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Abstract

Lightweight composite materials for potential thermal applications are the contemporary demand for manufacturing and
aircraft industries where the possibility to improve and tailor the desired properties is based on the application. Carbonized
eggshell powder is a solid lubricant with absorbent capability and has proven as a reinforcement for metallic base composites.
In the present work, an attempt is made to investigate the effect of carbonized chicken eggshell powder (3 to 9% by weight)
on the microstructural and thermal properties of A17075 alloy processed by solid-state friction stir processing. An infrared
thermography and three K-type thermocouples equipped with the base plate at three equal distances are used to measure the
temperature with respect to time. The comparative study of microstructure and grain structure analysis has been done by
light microscopy, scanning electron microscopy, and electron backscattered diffraction methods. The findings explored the
dynamic recrystallization and grain recovery with a reduced grain size of 6.2 to 10.3 um at a varying percentage of eggshell
powder (3 to 9%) in the stir zone. The thermal conductivity and coefficient of thermal expansion (CTE) were measured for
the temperature range of 50 to 400 °C. In addition to it, differential thermal analysis (DTA), thermo-gravimetric analysis
(TGA), and derivative thermo-gravimetric analysis (DTG) are conducted for the temperature range of 25 to 900 °C to discuss
the endothermic, exothermic nature, and degradation characteristics. The result revealed the decreasing trend of thermal
conductivity, and CTE values were found in the range of 97 to 53 W/mK and 26.6 to 24 x 10~ K~! (heating cycle), 27.2 to
23.8x 107° K~ !(cooling cycle), respectively. Furthermore, the higher and lower thermal conductivity of 108 W/mK and 62
W/mK is observed at higher and lower terminal voltages, 250 V and 100 V, respectively. The DTA, TGA, and DTG curves
explored the maximum weight loss, which varies up to 5.25% with exothermic peaks and decomposition steps for each
surface composite.
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The problems related to the high-temperature application
in electronic industries, like integrated circuits, chips, and
electronic pads, require proper heat dissipation while work-
ing [2]. Similarly, in automobile and aircraft components,
the engine components are subjected to high temperatures
and require continuous lubrication [3]. The solution for such
problems can be the development of suitable lightweight,
tailored material with desired properties for high-tempera-
ture applications [4]. In this regard, the idea is to develop a
composite material of lightweight alloys such as aluminum
and magnesium alloys which can sustain both heating and
cooling environments.

Metal matrix composites (MMCs) have gained popularity
in automobile industries, as few engine components are now
being developed with an aluminum-alloy matrix which is
reinforced with carbon fibers. Aerospace industries drew
interest in MMCs reinforced with boron and graphite
fibers for heating applications [2—4]. For the development
of MMCs, aluminum 7075 matrix alloys are widely used
in industrial applications [3]. A17075 has proven a better
alternative for heavy weighted material in the automobile
and aerospace industries for its high strength-to-weight
ratio with excellent mechanical and tribological properties
[5, 6]. Several studies evaluate the influence of ceramic
reinforcement particles, viz., SiC, B4C, graphite, and
Si3N4, on the mechanical, tribological, corrosion, and
wear behavior of aluminum alloy-based composite
[7, 8]. However, developing such MMCs with ceramic
reinforcements is subject to carbon emission, which is
injurious to health. The current research trend utilizes bio-
waste such as chicken eggshells, fish scalps, and jute fiber
as a suitable alternative reinforcement option because its
properties are similar to ceramic reinforcements. Chicken
eggshell is a waste and is dumped in general. Many studies
proved that the application of eggshell powders, in addition
to increasing the mechanical properties of the composite
material, also replaces the current conventional methods,
which are costly and environmentally unacceptable [9].
Moreover, it is known that by using eggshell powder, waste
from agricultural production is used, and by replacing
current artificial methods, this powder reduces the carbon
footprint [10]. Natural ways of increasing the mechanical
properties of composite materials are sought. For example,
the organic eggshell, in the form of calcium oxide, is
harder compared to carbide particles. These excellent
properties, such as low density and thermal stability, may
cause problems during technological joining operations
[10, 11]. For this reason, the thermal manifestations were
mapped and studied during the processing of such material.
Furthermore, the eggshell powder can control the heat in
the material flow during the processing because it hinders
the flow of electrons and phonons freely into the matrix
material [11].
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There are various liquid state processing which routes
like stir casting, squeeze casting, and other infiltration meth-
ods that are present to produce aluminum-based MMCs,
but these are associated with several defects like porosity,
shrinkage, and inclusions, which can degrade the properties
of the MMC:s [1]. Friction stir processing (FSP) is solid-state
processing that can overcome these defects and is also appli-
cable for microstructural modification and grain refinement,
which increases grain boundaries and improves mechanical
properties like metal’s hardness and strength [12, 13]. The
mechanism of FSP is based on friction stir welding (FSW)
developed by The Welding Institute (TWI) [13]. FSP is suit-
able for aluminum-based alloys due to its processing capa-
bility for severe plastic deformation. In contrast, this method
is also suitable for magnesium alloys as it resolves the issue
of plastic deformation because of the symmetrical hexagonal
structure [14, 15]. In this method, heat is generated due to
friction, as a rotating tool with a shoulder and a pin tends
to move in a transverse direction with applied load. This
generates heat above the recrystallization temperature of the
matrix metal, leading to softening of the matrix material and
plastic flow occurring [12—15]. However, the process is asso-
ciated with various defects, which can be overcome with the
selection of suitable process parameters for FSP [14]. Few
studies have been reported on the vibrational assistant to the
normal processing direction of the FSP and named friction
stir vibration processing (FSVP) [12, 16]. The FSVP pro-
vides a more homogeneous distribution of reinforcement and
refined grain structure compared to normal FSP with neg-
ligible defects [16]. There is much literature explaining the
grain refinement methods of various composite materials.

High-temperature analysis during and after the processing
is important to understand the challenges associated with it.
Thermal considerations of the metal matrix composites are
equally important for the electronic packaging devices and
aircraft components [17, 18]. In this work, the focus has been
drawn on developing surface composites for defined appli-
cations to satisfy the criteria for having improved thermal
characteristics. Limited literature is available on the thermal
characteristics of alloys. The temperature variation concern-
ing time during the FSP of Al17075 alloy was reported by
Chai et al. [19]. The variation of temperature was recorded
from room conditions (25 °C), and the peak temperature
was found in the range of 300 to 350 °C taken by three ther-
mocouples situated at equal distances in the longitudinal
direction of the FSP zone. Darras et al. [20] have also done
a similar study of temperature variation. However, the peak
was observed in the range of 420 to 580 °C, which is approx-
imately 70 to 90% of the melting temperature (618 °C) of Al
alloy. Oddone et al. [21] measured the thermal conductivity
and CTE of the aluminum and its alloy and reported the
comparative studies after adding 50% graphite content to
the matrix material. Their results revealed that the addition
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of graphite increases the thermal conductivity up to 350
Wm~! K~! compared to the base material of 120 Wm™! K~!
and reduces the CTE value from 25.2 to 17.5 ppm K~!. The
pure aluminum powder reinforced with short carbon fibers
is also tested for thermal conductivity test, which is found in
reduction from 129 to 120.6 Wm~! K~! with uncoated fiber
addition and 113.8 Wm™! K~! with coated fiber reported by
Hou et al. [22]. Ali et al. [17] tested the change in micro-
structural behavior due to the temperature variation during
the FSP and reported the effect of temperature variation from
25 to 350 °C on microstructural and mechanical characteris-
tics. Trojanova et al. [23] reported the thermal conductivity
and CTE values during the three steps of the ARB process.
The increasing fashion of thermal conductivity and decreas-
ing CTE was observed in the range of 75 to 115 Wm™' K~!
and 25 to 29 x 107 K~!, respectively. Srivastava et al. [11]
have investigated the thermal characteristics such as ther-
mal conductivity, CTE, differential thermal analysis (DTA),
thermo-gravimetric analysis (TGA), and derivative thermo-
gravimetric analysis (DTG) during the FSP of AZ31B/ESP
surface composite. The results reveal the decreasing trend
of thermal conductivity and CTE values at the increased
percentage of ESP. Furthermore, the weight loss is obtained
higher at a higher percentage of ESP into the base alloy dur-
ing FSP. From archival literature, it can be concluded that
little and insubstantial studies have been reported on the
thermal studies and characterization of aluminum alloys, and
insignificant work has been done on the thermal behavior
of aluminum matrix composites. Hence, detailed thermal
characterization is still needed to understand the behavior of
aluminum matrix composite processed by friction stir pro-
cessing (FSP) for high-temperature applications.

In the present work, the FSP technique is used to develop
a surface composite of Al7075 alloy reinforced with waste
eggshell powder (ESP) which is prepared by the ball-milling
method. Temperature variation w.r.t time and peak tempera-
ture were recorded through the thermal camera and three
K-type thermocouples equipped with the base plate at three
equal distances. Light microscopy, FESEM images, and
EBSD analysis are explored in a comparative way to validate
the development of surface composite A17075/ (3 to 9%)
ESP. Furthermore, the developed samples are studied for
thermal properties like thermal conductivity, CTE values,
DTA, TGA, and DTG to understand the FSPed A17075/ESP
surface composite for high-temperature applications.

2 Experimental procedure

A vertical CNC milling center (made AMS) with an in-
house made fixture was used in experiments. A high-speed
steel tool is used in this work. The specification of the tool
and other process parameters of the FSP is given in Table 1.

Table 1 Tool specifications and process parameters

Process parameters Values

Pin profile of the tool Pentagonal
Pin length (mm) 4

Shoulder diameter (mm) 20

Pin edges (mm) 4
Rotational speed (rpm) 3000

Tool tilt angle (°) 0
Transverse speed (mm/min) 25

Figure 1a shows the schematic arrangement of the FSP
mechanism used in the study. To measure the temperature
variation over time, the base plate was equipped with a
K-type thermocouple at three different locations (from the
backside at a 2 mm distance from tool position during FSP
stirring) along the forward direction of the FSP tool motion
as shown in Fig. la. The present work uses a rectangular
plate of Al7075 alloy of 125X 50x 6 mm as a base plate.
A slot of 2 mm depth and 3 mm width is made along the
length of the plate to accommodate the reinforcement into
it (Fig. 1b). The chemical composition of Al7075 alloy
(verified at Spectro Analytical Lab Noida, India) is given
in Table 2.

The ball-milled and carbonized ESP was utilized as a
reinforcement. The eggshell waste was completely washed
with clean water and then dried at atmospheric temperature
to remove any organic layer on the surface. The ESP is first
prepared with the help of ball-milling operation performed
by the planetary mono mill, made by Fritsch (Pulverisette
6 classic). The specifications of ball-milling operation were
kept constant such as BPR 10:1, 250 rpm, TiC ball of diam-
eter 20 mm, and time up to 40 h. The carbonization of the
ball-milled ESP was done at 500 to 600 °C for 4 to 5 h. The
particle size of ESP was found to be in the range of 15 to
100 um. Figure 1c and d show the ball-milled ESP and SEM
image of ESP. A capping operation was performed before
the FSP operation over the ESP-filled slot to encapsulate the
material in the plate and close the top of the slot via surface
deformation. This successfully prohibited the scattering of
the reinforcement from the Al17075 plate and maintained
the weight fraction of the reinforcing particles in the base
plate (Fig. 1b).

Al7075/ESP samples were developed at three different
proportions of ESP varying from 3 to 9% by weight. The
selection range of ESP is based on the previously published
literature by authors and pilot experiments. However, 10%
ESP was also used to complete the experiments, but due to
the limitation of slot taken on the base plate and tool pin
selection accordingly, too much plowing of ESP occurred
from the slot of the A17075 alloy during FSP operation. FSP
was also performed on the base plate directly without any
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Fig. 1 a Isometric view of FSP
operation and positioning of
K-type thermocouple equipped
with Al7075 plate, b ball-milled
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Table 2 Chemical composition

Element Al Mg Zn Mn Si Cu Cr Fe Ti
of A17075 Alloy [24, 25]
% 91.3 1.9 3.25 0.4 0.5 1.8 0.2 0.5 0.15
Table 3 Designation and weight % of samples oxide layers. The specimens were further electro-polished
S no Sample name Weight % of Weight with 30% nitric acid and methanol solution er approxy
Al7075 % of mately 60 s at 15 V to conduct the morphological exami-
ESP nation and grain size distribution study through the field
1 AI7075 alloy 100 0 emISSIOIll scanning electrop (FESEM) microscope (made
9 AI075 4 3% ESP o7 3 Carl Zeiss-SIGMA), equipped with an EBSD camera.
‘0 . .
3 AI7075 + 6% ESP o4 6 The elemental confirmation was done through EDS phase
‘0 . . . .
4 ATT075+9% ESP 01 9 mapping images linked with FESEM.

reinforcement to compare the microstructural and thermal
properties with reinforced samples. Table 3 shows the des-
ignation of four different samples for FSP operation.

In addition to the temperature distribution analysis by
K-type thermocouples, it was also confirmed by a ther-
mal imaging camera showing the peak temperature and
temperature pattern. The metallographic preparation as
per ASTM E3 standard was done to validate the devel-
oped specimens to examine the microstructural measure-
ments. The specimens were first polished with different
size grit papers, followed by velvet polishing. Further-
more, Keller’s reagent (15 ml HCL + 25 ml HNO; + 10 ml
HF + 50 ml H,0O) was applied as an etchant to remove
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To examine the thermal properties of the developed speci-
mens, thermal conductivity (TC) and coefficient of thermal
expansion (CTE) were evaluated through laboratory experi-
ments. In addition to it, the thermal degradation characteris-
tics are also conducted through the differential thermal ana-
lyzer. To check the TC of the developed FSP samples, each
specimen of size (15x 10X 5) mm is made to place over the
test plate in the modified laboratory apparatus of heat con-
ductivity (made by K.C. Engineers Ltd). The block diagram
of the heat conductivity arrangement is shown in Fig. 2.

The complete arrangement of the specimen and test plate
was covered with insulation to protect them from lateral heat
transfer. Thin electrical insulation was provided between
the specimen and the test plate. An external voltage was
also supplied to the specimen to check the effect of external
voltage. The calculation of TC is based on one dimensional
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Fig.2 Block diagram of the
thermal conductivity experi- T emprature,
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Fourier law equation. TC was measured at the temperature
variation between 50 and 400 °C with a step size of 70 °C
and the variation of the terminal voltage of range 100 V to
250 V with a step size of 50 V. The voltage variation was
examined at an interval of 15 min with a maximum of up to
90 min. During the voltage variation, the temperature was
kept constant at 330 °C. RTD sensors were used at three
different locations on the test plate to measure the tempera-
ture at desired time and temperature. The CTE values are
evaluated through a test specimen of size 25 mm long and
5 mm diameter by dilatometer (make NETZSCH, model
DIL402E). CTE values (expansion and contraction) were
recorded relative to temperature for heating and cooling in
the temperature range of 50 to 400 °C. The other param-
eters, like heating and cooling rate, were fixed to 10 K/min
in the argon atmosphere. Furthermore, a differential thermal
analyzer of make EXSTAR was used to analyze the DTA,
TGA, and DTG curves and the endothermic, exothermic
nature, and degradation characteristics of each developed
FSP sample. The range of temperature was fixed from 25
to 900 °C. The other parameters are kept constant such as
a heating rate of 100 C/min, air supply of 200 ml/min, and
medium nitrogen.

3 Results and discussion

FSP is a complicated process due to severe plastic deforma-
tion owing to the flow of material in complicated patterns.
Therefore, a detailed study of the thermal behavior of the
FSP is required. Infrared thermography was conducted in
this study to analyze the rise in temperature by friction heat-
ing with mixing conditions. Figure 3a to ¢ show the thermal
images of each developed sample. The temperature curve
shows the temperature variation at a different base plate por-
tion. It seems that the peak temperature is observed in the
stirring zone at the contact surface between the tool pin and

\
\
\

"\ Heating coil

the top surface of the plate. During FSP, the temperature of
the interface points is not constant because the tool moves
in the transverse direction. As the tool moves forward, the
temperature goes down. Therefore, a wave-like temperature
curve is found. The ambient temperature taken was 30 °C,
and the temperature reached the highest at the stirring zone
was 350 °C approximately. This study is important to under-
stand the temperature distribution along with the specimen.
The temperature rise is always below the melting point of
the base alloy. However, the temperature rise is high enough
to change the materialistic properties, like a change in the
phase of the material. This is also beneficial to find out the
cause of the defect if it occurred. Similar temperature peaks
and patterns were reported by previous authors also [11,
12, 19].

Furthermore, the three equipped K-type thermocouples
recorded the temperature variation concerning time during
each FSP run. Figure 4a shows three K-type thermocouples’
locations and approximate ranges. Figure 4b to e show the
graph of temperature concerning time recorded by the ther-
mocouples for each developed sample. It has been observed
from the graphs that the processing temperature varies in
the range of 50 to 325 °C for all types of specimens, which
confirms that the matrix alloy was not melted during the
FSP. A similar range of temperature was also reported by
other researchers [17]. Initially, friction increases the plas-
tic deformation and heat generation, which rises up to a
peak value due to the thermal conductive behavior of the
material before passing the FSP tool along the longitudinal
path. Therefore, each curve has a peak value at the nearest
distance of the thermocouple with the FSP tool pin [15].
Concerning the tool movement, each run has a higher tem-
perature on the advancing side rather than the retreating side
due to the reduced thermal resistance of the unprocessed
region compared to the processed region with a reduced size
of grain boundary [26], which can also have confirmed by
EBSD analysis (Figs. 8, 9, and 10). The peak temperature of
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Fig.3 Thermal images during
FSP of a A17075/3% ESP, b
Al7075/6% ESP, ¢ A17075/9%
ESP

e=0.30
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<2791P2
<279.1 P3
<109.7* P4

<279.1
<279.1R1 H

316.9 °C was recorded by the third thermocouple for A17075
alloy without any reinforcement, which is about 50% of the
melting temperature (618 °C) of the unprocessed Al7075
alloy. It is attributed to the fact that during the FSP process,
the potential energy of the electron and phonon is converted
into kinetic energy due to the dislocation of atoms from their
original position [11]. The grain refinement during the FSP
increases the number of grain boundaries compared to the
unprocessed alloy.

It restricted the transportation of the electrons and phon-
ons from the depth of the stir zone to the top surface, leading
to the lattice dislocation and reducing the peak temperature
compared to the unprocessed alloy melting temperature
[11, 21]. It was also found that the addition of reinforce-
ment (ESP) and its further increment from 3 to 9% reduces
the temperature range and peak temperature compared
to the processed base alloy Al7075. It is owed to the fact
that during the FSP, the addition of ESP hinders the grain
growth at the time of softening of the base alloy, reducing
the grain size more largely. It leads to a larger number of
grain boundaries, which causes the lattice dislocation and
scattering, reducing the temperature [18]. Another reason
behind the reduced temperature range was due to the pres-
ence of an oxide layer [27]. In this study, compounds like
Al4C3, Al2Ca, and CaO are developed due to the interfacial
reaction of Al7075 and ESP during the FSP process, creat-
ing a predominant insulating layer between the tool pin and
metal surface and reducing the plastic deformation, causing
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an overall reduction in temperature. An increase in hardness
with increasing the percentage contribution of ESP may also
be the reason for the overall reduction in temperature range
[22, 27]. Figure 5a to d show the light microscopy images
of the FSPed Al7075/3%ESP specimen. Distinct zones
such as stir zone (SZ), thermo-mechanically affected zone
(TMAZ), and heat-affected zone (HAZ) are observed from
these micrographs. Fine equiaxed grains formed due to the
severe level of plastic deformation and generation of high
temperature during the FSP process in the stir zone of the
FSPed region are observed. Furthermore, the micrographs
observe the presence of ESP randomly distributed through-
out the processed zone. The ESP has a unique importance
during grain refinement through the FSP process because the
presence of ESP controls the heat flow throughout the pro-
cessed zone. It is attributed to the fact that the heat generated
through the friction between the tool shoulder and base plate
is also utilized to break the bonding strength of ESP due to
its high melting temperature and high hardness, which leads
to the course grain at a high percentage of reinforcement.
The TMAZ region marked near the stir zone undergoes
medium strain deformation and temperature peaks result-
ing in a lower magnitude of dynamic recrystallization than
SZ, where a higher magnitude of dynamic recrystallization
occurs. Also, due to the rotation and direction of the tool,
the advancing side is subjected to higher temperatures lead-
ing to the generation of finer grains than the retreating side.
It is attributed to the fact that the presence of ESP creates
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Fig.4 a Location and approximate range of three K-type thermocouples, temperature Vs. Time response for b Al7075 FSPed alloy, ¢

Al7075/3%ESP, d Al7075/6%ESP, e Al7075/9%ESP

a hindrance to the heat flow in the material and works like
an insulating layer where ever it exists during the process-
ing. Therefore, ESP hinders the grain growth at the time of
softening of the base alloy. The heat-affected zone (HAZ)
formed due to the presence of a thermal process is observed
away from the center of the SZ. Larger deformation stresses
and plastic deformation are not experienced in this region
and show larger grain sizes. It is also known from the past
literature that there is a one-to-one relationship between
plastic deformation and dislocation densities [28]. Plastic
deformation increases the dislocation density, resulting in
a higher magnitude of dynamic recrystallization [29]. This
fact also correlates to the presence of finer coaxial grain in
the SZ compared to the HAZ and the advancing side of the
material compared to the retreating side. Also, the higher
temperature supports the stirring action of the tool for the
metal flow, resulting in optimal material mixing [28-30].
Figure 6 illustrates the FESEM images of A17075 base
material after FSP (Fig. 6a), A17075/3%ESP (Fig. 6b),

Al7075/6%ESP (Fig. 6¢), and A17075/9% ESP (Fig. 6d)
from the stir zone area. In all types of specimens, it is shown
that the stir zone material is adequately heated due to FSP
because of friction, and severe plastic deformation is attrib-
uted to showing the occurrence of dynamically recrystal-
lized microstructure. Layers of plasticized material move
from advancing to the retreating side of the FSP tool, which
presents a refined grain structure in the micrographs. The
uniform distribution of the matrix material’s second phase
(ESP) particles indicates that the density gradient or wet-
tability of the ESP particles and the matrix material is still
excellent. The formation of a large number of uniformly
dispersed ESP particles in the matrix material suggests that
in situ reactions will benefit from a long-term temperature
effect on the material. Thermo-mechanical effects cause a
microstructural change in FSPed material [31]. It has been
demonstrated that flaws such as voids or cracks are not vis-
ible in the stir zone, implying that at a rotating speed and a
traverse speed of the tool, the generated heat contributes to
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Fig.5 Light microscopy images
of FSPed A17075/ESP
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Fig.6 FESEM images of a
Al17075 alloy after FSP, b
Al7075/3% ESP, ¢ A17075/6%
ESP, d A17075/9% ESP
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grain refinement and metal strengthening [12, 15]. However, = This may be due to the tunneling effect caused by the tool
agglomeration can be seen at a higher (9%) percentage of  rotation [11]. However, FESEM has not confirmed the dis-
ESP, Fig. 6d. A microchannel is also observed in Fig. 6¢c.  tribution of grains and dislocation mechanism. Therefore,
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EBSD analysis of each FSPed specimen was conducted to
study grain boundary, grain size, and distribution.

The EBSD image shown in Fig. 7 gives valuable inputs
to trace the grain refinement in the stirred zone of FSPed
Al7075 alloy without any reinforcement. In EBSD maps,
grains having different crystallographic orientations have
been colored differently. Larger grain sizes are observed for
the FSPed sample without adding any ESP reinforcement
particles. The particle grain size’s average size is 13.6 um
with a deviation of 7.3 um. Higher average grain bounda-
ries (HAGB) having disorientation angles higher than 10°
have been calculated to be 62.6% compared to lower average
grain boundaries (LAGB) comprising 37.4%. The presence
of a higher proportion of HAGB is attributed to the dynamic
recrystallization of the grains occurring during the process,
which during dynamic recovery changes the dislocation
arrangement of LAGBS, resulting in the formation of bound-
ary misorientation and, finally, the formation of HAGBs.
The presence of a larger amount of HAGB also indicates the
grain refinement occurring during the FSP process. This cor-
relates with the microstructural images showing the presence
of finer grains spread throughout the weld zone. Accord-
ing to the area-weighted mean, the average grain diameter
is calculated to be 21.6 um. Figure 8 shows the grain size
distribution of the A17075/3% ESP specimen. A larger grain
size variation is observed when ESP particles are added and
without particles. The mean grain size measured was 6.2 pm,
and the deviation in the sizes was calculated as 2.6 um.
These refined grain sizes are due to the inclusion of new
nucleation sites in the stir zone with the introduction of ESP
particles. The larger region of the grain boundary contains
larger stored energy which supports grain growth during the
FSP process due to high-temperature deformation. However,
the addition of ESP particles in the mixing area decelerates
grain growth. The addition of ESP particles increases the
active sites of nucleation, but the growth is reduced by pin-
ing the grain boundaries according to the Gibb-Thomson
equation [28]. Another reason for the grain refinement and
formation of lower defect material is proper mixing and gen-
eration of a suitable environment. Due to the presence of
these reinforced particles, increased friction occurs between
the workpiece and the rotating tool. Due to this friction,
the surrounding temperature increases and contributes to
better flowability of the materials, and no lack of diffusion
takes place [29]. This also increases the wettability of the
matrix material, and the ESP-reinforced particles, increas-
ing the elements’ mutual diffusion. Therefore, mixing ESP
particles increases the misorientation angles between the
grains, leading to an increase in the proportion of HAGBs
and improving the dynamic recrystallization process. The
HAGB comprises 73.8% (> 10°), and LAGB shares 26.2%.
Figure 9 shows the grain size distribution of the A17075/6%
ESP specimen. An increase in the amount of ESP to 6%
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mixed in the AlI7075 alloy matrix increases the grain size of
the particles in the stir zone. This increase in the dimension
can be attributed to the increase in the frictional heat, which
raises the temperature and results in the softening of the
grains in the stir zone, leading to the clustering and agglom-
eration of the grains. The average grain diameter increases
to an average size of 9.2 um with a standard deviation of
5.8 um. Also, due to the increase in the grain sizes and low-
ering of the dynamic recrystallization, the amount of grains
with HAGBs amounts to 58.8% and LAGBs to 48.2%. Also,
the majority of the grains are orientated towards 101 and 111
crystallographic planes. Figure 10 shows the grain size dis-
tribution of the A17075/9% ESP specimen. Further addition
of ESP resulted in further larger grain sizes with an average
size of 10.3 um and a deviation of 7.3 um. Therefore, it can
be easily observed the importance of the amount of rein-
forcement addition and its effect on the microstructure of the
fabricated material. Also, this affects the dynamic recrystal-
lization process occurring during the FSP process and the
properties of the FSPed samples. The amount of HAGBs
summed up 61.8% showing a misorientation angle of > 10°,
and LAGBs 38.2%, with a misorientation angle of < 10°.
The EBSD analysis proved the grains’ refinement during
the FSP process. Also, it showed the reason for the increased
functional properties of the fabricated material having ESP
as reinforced material in the A17075 alloy matrix in optimal
quantity.

3.1 Thermal conductivity

The thermal conductivity of the stirred zone is examined
with an increasing percentage (3-6-9%) of ESP in the stirred
zone, as shown in Fig. 11. The recorded thermal conduc-
tivity during heating was as follows: A17075 (97-69 W/
mK), A17075 +3% ESP (87-58 W/mK), Al7075 + 6% ESP
(78-55 W/mK), and A17075 + 9% ESP (73-53 W/mK). It is
observed that, with an increased temperature from 50 to 450
°C, there is a significant decrease in thermal conductivity.
It is attributed to the fact that FSP increases the number of
grain boundaries and refines the grains due to severe plastic
deformation. The larger number of grain boundaries inter-
rupts the free movement of electrons and phonons, decreas-
ing the thermal conductivity [18]. Furthermore, with an
increase in ESP concentration, a decreasing trend in ther-
mal conductivity is observed. This reflects that there is less
excitation of electrons and phonons at high temperatures
and high ESP concentration in the stirring region due to
different energy levels of electrons and phonons of Al7075
alloy and ESP [11].

Furthermore, all the specimens were evaluated by vary-
ing the externally supplied voltage (terminal voltage) from
100 to 250 V. This was done to examine thermal conduc-
tivity concerning time through a heating coil which was
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Fig.8 FSPed Al7075/3% ESP a EBSD, b IPF, ¢ grain distribution, d disorientation angle

fixed at 330 °C. The graphs shown in Fig. 12 reveal that  15-min time interval. With a higher supplied voltage at 250
the thermal conductivity increases by increasing the ter- 'V, the observed thermal conductivity was higher (112 W/
minal voltage. The thermal conductivity was recorded at a ~ mK), whereas with a lower supplied voltage at 100 V, the
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observed thermal conductivity was lower (69 W/mK) for the
base Al7075 alloy. While increasing the time interval, the
thermal conductivity of all types of specimens decreases.
Thermal conductivity at 250 V with varying ESP concen-
tration (A17075 +(3-9%) ESP) falls from 108 to 62 W/mK,
and a similar trend is observed with lower terminal volt-
ages as shown in Fig. 11b to d. This reveals that the thermal
conductivity decreases by increasing the percentage of ESP.
This is because increasing the percentage contribution of
ESP into the base material develops the substantial interfa-
cial hindrance of compounds like Al,C; and Al,Ca, which
interrupt the free movement of electrons and phonons at
higher terminal voltage [12—-15]. Figure 11 also reveals the
decreasing trend of thermal conductivity concerning time
due to the decrease in time to reach the threshold tempera-
ture of 350 °C.

The CTE values were recorded through a dilatometer.
Heating and cooling cycles were run from 50 to 400 °C
and vice versa for each specimen of FSP along with FSPed
Al7075 alloy. CTE values and their trend were recorded
relative to temperature for heating and cooling as shown
in Fig. 13. It is observed that, during a heating cycle, the
CTE value increases logarithmically till the tempera-
ture reaches 250 °C for each specimen and declines with
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Fig. 13 CTE vs. tem- -
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a further temperature rise. In the heating cycle, the CTE
value after FSP of the base alloy increases to a maximum at
250 °C (25.4 t0 27.9 x 107° K~!) and then starts declining
up to 400 °C (27.2 x 107 K~!). The recorded values for
Al7075 4+3% ESP vary from 24.4 to 26.6 x 10~® K™1) up
to temperature 250 °C and further decline to 26 x 1070 K~!
while temperature increases from 250 to 400 °C as shown in
Fig. 13b. Whereas a similar trend is observed with A17075
+6% ESP, where the maximum value of CTE increases till
the temperature reaches 250 °C and is found in the range of
24.1 t0 25.8 x 107 K™ and declines with a further rise in
temperature upto 25.3 x 107® K=! as shown in Fig. 13c. A
dissimilar trend is observed with A17075 +9% ESP, the max-
imum CTE value of range 25 to 25.3 x 1078 K~! retrieved at
150 °C temperature (Fig. 13d). Furthermore, as temperature
increases, the CTE value starts decreasing up to 24 x 107°
K~! at 400 °C. CTE value is higher in all the cooling cycle
compared to the heating cycle, as shown in Fig. 13a to d. The
ESP-reinforced specimen’s CTE values are lower than that
of Al17075 alloy. In the cooling cycle, the maximum CTE
value of Al7075 alloy after FSP is at 350 °C (28.6 x 107°
K™!). The maximum CTE of surface composite Al17075/ESP
is obtained at 300 °C for Al7075 +3% ESP as 27.2 x 107°
K~! and minimum at 50 °C for A17075 +6% ESP as 23.8

Temperature

x 1076 K~!. It is because FSPed specimens have refined
and equiaxed grain and a large number of grain boundaries.
While increasing the temperature, the CTE values increase
until the recrystallization starts, which is approximately in
the range of 250 to 330 °C [30, 32]. Once the recrystalliza-
tion starts, the thermal stresses are increased and act as a
thermal barrier for the free motion of electrons and pho-
nons, leading to a decrease in CTE values [21, 33]. While
during the cooling cycle, thermal stresses are reduced due
to temperature drop and contraction. Hence, a logarithmic
relation is maintained for the CTE values [30]. Furthermore,
increasing the ESP percentage, CTE values decrease due to
an increase in thermal stress arising due to a mismatch of
CTE values of Al17075 alloy and ESP.

DTA, DTG, and DTG of the FSPed sample were tested for
Al7075 +3% ESP, A17075 +6% ESP, and A17075 +9% ESP
shown in Fig. 14a to c. It can be observed from Fig. 14a that
the mass of the compound was 100% at 27 °C at the begin-
ning of the process. The maximum temperature was 900 °C
in all the cases. With the rise in temperature of 360 °C, there
is a weight loss of 0.4%. A rapid loss in weight is observed
when the temperature starts elevating from 423 °C, the
TG% curve becomes steeper, and the maximum weight loss
increases by 1.53%. The DTA curve representing exothermic
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Fig. 14 DTA, TGA, and DTG
curve for a A17075+3% ESP,
b Al7075+ 6% ESP, and ¢
Al7075+9% ESP
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reaction shows peaks at 397.4 °C and 659.7 °C. The DTA
curve tends to increase smoothly with a further temperature
rise and represents an exothermic peak at 900 °C, where the
weight loss is maximum. The decomposition curve of DTG
becomes stable when the temperature rises from 138 °C and
continues to 245 °C. Furthermore, an increase in tempera-
ture results in a fall in decomposition percentage by 0.38% at
420 °C. The second stage of decomposition is observed with
apeak at 686.5 °C. A similar pattern is observed for 6% and
9% ESP specimens (shown in Fig. 14b—c), where the weight
loss is observed at 5.25% at 575.6 °C and 14.62% at 830.8
°C. Similar findings were also reported by previous authors
[11, 34]. Since the matrix is reinforced with ESP, weight loss
is attributed to an increase in the percentage of ESP, which
contains the moisture and impurity to be burned. Another
reason behind the weight loss is the increasing hindrance in
the motion of photons and free electrons while increasing
the ESP percentage, which is also responsible for oxide layer
formation at the parent material. These oxide layers are later
broken with an increase in temperature above the recrystal-
lization temperature, which also changes the enthalpy of the
matrix material. Some impurities are burnt at high tempera-
tures, which reflects sudden weight losses, which are also
represented by a change in enthalpy [34]. On examination of
thermal degradation, several exothermic peaks in the DTA
curve are found with composite at changing the percentage
of ESP. The release of heat during this process results in a
positive temperature difference.

4 Conclusion

A surface composite is developed with A17075 and 3-9%
varying reinforcement of eggshell powder by friction stir
processing. The outcome shows that:

(1) The temperature profile and readings of the K-type
thermocouple illustrate the peak temperature in the
range of 300 to 350 °C.

(2) The randomly dispersed eggshell powder is seen in the
micrographs. The fine equiaxed, refined grains with a
large number of grain boundary is observed in the dif-
ferent zones of the FSP subject to dynamic recrystal-
lization and grain recovery.

(3) FESEM images show the defect-free surface composite
with a negligible amount of agglomeration. It has been
demonstrated that flaws such as voids or cracks are not
visible in the stir zone, implying that at a rotating speed
and a traverse speed of the tool, the generated heat con-
tributes to grain refinement and metal strengthening.

(4) EBSD analysis confirms the presence of both continu-
ous and discontinuous types of grains in the stir zone,

and it increases with the increased percentage of egg-
shell powder. The minimum grain size is measured to
be 6.2 to 10.3 um at the varying percentage of eggshell
powder (3 to 9%) in the stir zone, respectively.

(5) The thermography result revealed the decreasing trend
of thermal conductivity, and CTE and the values were
found in the range of 97 to 53 W/mK, and 26.6 to
24x107% K! (heating cycle), 27.2 to 23.8x 1070 K~!
(cooling cycle), respectively at an increasing ESP per-
centage.

(6) The highest and lowest thermal conductivity of 108 W/
mK and 62 W/mK was observed at higher and lower
terminal voltages of 250 V and 100 V, respectively, at
15-min time intervals.

(7) The DTA, TGA, and DTG curves explored that the
maximum weight loss varies up to 5.25% with exo-
thermic peaks and decomposition steps for each surface
composite.
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