Khan, M.A.; Uthayakumar, M.;
Toleuova, A.R.; Mierzwinski, D.;
Korniejenko, K.; Majid, M.S.A. The

materials were subjected to shock wave treatment in the subsonic wind tunnel. Various techniques
were used to evaluate the change in shock wave exposure, including mechanical and structural
analysis, which is a field dedicated to the study of vibrations and other material properties. The
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research methods involved developed material grain structure and surface morphology, such as field
emission scanning electron microscope, X-ray diffraction, and the energy dispersive method. This
study shows that the microhardness value of the matrix material is increased before and after exposure
to shock wave treatment compared to the developed composite material. The natural frequency of
the developed composite increases as a result of the addition of aluminosilicate reinforcement before

doi.org/10.3390/ cryst12111587 and after the shock wave. In addition, the shifting of frequency mechanism is studied to know the

Academic Editor: Ronald W. influence of shock wave surface treatment. The results obtained show the potential of the application

Armstrong of this material in the area of robotic parts.
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published maps and institutional affil- In general, the robotic industries have set the pace for innovation and the estab-

lishment of innovative material structures and manufacturing advancements. The main
developments in material innovation are weight loss, improved high availability, and lower
costs [1-3]. For the past decades, typical robot structures have been made of aluminum (Al),
titanium (Ti), metal, and polymer matrix composites. Due to challenges with composite
stiffness, composite structures are being used in novel ways in robotic parts [1,2]. Robotic
material has specific stiffness, and high density can be used to obtain quick maneuverability
and high precision. If the material damping is high, the robot’s structural vibration can be
diminished [4,5]. Steel and aluminum are not suitable materials for this purpose. Those
Attribution (CC BY) license (https:// ~ Metals possess relatively the same stiffness and poor damping properties, which makes
creativecommons.org/ licenses /by / them unsuitable for robotic structures. Composite materials, on the other hand, have a
40/). great amount of material damping and specific stiffness [4,6].
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Aluminum metal matrix composite has shown to be a beneficial addition to innovative
materials for improved performance in robotic and other applications [7,8]. Compared
to other filler materials such as nanotubes, graphene, and fullerenes, the aluminosilicate
particle (Al;SiOs sub-micrometer size) particle has a wide range of industrial uses due
to its high plate structure, aspect ratio, natural availability, and inexpensive cost [9-11].
The uniform dispersion behavior of the carbon-based nanomaterials inside the aluminum
matrix material is challenging. The strong covalent bonding between the carbon particles
results in cluster formation and this cluster formation will provide a non-uniformity of
properties in the developed materials. Hence, the developed material will sustain the
load in one direction and failure occurs in another direction. Additionally, the carbon-
based nanoparticles are highly reactive to temperature, which leads to carbide (Al4C3)
formation in aluminum matrix composite. This will increase the mechanical properties and
decrease the vibration behavior of the material. Those filler particle materials have a lot of
potential for improving material properties, but the cost of making them is considerable
and dangerous [11,12]. Aluminosilicates are stacked as slabs, also called hydrous silicate
minerals or very fine-grained particulates. Significant research focusing solely on the
relevance and importance of aluminosilicates has been published in recent years. The key
research fields are characterization, corrosion, improved strength properties of polymer
composites, and vibration characteristics [13,14].

Many manufacturing methods used to develop aluminum metal matrix composites,
such as powder metallurgy route, stir casting, compo-casting, and friction stir processing,
are commonly used [15-17]. In these methods, casting is one of the most effective ways to
develop aluminum matrix composites for real-time industrial applications. Any type of
shape and size of components can be developed as a bulk product. Compo-casting is one of
the major types of manufacturing methods, where reinforcement is added to the semi-solid
state matrix material to create a uniform dispersion. This improves the interfacial bond
between the matrix and the reinforcement material and enhances the surface property of
the developed composite material [13,18,19].

Surface treatment is an important process requirement once the material is developed.
This surface treatment can be divided into two types, heat treatment and cold working
treatment. This changes the surface properties of the developed material by altering grain
structure [20-22]. Apart from the traditional way of surface treatments, the shock wave
has also been used to alter the surface property of the developed material. The technique
to generate a hypersonic aerothermodynamic condition on the surface is to use shock
wave tubes. The capabilities can produce a higher enthalpy stream at a temperature
increase rate as high as a million K/s and enthalpies up to 45 MJ/kg in this type of ground
facility [23]. This results in essential zones of the hypersonic flying system, such as the
outer components, nose tip, and control surfaces undergoing rapid temperature increases,
significant thermal gradients, non-ambient pressure conditions, dissociated gas from bow
shock, and oxygen diffusion via the boundary layer [24]. Ground tests may be limited to
shock wave tube material testing. Shock wave tubes were used to develop materials for
manufacturing and evaluating materials under elevated working conditions. Materialists
and metallurgy scientists explored the catalyst influence of CeO; stabilized ZrO, and
observed phase transition utilizing a shock wave tube [25,26]. Researchers conducted
shock wave tests on amorphous nanosized particles to reduce weight and develop 2nd-
order nanostructures for aerospace applications. As a result, when a diffuse shock wave
interacts with a solid or bulk material, it can change grain structure transformation, breaking
of material bonding, forming diverse amorphous/crystalline phases, and/or oxidizing
might occur [26-28]. In this work, aluminum alloy AA5083 was reinforced with sub-
micrometer-sized aluminosilicate particles (Al,SiOs) using a compo-casting method. The
developed composite has undergone a shock wave surface treatment to study the surface
morphological changes using the field-emission scanning electron microscope (FE-SEM)
and X-ray diffraction method (X-RD). Then the vibrational behavior of the as-cast and
shock wave exposed matrix/composite were analyzed.
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2. Materials and Methods
2.1. Semi-Solid State Casting Method
By varying the addition of aluminosilicate (Al;SiOs) sub-micrometer particles, alu-

minum metal matrix composites were developed. Figure 1 shows the casting equipment
used to develop the composite material.

AA5083 inside
the furnace
1

Graphité %
crucible f

5083 — ALSiOs composite

Figure 1. Casting equipment: (a) experimental compo-casting setup; (b) matrix material; (c) AA5083—
Al,SiO5 compound.

Previously, AA5083 matrix material was mixed with Al,SiOs particles in various
combinations such as 0, 1, and 2% by mass using the compo-casting method to avoid the
poor wettability between the matrix and the reinforcement material. Figure 2 shows the
structure of the Al,SiOs particle used in this present work purchased from Sigma-Aldrich
Co., St. Louis, Missouri, USA, layers of ~0.9 to 1.2 nm thick and stacked in ~9 to 11 pm
as multilayer.

Before adding Al,SiOs particles, it is placed in an alumina crucible and pre-heated
to 770-774 K before being mixed along with the matrix material. The matrix material
is semi-solidified, and a K-type thermocouple was used to monitor the semi-solid state
temperature inside the graphite crucible of 860-864 K. The semi-solid state melt was then
degassed for 2-3 min using nitrogen to prevent oxidation. To produce a homogeneous
reinforcement dispersion, preheated Al,SiO5 was combined with the matrix material and
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stirred at a speed of 200-254 rpm for 3 min. The Al,SiO5 was mixed in semi-solid-state
mixture of matrix material and poured into a mold (120 x 100 x 10 mm) to obtain uniform
dispersed Al,SiOs reinforced composites. During the casting process, slag formation was
less due to controlling melting temperature, shortening molten aluminum transmission,
and melting time. After the semi-solid-state melt was poured, melt was then solidified for
6—7 min at room temperature. AA5083—Al,SiOs particle-reinforced composites employing
the compo-casting process were prepared using similar procedures for the remaining
composition (Table 1).

U S
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Figure 2. FE-SEM image of aluminosilicate particles: (a) magnification 25 kx; (b) magnification 130 kx.
Table 1. Composition of the material AA5083.
Constituent Al Mg Si Fe Cu Mn Zn Ti Cr
wt.% Balance 4.049 0.4 0.4 0.1 0.4-1.0 0.25 0.15 0.05-0.25

2.2. Shock Wave Surface Treatment

A one-of-a-kind experimental shock wave setup available in KCT, Coimbatore, Tamil
Nadu, India, can shock the developed aluminum composite surface (120 x 100 x 10 mm),
generating an energy flow that has a total enthalpy of 1.9 to 25.2 MJ /kg. Figure 3a shows
the experimental setup, which provides an energy storage compartment with a piston.
An aluminum membrane with a cutter head groove separates the compression tube from
the shock tube, allowing the membrane to extend evenly during the fracturing process
(Figure 3b). As illustrated in Figure 3c, a single aluminum composite plate was inserted at
the end of the flange section to allow the core section of the composites to be revealed by
resting inside the boundary condition and along the path of shock waves.

A pressure of 0.01 MPa was created in the storage part to keep the piston in place,
whereas the shock tubes and compression were drained and filled with a pressure of
0.1 MPa clean helium and oxygen [27]. After that, the storage was compressed with
nitrogen gas to a pressure of 1.9 MPa. As a result of the increased pressure and temperature,
the aluminum membrane bursts due to a combination of very high temperature and
pressure. Thus, the main shock wave pressure moves through the shock tube before
rebounding by the aluminum composite plate. The reverted shock wave pressure causes a
considerable boost in pressure by briefly stopping the flow. The experimental setup was
fitted with piezoelectric pressure sensors and connected to a multichannel robust data-
gathering device, which determined the duration. Figure 4 shows a graph of measured
pressure and time signal by a data acquisition system.
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Figure 3. Experimental equipment: (a) experimental setup; (b) fractured aluminum membrane;

(c) fixed composite sample.
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Figure 4. Shock wave pressure measured using the data acquisition system.

3. Results and Discussion
3.1. Characterization of the Composite AA5083—Al,SiO5

Field-emission scanning electron microscope (FE-SEM) and X-ray diffraction method
(X-RD) were used to investigate the characterization study of AA 5083- and AA 5083-
reinforced Al;SiOs composites before and after shock wave treatment. Figure 5a represents
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the energy-dispersive X-ray analysis (EDS) image of pure Al,SiOs and its chemical elements
presented before mixing it with the AA5083 material. The EDS image of the matrix material
in alloy form and its chemical elements presented is shown in Figure 5b. The phase
transition response within the prepared composites due to the inclusion of Al;SiOs in the
AAS5083 material after the shock wave exposed along the surface was further studied using
XRD analysis.
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Figure 5. EDS analysis image: (a) aluminosilicate particle; (b) matrix material and its chemical elements.

Figure 6 indicates the 2-phase shifts such as Al and Mg, Al; phases of the as-cast
matrix material after shock wave treatment. When 1 and 2 wt.% of Al,SiOs are included in
the AA5083 material, Figure 6 shows the Al, Mg, Als, and Al,SiO5 phases present after the
shock wave. In the authors’ previous work without shock wave treatment, the Si and Al,O3
were formed as individual phases when the Al;SiOs layered reinforcement was added [18].
The chemical interface between the reinforcement and matrix is broken down when the
shock wave was introduced. This is due to the high pressure generated by the shock wave
that breaks the interface between the reinforcement and the matrix material. Hence, it was
formed as a single Al,SiOs formation which can be viewed in Figure 6. This single Al;SiOs
formation will improve the stiffness of the developed material.

Figure 7a—c shows the FE-SEM image of the matrix and composite material before
shock wave treatment. Figure 7a shows the as-cast matrix material with larger and irregular
grain structures and defects. The FE-SEM image of the surface morphology of the 1 and
2 wt.% reinforced composite material is shown in Figure 7b,c. It shows a good dispersion
pattern of reinforcement material inside the matrix material. Mechanical bonding to
chemical bonding was generated due to the semi-solid state casting process, which develops
a good interface between Al,SiO5 and AA5083 [17,18]. In addition, some dislocations
occurred because of the semi-solid state casting temperature. When the dislocation output
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circumstance is derived using the elastic theory, it can be represented in terms of a significant
intensity factor of stress that occurred at the time of the casting process, which is highlighted
in Figure 7b,c. Due to this, the surface property of the developed composites is decreased;
rather, it enhances the stiffness behavior of the composites compared to the matrix material.

——— AA5083
1 wt% ALSiO,
2 wt% ALSIO,

Al

Al

Al
J Mg,AI,A ALSIO; ‘“z:'ou Al Mok, A ALSIO,

Intensity (a.u.)

20 30 40 50 60 70 80 90
2 0 (deg)

Figure 6. XRD analysis of AA5083- and Al,SiOs-reinforced material after shock wave treatment.
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Figure 7. FE-SEM image of the as-cast: (a) AA5083; (b) 1% by weight of Al,SiOs-reinforced composite
materials; (c) 2% by weight of Al;SiOs5 reinforced composite materials.
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WD= 44mm

Figure 8a—c shows the FE-SEM image of the cast matrix and the composite material
after shock wave treatment. Figure 8a shows the matrix material with a refined grain
structure without defects. The shock wave impinges on the surface of the matrix material
and enhances the grain structure to have better surface properties [26,27]. This results in a
hardening of the surface of the matrix material. Figure 8b,c shows the surface morphology
study of the Al,SiOs reinforced composites after the shock wave surface treatment. A crack
tip will excrete dislocations only when occurring stress is strong enough and the crack
initiation along the material’s surface occurs due to the crack tip (main factor), which leads
to dislocations. Hence, it was shown using the FE-SEM analysis (Figure 8b,c) along the
surface of the developed material.

FE-SEM images show the breakage of the chemical bonding into mechanical bonding,
resulting in a poor interface between the reinforcement and the matrix material. It occurred
due to the shock wave impinging along the surface of the Al;SiOs-reinforced composites,
where the high pressure broke the bonding and reduced the surface hardening property
of the material compared to the matrix material [24-27]. Rather, it enhances the stiffness
behavior of the material compared to the same composite materials before shock wave
treatment. This improves the vibrational natural frequency of the material without losing
its mechanical strength for SACRA robotic arm application.

(AR

./ " Breakage of interface’

% 2N 2

PSGTechs EHT=10.00kV Mag= 100.00 KX
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WD= 43mm  Signal A= Inlens COE INDUTECH

e (o

Figure 8. FE-SEM image of the shock wave exposed: (a) AA5083; (b) 1 wt.% of Al,SiOs-reinforced
composite materials; (c) 2 wt.% of Al;SiOs-reinforced composite materials.
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3.2. Microhardness Property

Vickers microhardness testing equipment was used to determine the hardness of
the matrix and composite material. The microhardness value varies according to the
percentage of reinforcement weight of Al,SiOs before and after shock wave treatment.
Figure 9 shows that the maximum microhardness value was reached at 0 wt.%. The
microhardness decreased as the amount of Al,SiO5 increased both before and after shock
wave treatment.

Before shock wave
- [ 1]

| T [ | After shock wave

=l
z I
3 I I
m20- -
7]
o
c
T 15-
®
=
g
© 10 1
=

5

0

0 1 2
ALSiO (Wt%)
Figure 9. Microhardness of AA5083 and composite samples before and after shock wave treatment.

The inclusion of Al;SiO5 in AA5083 material softens the as-cast composite materi-
als. When Al,SiOs was subjected to high temperatures beyond 1073 K, the particulates
converted to a ceramic substance; the material transition occurred due to temperature
impact. At the time of the semi-solid state casting process, the operating temperature
was 860-864 K, less than 1073 K [18,28,29]. As a result of the inclusion of Al;SiOj5 in the
microhardness value of the AA5083 material, the composite material is reduced. Similarly,
at the time of the shock wave, the high pressure and temperature reduce the chemical
interaction between the AA5083 and Al,SiOs in composite material as shown in Figure 10.

The chemical bond or interface between the matrix and reinforcement breaks due to the
shock wave that impinges along the surface of the developed composites [27]. Additionally,
the surface of the matrix material becomes hardened compared to that of the composite
material due to the grain refinement that occurs due to the shock wave along the surface.
Thus, the microhardness value of the composite material after the shock wave is decreased
compared to the matrix material.

3.3. Vibration Frequency Response

The matrix and composite plate are stimulated with an impactor, and the impact
scale is determined by the voltage differential in the hammer’s piezoelectric material, as
illustrated in Figure 11.

During stimulation, the composite plate will impose frequencies, which may be
detected with the help of an accelerometer attached to the center of the composite plate
exposed to shock wave treatment. Underneath the constrained free-end situation, the
free vibration response of base alloy and metal matrix composites was experimentally
evaluated. The readings are determined by the location of the accelerometer sensor. Setting
the accelerometer sensor to the place with the least amount of deformation may lead to a
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much more precise result [30]. Along with the center exposed to shock wave treatment, a
maximum of nine points are collected in the shape of a 3 x 3 matrix, with three components
occupying the horizontal edge and three elements occupying the lateral edge. The readings
were gathered across all nine hammering and sensor sites and sent into the frequency
response function analyzer as data [10,18,31]. The frequency analyzer then determines the
proportion between the transverse spectra of the excitation and the frequency response.
The natural frequencies of the Al,SiO5 composite plates were determined from the peak of
the frequency response function. The natural frequency (Hz) values of free vibration of the
matrix and Al,;SiOs-reinforced materials before and after shock wave treatment for 3 nodes
are shown in Figure 12, Tables 2 and 3.

Breakage of mterface (01;) chemical bondm :
‘ - 6? ‘ ‘.‘

EHT =10.00kv Mag= 50.00 KX
WD = 8.8 mm Signal A = InLens

U7 el 1T
Sample w1th accelerometer

Figure 11. Vibration experimental setup with shock wave surface-treated sample.



Crystals 2022, 12, 1587

11 0f 14

5000
[Before Shockwave

I O wt%
- 1 wt%
4000 - 2 wt%
After Shockwave
- 0 wt%
3000 - 1 Wit%
2 wt%

2000 ~

Natural frequency (Hz)

1000 -

1 5 3
Node

Figure 12. Natural frequency value before and after shock wave treatment.

Table 2. Natural frequencies (Hz) before shock wave treatment.

Node Sample 1 Sample 2 Sample 3
1 525 550 625
2 1625 1750 1778
3 3600 3680 3920

Table 3. Natural frequencies (Hz) after shock wave treatment.

Node Sample 1 Sample 2 Sample 3
1 505 632 698
2 1618 1810 1901
3 3582 3745 4629

Compared to AA 5083 and 1 wt.% of Al,SiOs, the natural frequency values increased
due to the addition of 2 wt.% Al,SiOs before and after shock wave treatment. The presence
of Si and AL, O3 at 2 wt.% nanoclay functions as a sheet, increasing stiffness regardless of
the quasi-static value. Madeira et al. [32] discovered that the addition of particulates (Si and
AlyO3) increased damping properties, indicating extrinsic and intrinsic damping processes.
Compared to AA5083 before shock wave treatment, the impact of Al,SiOs on the matrix
material decreases the microhardness value of the material. This is due to the limited
contact between molecules and matrix dislocations that occur at room temperature, causing
friction between particulates. When there is internal force resistance in the grain boundary,
the mechanical energy will change into thermal energy under cyclic loading conditions.
This will be quantified as the material’s damping behavior. The Granato-Lucke mechanism
revealed that the meeting point of the grain boundaries will be used as a pinning point and
that the grain boundaries at the pinning point will operate as a vibration string [33].

Similarly, after the surface is exposed to a shock wave, the base and composite material
show a reduction in microhardness value, with the increased pressure and temperature gen-



Crystals 2022, 12, 1587

12 of 14

References

erated inside the shock wave tube, the aluminum membrane bursts due to a combination of
very high temperature and pressure. Thus, the main shock wave pressure moves through
the shock tube before rebounding by the aluminum composite plate. As a result of the
high pressure and temperature developed at the time of the shock wave, the surface of the
matrix material becomes hardened compared to that of the composite material. Thus, the
friction between the Al,SiOs particles/the matrix dislocation increases and frequency rises
in composite material, resulting in a higher number of cycles per sec and better damping
behavior. Furthermore, this high-pressure influence at the time of the shock wave reduces
the chemical interaction between AA5083 and Al,SiOs5 in composite material and has an
impact on the damping properties of a material. Hence, the shock wave surface treatment
increased the natural frequency of the developed composite material to avoid vibration
failure for the dynamic SCARA robot arm applications.

4. Conclusions

The AA5083 material reinforced with Al,SiO5 sub-micrometer particles was uniformly
dispersed using the compo-casting (semi-solid state) method. The surface morphology
image of the developed as-cast matrix and composite material with FE-SEM shows some
dislocations and the presence of reinforcement with a good interface within the matrix
material. The as-cast materials effectively experienced a shock wave surface treatment
using a shock wave tube. After experiencing the shock wave, the individual Al;SiOs phase
changes were observed in the X-RD analysis. FE-SEM images show the grain refinement
in the matrix material and the chemical bonding between matrix/Al25iO5 in composite
material. This increases the surface hardness of the matrix and softens the surface of the
composite material. The vibration behavior of the composite materials shows a better
result compared to that of the matrix material before and after shock wave treatment. This
shifting of frequency will resist the failure of the material at the dynamic conditions for the
SCARA robotic arm application.
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