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In this study, ceramic-metal composite material reinforced with additive pre-
pared from waste egg-shell was produced. Waste egg-shells were cleaned, dried,
ground and then sieved. The effects of egg-shell reinforcement ratio (0%, 1.66%,
3.34%, 5%, and 6.66 % by volume) and sintering temperature (1400 °C) applica-
tions on Fe-B4C ceramic-metal powders were tested. For this purpose, tests such
as ultrasonic test, hardness and density were applied to the composite material,
and finally, microstructural analysis was performed on the composites by SEM
application. The changes in the crystal structure of the egg-shell after sintering
were revealed by diffractograms analysis. It was observed that the hardness, ul-
trasonic longitudinal and transverse wave velocities also increased with the in-
crease in the reinforcement ratios of the egg-shell. Considering the 6.66% egg-
shell addition to the ceramic-metal composite mixture, in the light of the numeri-
cal data obtained, 5091 m/s longitudinal wave velocity, 2809 m/s transverse wave
velocity, 204.12 Hv hardness value, 0.315 dB per mm longitudinal attenuation
and 0.214 dB per mm transverse attenuation values with gave the best physical
and mechanical properties. According to the test results obtained, it was deter-
mined that it would be appropriate to use the egg-shell in the production of com-
posite materials and to characterize it with the ultrasonic test method.
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Introduction

In order to ensure sustainability in development, it is necessary to recycle food
waste, contribute to the prevention of environmental pollution, and also produce new materi-
als in a way that can strengthen the country economy [1-3] While some of the food wastes
generated in the food industry and/or agricultural production are destroyed, some are used in
the production of new products with lower economic value by using different technologies.
Studies for the production of new materials and new products are carried out
[4-6]. Egg-shell is a biomaterial containing 95% by weight of calcium carbonate and 5% by
weight of organic material in the form of calcite. It is very rich in calcium carbonate. These
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features show that egg-shell can be used in the production of new materials with appropriate
conversion processes and different mixture recipes and it is worth researching [7-10]. Contin-
uously developing and changing technologies need to continuously improve the properties
expected from materials to be used in industrial applications such as high strength, low cost,
toughness and low weight ratio to meet the optimum standard [11-13]. Therefore, the search
for new advanced materials always remains a matter of interest. Many researchers have suc-
cessfully proven in their research that metal and ceramic matrix composite meets the expected
standard and found that it is a promising material class [14-19]. The difficulties experienced
in shaping ceramics with traditional powder metallurgy methods have led to the development
of composite materials and the emergence of new processing approaches. Since ceramics are
brittle, hard, resistant to heat and corrosion, difficult to compress, and have a high melting
temperature in industrial terms, metal materials are used to ensure easy machinability. For this
purpose, waste egg-shell reinforced composite materials have been developed [20-30]. In this
study, ceramic-metal composite material reinforced with additive prepared from waste
egg-shell was produced. In this context, it will help the researches on the production of new
materials with lighter and improved mechanical properties by evaluating the wastes. In the
study, ultrasonic testing technique, which is one of the most preferred non-destructive testing
techniques, was used to characterize material properties such as residues, stresses, fracture
strength, elastic modulus, error size and directions, and to determine the safe operation of the
structure. The effects of ultrasonic vibration on the microstructure and mechanical properties
of the material were investigated [31-34]. The non-destructive testing method is a versatile
technique that not only reveals the defects in the material, but also gives information about the
guality of the material. The ultrasonic wave moving in the solid material is affected by the
density and elastic properties of that material. The quality of a material sometimes changes
depending on these elastic properties, hence the ultrasonic velocity. Ultrasonic inspection is
used to determine the location of the defects and the fault zone in the material, as well as to
evaluate these defects by acoustically transferring them to the screen, to measure the thickness
of the parts, and to easily measure ultrasonic test parameters such as transit time, attenuation,
scattering and frequency. It can also be used to measure the basic mechanical, structural and
compositional properties of solids and liquids with high-frequency sound waves [35-42].

The aim of the study is to investigate the ultrasonic, mechanical and metallographic
effects of egg-shell powders added at different rates in the production of ceramic-metal com-
posites and to characterize the produced samples.

Materials and method

Samples and production

The most suitable samples for the research were prepared by powder metallurgy
method by using different ratios of egg-shell powder, which is used as waste in the production
of ceramic-metal composite material. The Fe and B4C powders with 99% purity and a particle
size of less than approximately 70 um were obtained from Sigma Aldrich. The volumetric
composition of the samples and the codes given to the samples produced are given in tab. 1.
After weighing the powders, composition mixture was mixed in a mixer rotating at 20 rpm for
24 hours to ensure that the composition was homogeneous. Homogeneously mixed powders
were shaped circularly in a uniaxial hydraulic press in 30 g samples under a pressure of
407.9 kg/cm? in a cylindrical mold and sintered for two hours at 1400 °C in an argon atmos-
phere in a conventional sintering furnace. After the sintering process, the prepared samples
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were left to cool naturally in the furnace under an argon atmosphere. The microhardness val-
ues of the samples were measured with a Mettest-HT (Vickers) brand microhardness tester.
An average hardness value was determined by taking measurements from 12 different regions
of each sample. In order to evaluate the microstructural analysis of the composites reinforced
with egg-shell powder, Fe, and B4C powders with different additive ratios, the images of the
material surfaces were taken using the LEO 1430 VP model SEM.

Table 1. Composition of samples

Composition of samples
Codes -
Metal-ceramic powder Egg-shelter powder

Sample 98.34% Fe-1.66% B4C -
Egg-shell | 96.68% Fe-1.66% B4C 1.66%
Egg-shell I 95% Fe-1.66% B4C 3.34%
Egg-shell 111 93.34% Fe-1.66% B4C 5%
Egg-shell 1V 91.68 % Fe-1.66% B4C 6.66%

The ultrasonic pulse velocity method

Before taking the ultrasonic measurements, the geometry and dimensions of the
samples were prepared with considering that there is no side wall effect. In material character-
ization studies using ultrasonic, the determination of the dimensions of the samples, the de-
termination of the sample surface width, the sample thickness, and the flat and smoothness of
the sample surface are important factors to be considered. The thickness of the egg-shell pow-
der added composite samples was measured with a micrometer at the same signal reception
points with an accuracy of +0.01 mm [43, 44]. Ultrasonic testing was performed using a
commercially available system consisting of an ultrasonic flaw detector (Sonatest Sitescan
150 seconds), transducers, and a computer. Two different converters were used to obtain sig-
nals in pulse-echo configuration.

A 2 MHz and 4 MHz transceiver probe is used for ultrasonic longitudinal and trans-
verse wave velocity measurements. A 4 MHz (Sonatest SLH4-10, T/R) transducer with a ra-
dius of 10 mm was used to generate longitudinal waves and a 4 MHz (GE Inspection Tech-
nologies MB 4Y, T/R) single-crystal transducer with a radius of 15 mm was used to generate
transverse waves. Ultrasonic measurements were performed using the direct contact method
between the transducer and the samples in pulse-echo configuration. Sonatest sonagel-W was
used as binder to ensure effective contact between transducers and sample surfaces. The basic
principle of ultrasonic testing in non-destructive testing methods is based on the propagation
of elastic waves of high frequency (0.1-20 MHz) produced by the probe in the test material
environment and their reflection back to the probe after hitting a discontinuity. Among the ul-
trasonic inspection methods, it is the pulse-echo technique that is most used in practical life.
The waves detected by the probe are converted into electrical signals and appear on the cath-
ode ray tube screen as echoes that herald the material internal structure. The positions and
amplitudes of the observed echoes on the screen provide information about the location and
dimensions of the error. Velocity measurements were obtained with the reflection peaks com-
ing from the front and back surfaces in the A-Scan image of the ultrasound wave sent to the
sample by the transducer. The time taken for these peaks, which are obtained by the waves
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coming and going to the other side of the material, was determined on the oscilloscope screen
in terms of At [ps]. This process was repeated five times for each material surface, and the av-
erage transition time was determined. After determining the thickness of the materials and the
transit times of the longitudinal and transverse waves through the materials, they were substi-
tuted in eqg. (1) and ultrasonic longitudinal wave velocities and transverse wave velocities
were calculated in [ms™].

v : 1)
During ultrasonic examination, the structural relations of sound waves traveling
through the material with their scattering are handled. The factors affecting the scattering of
ultrasonic waves in the material are the wavelength of the sound waves used, the size, shape,
direction, anisotropy and compound structure of the particles in the structure. Also, ultrasonic
attenuation, which is the sum of absorption and scattering, mainly depends on the scattering
and damping capacity from the grain boundary in the material. As the ultrasonic wave passes
through a solid, its amplitudes decrease due to the interaction with the particles in the medi-
um. This reduction is expressed as attenuation [45-47].
Using the ratio of the amplitudes of A; and Ay, the following formula is used to cal-
culate the frequency-dependent attenuation coefficient:
1

A
a_d 20Iogg 2

where d is the thickness of the sample, A; and A; are the amplitude of the ultrasonic wave, re-
spectively. Its logarithmic unit is expressed in [Neper] or [dB].

Experimental results and discussion

Metallographic analysis

The SEM micrograph of the sample produced without using egg-shell in the compo-
sition of fig. 1(a) is given. In addition to homogeneous distribution in the composition, it is
seen that the porosity is quite high. The hardness values of the sample also support the porosi-
ty. In the composition of fig. 1(b), the porosity was slightly decreased and the grains grew.
Changes in surface morphology were observed in the composition of figs. 1(c) and 1(d). With
the increase in the composition of egg-shell powder, grain coarsening increased and porosity
decreased and grain boundaries became clear. In fig. 1(e) (91.68%Fe-1.66%B4C-6.66% egg-
shell) composition, the porosity was greatly reduced and the surface morphology acicular
structure image was obtained. The highest hardness measurements were obtained in 91.68%
Fe-1.66%B.C-6.66% egg-shell composition.

Lineal EDX analysis was applied to the first produced (98.34% Fe-1.66%B4C) sam-
ple in fig. 2. After the analysis, Fe, Al, Si, and Mg peaks were obtained. The low rate of Al,
Si, and Mg peaks is due to the fact that the purity level of the Fe powder used is not 100%.
The absence of the Ca peak is due to the use of egg-shells in the composition.

In fig. 3, (91.68% Fe-1.66%B4C-6.66% egg-shell) lineal EDX analysis was applied
to the composition sample. The Fe, Al, Mg, and Ca peaks were obtained after the analysis.
The low rate of Al and Mg peaks is due to the fact that the purity level of the Fe powder used
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is not 100%. Since approximately 93-97% of the egg-shell consists of Ca(COs), it is rich in
calcium. The presence of the Ca peak in the EDX analysis is due to egg-shell powders.
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Figure 1. The SEM micrographs; (a) 98.34% Fe-1.66% B4C, (b) 96.68% Fe-1.66%B4C-1.66% egg-
shell, (c) 95% Fe-1.66%6B4C-3.34% egg-shell, (d) 93.34% Fe-1.66%B1C-5% egg-shell, and
() 91.68% Fe-1.66%B4C-6.66% egg-shell
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Figure 2. The EDX analysis of 98.34% Fe-1.66%B4C specimens
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Figure 3. The EDX analysis of 96.68% Fe-1.66%B4C-6.66% egg-shell specimens
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Ultrasonic measurements

The aim of the study is to examine the effects of sound wave vibration sent by ultra-
sonic method in the production of ceramic-metal composites of ground waste egg-shell on the
microstructure and mechanical properties of the material and to produce new samples that will
contribute to the economy both in terms of recycling waste and reducing the use of raw mate-
rials. Ultrasonic longitudinal and transverse wave velocities, attenuation values, hardness and
density measurement results of Fe-B4sC composite samples with sintered egg-shell reinforce-
ment in different compositions are shown in tab. 2.

Table 2. Ultrasonic and mechanical properties of ceramic-metal composites

Composite Hardness Longitudinal Shear Longitudinal | Shear attenua- | Density
samples [HV] wave velocity |wave velocity | attenuation | tion [dBmm] | [gem—]
[ms?] [ms?] [dBmm™1]

Sample 178.25 4261+43.1 1920 +28.3 0.589 0.352 5.28
Egg-shell | 181.54 4334+4.2 2020 +42.4 0.449 0.304 5.35
Egg-shell 11 194.58 4554+32.5 2315 £53.7 0.423 0.284 6.34
Egg-shell 111 198.71 4945+36.8 2547 +7.1 0.326 0.245 6.03
Egg-shell 1V 204.12 5091+49.5 2809 £28.9 0.315 0.214 5.93

In the study, ultrasonic pulse-echo technique was used effectively for the characteri-
zation of Fe-B4C% egg-shell composite properties. In this study, the velocity of sound waves
passing through the composite material is determined. The arrival time of the ultrasonic
waves from the receiver at the starting point to the receiver on the other side is measured, and
it is calculated with the help of the distance that the wave passes. As a result of the tests, it
was observed that the ultrasonic longitudinal and transverse velocity values of the egg-shell
powder increased with increasing volume ratios. This is an indication that there is no loss of
sound waves as they move through the structure. This indicates that denser and coarser
grained structures are formed. As the amount of additives in the composite material increases
and the voids decrease, the arrival time of the sound wave at the receiving point is shortened
and the ultrasonic wave transmission speed increases. When fig. 4(a) is examined, ultrasonic
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longitudinal and transverse velocity values are respectively. It is observed that while it was
4261 m/s and 1920 m/s in sample with no additive egg-shell powder, it increased to 5091 m/s
and 2809 m/s in egg-shell IV with 6.66% egg-shell powder additive. By means of a typical ul-
trasonic waveform obtained for composite samples, the ultrasonic attenuation coefficient was
determined as the ratio of the amplitudes of two ultrasound beams reflected from the peaks
corresponding to the posterior wall reflection of the sample as a function of the distance pass-
ing through the imaging medium. To calculate the longitudinal wave velocity and attenuation
in the sample, the position in the time axis and the corresponding amplitude are noted for the
first two backwall reflections. In fig. 4(b), as the additive ratio increases, the porosity in the
composite material decreases and the absorption of the sound wave in the structure decreases.
The fact that the egg content of the prepared ceramic-metal composite is gradually higher and
the sintering temperature also causes a denser structure with a lower pore content, which ex-
plains the reason for the decrease in attenuation values.
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Figure 4. Graphs showing the atomic effect of the addition of egg-shell powder on;
(a) ultrasonic velocity, (b) ultrasonic attenuation, (c) hardness, and (d) density

The hardness values measured in the composite samples prepared in fig. 4(c) are
given by measuring from 12 different points and taking the average. In order for the hardness
values to be sensitive and reliable, the measurements were taken from 12 different points in
the composite samples prepared and the average was given. The lowest hardness value of
178.25 HV was measured in the composite sample without egg-shell powder. By increasing
the egg-shell powder atomically up to 6.66%, different ceramic-metal composite samples with
different compositions were obtained. The highest hardness value was measured in the sample
belonging to the egg-shell reinforced (egg-shell 1V) composite composition with 204.12 HV.
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When the reaction mechanism in the literature is evaluated, as seen in the hardness, ultrasonic
wave velocities, attenuation and density graphs, fig. 4, as the sintering temperature increased,
the reactivity of the egg-shell in the ceramic-metal composite increased and a stronger inter-
face bond was achieved. As a result, it showed better mechanical properties [48, 49]. Compo-
site materials have become more durable with the increase of the amount of calcium car-
bonate (CaCO3) in volume ratio. The CaCOs is known as a compound that gives strength to
composite materials structurally. Since CaCOs adds rigidity and strength to the structure used,
the reason for the increase in hardness with increasing volume ratios is the increase in the per-
centage of CaCOs [50]. Therefore, hardness values of composite materials increased with in-
creasing volume ratios, as it increases strength and durability. In the production of composite
samples, the graph showing the relationship between the atomic ratios of the egg-shell pow-
ders additive between 0% and 6.66% and the density is given in fig. 4(d). When egg-shell
powder was not added to the ceramic-metal composite structure (sample), the density was
calculated as 5.28 g/cm. The density value was calculated as 5.93 g/cm® when egg-shell
powder was supplemented atomically up to 6.66% (egg-shell 1V). In SEM images, it was seen
that the addition of 3.34% atomic egg-shell powder provided better sintering. While the densi-
ty values increase up to egg-shell 1l, there is a slight decrease in the density values in egg-
shell 111 and egg-shell 1V. However, there is an existing increase over the composite sample
without egg-shell additives. As a result, the addition of egg-shell powder positively affected
the sintering. In this study, it was revealed that the egg-shell additive improved the mechani-
cal and ultrasonic properties of composite materials in a positive way.

Conclusion

This study evaluated the usability and strength performance of ground waste egg-
shell as a building material. Egg-shell powder reinforced ceramic-metal composite material
was produced. According to the results obtained, ultrasonic wave velocities, hardness and
density values increased with increasing volume ratios of waste egg-shell powder additive in
the produced composite samples, while naturally a decrease was observed in ultrasonic atten-
uation values. In our country, such studies have become increasingly important as they will
contribute to the economy in terms of recycling wastes and environmental pollution risk, as
well as reducing the use of raw materials for different purposes, and will pave the way for
their use in different fields of industry.
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