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Abstract:  To date, a number of methods have been employed to remove paranitrophenol (PNP) as one of the
organic pollutants and nitroaromatic compounds from water. In the present study, the PNP removal process was
investigated using surface adsorption and synthesizing cyclodextrin-based adsorbents. To this end, beta-
cyclodextrin polymer insoluble in water was first obtained in a green way using citric acid as a cross-linking
agent with the efficiency of 81.25% at the swelling rate of 166.7 and after structural characterization, it was used
in the adsorption experiments. To expand the contact surface area, some bases such as sawdust and alumina were
used as the cyclodextrin supports, and the effect of different parameters on their adsorption capacity such as the
contact time, pH, PNP initial concentration, temperature, and adsorbent dosage were studied. The experimental
data were then fitted to the kinetics models and adsorption isotherms. It was found that for the synthesized
adsorbents, the adsorption kinetics followed the pseudo-second-order equation, and the equilibrium data were
more consistent with the Freundlich model. The gmax values for B-cyclodextrin-citric acid, p-cyclodextrin-
sawdust, and B-cyclodextrin-alumina adsorbents were obtained as 40.98 mg/g, 43.29 mg/g, and 38.46 mg/g,
respectively. Finally, the adsorption thermodynamic was investigated and the standard enthalpy, entropy, and

Gibbs free energy changes were calculated.
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1. INTRODUCTION

Paranitrophenol (PNP) is one of the nitroaromatic
compounds that is a raw material or intermediate for the
production of many chemical products such as
explosives, drugs, pesticides, plastics, artificial colors,
and wood preservatives. It is among the most toxic
derivatives of parathion insecticide which is
carcinogenic, dangerous, mutagenic, and toxic for
mammals. These compounds are a type of organic
molecules that contain at least one nitro group (NO-)
attached to the aromatic ring. A low concentration of
paranitrophenol (less than 100 mg/L) can be effectively
degraded through biological treatment processes but its
high concentration is difficult to biodegrade (Xiong, et
al., 2018). Due to its high toxicity, carcinogenicity, and
accumulation properties, paranitrophenol has been
recognized by the US Environmental Protection Agency
(EPA) as one of the priority pollutants (Xiong, et al.
2018). Various methods have been used so far to remove
paranitrophenol  from  water including surface
adsorption, catalytic oxidation with microwave,
microbial degradation, photocatalytic degradation,
electrofenton method, and electrochemical purification
(Pandey & Mishra, 2014). Due to the ease of operation
and availability of a wide range of adsorbents, surface
adsorption has been proposed as one of the appropriate
methods in water purification. Recently, several
methods have been studied to develop cheaper
adsorbents and materials that contain polysaccharides

such as chitin, starch, and their derivatives. These
biopolymers have attracted considerable attention owing
to their special structures, chemical properties, high
reactivity, and excellent selectivity towards aromatic
compounds and metals, which is due to the presence of
reactive groups in their polymer chains. An important
type of starch derivatives is cyclodextrins (CDs) or
cycloamyloses. Due to the presence of hydroxyl groups
in glucose molecules, they seem quite polar. The
presence of hydroxyl groups at both ends of the cone is
the cause of the solubility of this substance in water. In
addition, the presence of the central hydrophobic cavity
allows them to accommodate hydrophobic host
molecules. Therefore, inside the cyclodextrin cone is
relatively non-polar while the outside of the molecule is
hydrophilic that can dissolve in water. For this reason,
cyclodextrins can form inclusion complexes (guest-host
complexes) with a wide range of compounds through
molecular complexation mechanism. In  these
complexes, the guest molecule is kept in the
cyclodextrin cavity of the host. The aim of this study is
to synthesize a polymer from beta-cyclodextrin using a
green cross-linking agent such as citric acid, two bases
of sawdust (which contains lignin, cellulose, and
hemicellulose and polyphenolic groups) as well as
alumina in order to increase the contact surface and
improve the adsorption of PNP. So far, very few
comprehensive studies have been carried out on the
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adsorption of the paranitrophenol in beta-cyclodextrin-
based green polymers.

2. MATERIALS AND METHODS
2.1. Synthesis of the adsorbents

Beta-cyclodextrin polymeric adsorbent cross-linked
with citric acid: the method chosen for the synthesis of
this adsorbent is the method proposed by Zhao et al.
(Zhao, et al., 2009b). First, 1 g of polyvinyl alcohol was
mixed in 25 ml of deionized water in a hot water bath in
the temperature range of 70-80 °C for 90 min on the
stirrer until it was completely dissolved in water and a
completely clear solution was obtained. Then, 10 g of
beta-cyclodextrin, 5 g of citric acid, 0.5 g of sodium
dihydrogen phosphate, and another 25 ml of deionized
water were added to the clear solution of polyvinyl
alcohol. The resulting solution was still stirred in a hot
water bath (for 30 min) until a completely homogeneous
mixture was obtained. Next, the mixture was placed in a
thermostatic oven at the temperature of 140 °C for four
hours. In this synthesis, beta-cyclodextrin was the main
reactant, citric acid the cross-linking agent, polyvinyl
alcohol an additive that made beta-cyclodextrin more
soluble in water, and sodium dihydrogen phosphate a
catalyst.

Beta-cyclodextrin-alumina adsorbent: First, 0.1 g of
polyvinyl alcohol was dissolved in five ml of deionized
water using a hot water bath (temperature of 80 °C).
Then, 1 g of alumina and 0.3 g of beta-cyclodextrin were
added to the clear solution of polyvinyl alcohol, and the
rest of the deionized water (5 ml) was consequently
added to the mixture and then, it was placed in an
ultrasonic bath for 10 min until it became homogeneous.
In the next stage, the sample was again placed in a hot
water bath until a uniform slurry was obtained and then,
it was placed in the oven at the temperature of 45 °C for
24 h until the reaction was complete. Finally, the
adsorbent became a powder.

S-cyclodextrin-sawdust polymeric adsorbent (5-CD-
SD): The method chosen for the synthesis of B-
cyclodextrin-sawdust polymer ($-CD-SD) is the method
proposed by Hu et al.(Hu, et al., 2014). Here, the
sawdust was sieved through a sieve with 60 and 80
meshes, carefully washed several times with deionized
water, and then dried at 105°C for 24 h. Later, 2 g of
sawdust, 5 g of beta-cyclodextrin, 3 g of citric acid, 0.5
g of sodium dihydrogen phosphate, and 50 ml of
deionized water were mixed together and placed in an
ultrasonic bath for 20 min, and the mixture was placed
at the temperature of 160 °C for 15 min. The obtained
solid was washed several times with hot water (75°C)
and 50% alcohol and finally dried at 105°C. In this
stage, the obtained solid was dark brown granules.

2.2. Characterization of the adsorbents

In order to characterize the synthesized adsorbents,
XRD! analysis (Philips PW1825) was performed to
determine the crystal phases. FTIR? (Bruker Vector 33)
technique was employed to identify the chemical bonds,

! X-Ray diffraction
2 Fourier-transform infrared spectroscopy
3 Scanning Electron Microscopy

and the functional groups of the compounds. SEM3
(Cambridge S-360) was also used to study the
morphology and structure of the samples.

3. RESULTS AND DISCUSSION

To determine the characteristics of the adsorbents,
several techniques were employed. The XRD analysis of
beta-cyclodextrin-citric acid, beta-cyclodextrin-
sawdust, and beta-cyclodextrin-alumina  polymer
adsorbents showed the characteristic peak attributed to
the beta-cyclodextrin polymers appeared at 26=18°
(Abarca, et al., 2016). The characteristic peaks of
alumina (ICDD, card number 00-010-0173 of a-Al;O3)
were also detected (Mohammed, Khodair, & Khadom,
2020). The SEM images of the beta-cyclodextrin
samples, beta-cyclodextrin-citric  acid  polymer,
sawdust, beta-cyclodextrin-sawdust, alumina, and beta-
cyclodextrin-alumina  showed the  morphology
differences of the adsorbents and their bases. In these
samples, coating the particles with beta-cyclodextrin
layer reduced their surface roughness. The FTIR spectra
of the beta-cyclodextrin-citric acid, beta-cyclodextrin-
sawdust, and beta-cyclodextrin-alumina were recorded.
The peak at 1746 cm™* due to the stretching vibrations of
C=0 bonds belonged to the ester and carboxyl groups in
the formed polymer. The peak at 1458 cm™ was due to
the C-O-C stretching vibration of the ester groups. The
absorption caused by the ester groups indicated that the
hydroxyl groups of beta-cyclodextrin reacted and
condensed with the carboxyl groups of citric acid to
form the beta-cyclodextrin polymer. The peak at 3448
cm® that emerged due to the stretching vibration of the
O-H groups belonged to the hydroxyl and carboxyl
groups in the beta-cyclodextrin polymer, indicating that
the structure of beta-cyclodextrin was preserved in the
formed polymer (Zhao, et al., 2009a, Patil Dipak, et al..
2012). The peaks of alumina at 444 cm™ and 578 cm
were also detected in the structure of beta-cyclodextrin-
alumina adsorbent, showing that the adsorbent was
placed on the alumina.

In addition to the main polymer adsorbent
(betacyclodextrin-citric acid), adsorption tests on the
betacyclodextrin-sawdust and betacyclodextrin-alumina
adsorbents were also carried out, and the obtained
results were analyzed. The change in their adsorption
capacity over time was also studied. The time required
to reach equilibrium for the adsorbents was about 210
min. The kinetic data were fitted to pseudo-first-order
and pseudo-second-order models, and the Kinetic
parameters were calculated. It was revealed that the
correlation coefficients for fitting the data with the
pseudo-second order model were larger than those of the
other model (Li, et al., 2011). The tests showed that the
removal percentage of paranitrophenol was reduced
with the increase in the pH, and the maximum amount
of removal was obtained at the pH of 4.48. According to
the tests, paranitrophenol in the aqueous solution was
moderately acidic (pKa ~7.15), and the formation of
ionic form in water was highly dependent on pH. In case
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the pH value of the solution exceeds the pKa value (the
environment becomes alkaline), paranitrophenol is
converted to the negative phenolate ions. On the
contrary, at the pH values lower than pKa, the molecular
form of paranitrophenol is present in the solution, and
paranitrophenol is adsorbed molecularly on the surface
of the adsorbent. According to the findings, with the
increase in the adsorbent dosage, the percentage of the
paranitrophenol removal increased, and the removal
percentages at the same dosage of the adsorbents were
different. In order to investigate the adsorption
isotherms, five concentrations were selected for
paranitrophenol and after reaching the equilibrium, the
concentration values were fitted to Langmeier and
Freundlich isotherms. The values of the correlation
coefficients (R?) for the Freundlich isotherm were
larger, consistent with the results from the previous
research (Tang, et al., 2007). The nature of reaction
(either endothermic or exothermic) can be determined
by examining the changes in the amount of adsorption
based on temperature variations. Thermodynamic
parameters were obtained from the thermodynamic
distribution coefficients at different temperatures. The
thermodynamic parameters for the adsorption of
paranitrophenol by all the adsorbents were evaluated.
The negative sign of the standard enthalpy changes
(AH®) indicated the exothermic nature of the process, the
negative standard entropy changes (AS®) confirmed the
reduction of disorder in the solid-liquid interface, and
the negative value of AG® denoted the spontaneity of the
adsorption reaction (Cotoruelo, et al., 2012).

4. CONCLUSION

In this study, three environmentally-friendly
adsorbents with satisfactory efficiency and low risk
were synthesized using beta-cyclodextrin. In fact, the
greenness of beta-cyclodextrin and other reagents used
in the synthesis process is one of the highlights of this
research. The synthesized adsorbents were used to
remove paranitrophenol from water. The kinetics of all
three adsorption models followed the pseudo-second
order model. The equilibrium data of the adsorbent
showed more compatibility with the Freundlich model.
The gmax values for beta-cyclodextrin-citric acid, beta-
cyclodextrin-sawdust, and beta-cyclodextrin-alumina
adsorbents were obtained as 40.98, 43.29, and 38.46
mg/g, respectively. Upon increasing the pH, the removal

percentage of paranitrophenol by all three adsorbents
decreased. In all of the adsorbents under study,
increasing the adsorbent amount elevated the removal
percentage of paranitrophenol. The thermodynamic
analysis of the adsorption revealed that the reactions
were spontaneous and exothermic with reduced entropy
at the solid-liquid interface.
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Abstract: Energy harvester devices have garnered enormous attention in various
technologies, such as wearing and portable devices. The current study aims to design and
fabricate tribo/piezoelectric hybrid nanogenerators with electrodes made of Aluminum
and Copper and Zinc Oxide nanostructures composite embedded in the PDMS. According
to the morphology studies, Zinc Oxide nanosheets grew uniformly in the (103) crystal
direction on the Aluminum substrate. In contrast, the nanorods that grew on the Copper
substrate were disorderly with a large angle to the surface. The results indicate that the
1000 rpm deposition PDMS layer sample with Aluminum electrodes and Zinc Oxide
nanosheets generated the highest voltage and current equal to 120 V and 24 pA,
respectively. Both Copper and Aluminum electrodes coupled with ZnO nanosheets
nanogenerator had the lowest voltage, current, and power generation. The hybrid
nanogenerator with two aluminum electrodes and Zinc Oxide nanosheets generated the
highest power equal to 0.97 Wm-2. According to the obtained results from the
characterization of hybrid piezo/triboelectric nanogenerators, Aluminum electrodes with
Zinc Oxide nanosheets embedded in PDMS exhibited better performance, hence a suitable
option for harvesting mechanical energy for self-charging devices.

https://doi.org/10.30501/jamt.2023.392805.1273 URL: https://www.jamt.ir/article_186606.html

1. INTRODUCTION

Economic and technological developments are the
outcomes of global industrial revolution. The
globalization procedure raises the problem of electrical
energy consumption which is the main source of
different industries. Owing to the reduction in fossil
fuels resources, as the main energy resources, harvesting
energy from renewable resources is a valuable approach
to meet the global energy demands (Olabi &
Abdelkareem, 2022; Sen & Ganguly, 2017). Exploiting
energy harvesting devices not only offers a solution to
energy crisis but also plays a considerable role in human
survival. Mechanical Energy is the most abundant and
accessible energy in human environment and daily
activities that can be harvested by nanogenerators.
Amongst all types of nanogenerators, Triboelectric and
piezoelectric  nanogenerators  exhibit  significant
potential due to their unique advantageous
characteristics. Triboelectric nanogenerators function
based on electrostatic induction principles (Deng et al.,

2022; Luo et al., 2021; Pyo et al., 2021). They can
effectively aggregate ambient mechanical energy and
convert it into electricity endlessly. Some of their
advantages such as broad material availability, small
volume, low cost, low-frequency response, and
relatively high electrical output make them appropriate
for powering self-powered sensors (Kim et al., 2021;
Tan et al., 2020). On the other hand, piezoelectric
nanogenerators are introduced as one of the important
techniques for environmental mechanical vibration,
stress, and strain. Thanks to the electromechanically
coupling effect in inherent piezoelectric material,
nanogenerator based on piezoelectric materials can
convert vibration into electricity. Piezoelectricity exists
in different material categories such as in ceramics,
single crystals, and polymers. Piezoelectric ceramics
including ZnO, BaTiO3 (BTO), and PZT have attracted
interest in piezoelectric-based generators (Azimi et al.
2021; Pusty & Shirage, 2022; Zaszczynska, Gradys, &

Sajkiewicz, 2020).
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Zinc Oxide (ZnO) is a non-ferroelectric material
with a wurtzite crystal structure and polarization along
the c-axis [35, 36]. Although Zinc Oxide has a lower
piezo-electric constant than those of PZT and BTO, its
low dielectric () and moderate piezoelectric strain
constant (e) result in a higher piezoelectric voltage
constant. Additionally, ZnO can be synthesized through
various methods to form different nanostructures,
making it a feasible material for piezoelectric
nanogenerators. It is noteworthy that in addition to its
high piezoelectricity, ZnO stands out for wearable and
implantable energy harvesting devices due to its low
cost, abundance, tunability, ease of fabrication, and
nontoxicity (Afshari, Golshan Bafghi, & Manavizadeh,
2022; Bafghi & Manavizadeh, 2020; Y.-G. Kim et al.,
2022; Vallem et al., 2021). Unlike other piezo-ceramics
that contain toxic elements like lead, different forms of
Zinc oxide including nanoarrays and nanoparticles are
particularly noted for their excellent biocompatible
material. Materials biocompatibility is a key factor in
wearable electronics. Polydimethylsiloxane (PDMS) is
considered an ideal biocompatible material for flexible
wearable electrical sensors and energy harvesters. Its
inherent elasticity allows PDMS to be twisted, rolled,
folded, compressed, and stretched (Kim, Dudem, & Yu,
2018; Paydari et al., 2023). Tribo-piezoelectric hybrid
nanogenerators (HNG) can overcome the challenge of
high electrical output performance of nanogenerators.
Hybrid nanogenerators offer a promising approach for
high-power flexible wearable devices (Dong, Peng, &
Wang, 2020; Shakthivel et al., 2021).

2. Experimental Methods

ZnO/PDMS composite was fabricated on different
substrates. Pieces of 2x2 cm? Aluminum and copper tape
were utilized as the substrates. Followed by the
deposition of Zinc oxide seed layer on the substrates
through the spin coating method and subsequent
annealing process, ZnO  nanostructures  were
synthesized through the hydrothermal method. The
growth process was carried out at 90 °C for 2.5 h. In the
next step, the PDMS matrix, with a proportion of 1:10
for silicon elastomer curing and base, was deposited
onto the as-grown nanostructures using the spin coating
method to achieve a uniform layer. While fabricating
hybrid tribo/piezo nanogenerator, Aluminum and
copper tape were utilized due to their ease of access,
fabrication, and cost-effectiveness. Finally, a PET band
was used to place two parts of the nanogenerator in front

. Flexible Band (PET) B Aluminum Electrode

of each other (Figure 1). To investigate the performance
of hybrid nanogenerators, four nanogenerators with
different electrodes were fabricated. Additionally, the
effect of PDMS thickness on the performance of
triboelectric nanogenerators was studied. The samples
were tested under the force and frequency of 5N and 4
Hz, respectively.

S1: Both electrodes were made of Aluminum. ZnO
nanosheets were synthesized on one of the electrodes,
and the PDMS layer was deposited with 1000 and 2000
rpm, each for 10s using a spin coater.

S2: Both electrodes were made of Aluminum. ZnO
nanosheets were synthesized on one of the electrodes,
and the PDMS layer was spin-coated with 1000 rpm and
10s.

S3: Electrodes were made of Aluminum and Copper.
ZnO nanosheets were synthesized on the Aluminum
electrode and PDMS layer was spin-coated with 1000
rpm and 10s.

S2: Both electrodes were made of Copper. ZnO
nanorods were synthesized on one of the electrodes, and
the PDMS layer was spin-coated with 1000 rpm and 10s.

3. Results

The structural and morphological properties of ZnO
nanostructure synthesized on Aluminum and Copper
were studied using XRD and FESEM analyses. The
results show that the nanostructures grown on
Aluminum were in nanosheet forms, and most of them
were oriented along the (103) crystal direction. On the
contrary, ZnO nanorods growing on Copper tape were
oriented along the (102), (101), and (002) crystal
direction. According to the results of voltage and current
analyses, Sample S2 with a thicker PDMS layer
generated a voltage and current of 120 V and 24 pA,
respectively. Sample S1, with thinner PDMS and
Aluminum electrodes, produced the voltage and current
of 65v and 22 PA, respectively. Sample S3, with
Aluminum and Copper electrodes, had the lowest
generated voltage and current of about 58V and 8 pA,
respectively. Sample S4, with two copper electrodes,
generated the voltage and current of 81V and 15 pA,
respectively. Moreover, the maximum generated power
of the Samples S2, S3, and S4 under different resistance
loads was approximately 0.97, 0.28, and 0.8 Wm?,
respectively. Of note, Sample S2 charges a 0.5uF
capacitance to 5.5V in 30s.

| ZnO Nanostructures D PDMS Matrix

Figure 1. Shematic image and sample image of hybrid tribo/piezoelectric nanogenerator based on ZnO/PDMS composite.
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Abstract: The important features of silicon nitride (SisN4) such as proper strength, low
dielectric constant, low loss tangent and high wear and thermal shock resistance have
made this ceramic as one of the few suitable ceramics for use in antenna protection. Due
to the difficulties in the sintering of SisN4 samples, in this research, the fabrication of this
body was investigated by nitridating a pressed silicon powder without using any additive;
because the effect of additives on the loss of properties has been proven. In this regard,
silicon powder along with 0, 0.5, 0.7, and 1 wt.% of iron oxide were pressed, and nitridated
at the temperature of 1420 degree celsius for 2 hours under the different nitrogen gas
pressures of 200, 400, and 600 millibars. The density, porosity, phase composition, and
microstructure of the samples were evaluated. Results showed that the minimum pressure

for nitridation is 600 millibars and the optimal percentage of iron oxide is 0.5 wt.%.
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1. INTRODUCTION

The unique features of advanced ceramics respect to
metal superalloys have caused these materials to replace
metal materials in some military industries that require
high temperature and thermal shock resistant [Boberski,
et al. 1989]. Due to its high strength and hardness,
resistance to wear, oxidation, creep, and thermal shock,
silicon nitride has engineering applications in cutting
tools, combustion engine components, corrosive pump
gaskets, bearing parts, and rocket noses. The sintering of
silicon nitride bodies has some problems and because of
the high hardness of these ceramics, the machining of
these parts produced by the usual sintering method will
be a cost-consuming process [Hampshire, 2007].
Therefore, one of the best methods of fabricating these
parts is the reaction bonding method, which produces
parts that are close to the final shape and require minimal
machining.

In this research, the effect of iron oxide additive and
nitrogen gas pressure on the fabrication of silicon nitride
through nitridation process of a pressed silicon powder,
on the phase composition, and on the strength were
investigated. The aim of this research was to make an
optimal sample of silicon nitride ceramic in a suitable
and industrialized way, without using additives whose
negative effects have been proven on the dielectric loss
properties.

2. MATERIALS AND METHODS

Silicon powder (>99% purity, 4.5 um, Sichuan,
China), nitrogen gas (>99.9999% purity, Farafan Gas,
Iran), iron oxide (Merck, 1-03924-0250), and poly vinyl
alcohol (PVA) were used. Silicon powder with 0, 0.5,
0.7, and 1 wt.% of iron oxide were mixed (JR810 mixer,
60 rpm). 0.25 wt.% PVA binder was added to the
mixture. The resulting mixture was passed through a
sieve (Mesh No. of 425) and granulated. The granulated
powder was stored in a nylon bag for 24 h; Then silicon
tablets (30 mm diameter) were by pressing under the
pressure of 50 MPa. The prepared samples were set
aside for 6 h, and then dried at a temperature of 110°C
for 6 h. Nitriding was done in an industrial furnace under
the gas pressures of 200, 400, and 600 millibars. The
samples were cut into 4 equal pieces for the further
experiments.

3. RESULTS AND DISCUSSION

Figure 1 shows the X-ray diffraction (XRD) of the
surface of samples which nitridated at the nitrogen
pressure of 600 millibar. The samples contain silicon
carbide, alpha- and beta-silicon nitride. The maximum
intensity of the beta phase peak was observed in the
sample that was prepared with 0.7 wt.% of iron oxide.
With increasing the gas pressure, silicon remains in
liquid or solid state for a longer period of time and the
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growth of beta phase is higher than samples with the
same percentage of iron oxide. This shows the great
effect and importance of gas pressure in the tendency of
silicon to form alpha or beta phase.
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Figure 1. XRD of the nitridated samples at 600 mbar gas
pressure

4. CONCLUSION
In this research, it was observed that for the
nitridating of silicon bodies, the minimum suitable

pressure is 600 millibars and the low pressure of
nitrogen gas causes a decrease in density and strength.
The presence of carbon monoxide in the furnace
atmosphere will cause the formation of a SiC surface
layer. Iron oxide improves the nitridation process. The
optimal amount of iron oxide in this research was
determined as 0.5 wt%. The results showed that the
simultaneous increase of iron oxide and nitrogen gas
pressure increases the growth of beta phase more than
alpha phase.
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Abstract Compared with carbon nanocones, Boron Nitride Nanocones (BNNCs) are
characterized by different physical, chemical, and electronic properties. Since BNNCs are
in three types of covalent bonds (B-N), B-B, and (N-N), carbon nanocones contain only
C-C bonds. Given that the structural properties of nano cones depend on the disclination
angle of the cone, the current study aims to discuss the electronic and structural properties
of boron nitride nanocones in different sizes (height and disclination angle) using Density
Functional Theory (DFT) calculations. To this end, the relevant calculations were done
for boron nitride nanocones with the cone heights of 1 to 5 angstroms at the disclination
angle of 60°, 3 to 7 angstroms at the disclination angle of 120°, and 4 to 8 angstroms at
the disclination angles of 180 and 240°. In this work, the density of states, quantum
parameters, analysis of bond order, bond length, polarizability, anisotropic polarization,
dipole moment, atomic charges, and frequencies were calculated using the DFT.
According to the results, the best structure was identified based on the height and
disclination angles to be further used in the next calculations. It is hoped that the results
of this project can be useful in expanding the experimental works and effective in the
design of nanocones as well in order to absorb gases, drugs, etc.

https://doi.org/10.30501/jamt.2023.395053.1275 URL: https://www.jamt.ir/article 178928.html

1. INTRODUCTION

Nanocones are considered intermediate structures
between nanotubes and graphene, hence an interesting
structure for technological applications. Their shape
facilitates their applications in the storage as well as
absorption of gases of gases such as hydrogen (Hsieh et
al., 2009; Liao, 2012; Sripirom et al., 2011). Boron
Nitride Nanocones (BNNCs) are a type of BN
nanostructures with hollow structures made of boron
and nitrogen that are conical in shape. Considerable
research has been done on the BN nanocones with the
density functional theory calculations (Doroudi & Jalali
Sarvestani, 2020; Mirzaei et al., 2012). However, no
study has been carried out on the effect of the height and
disclination angle of the bornitride nanocones on their
structural properties. In this regard, for the first time, this
study attempts to investigate the effect of height and
disclination angle of the bornitride nanocones on their
structural and electronic properties in order to determine
how charge would be distributed through the molecule.
2. MATERIALS AND METHODS

Computational simulation for the BNNCs structures

in gas phase was performed using Gaussian 09 program
(Frisch et al., 2010) by Becke’s three-parameter Lee-
Yang-Parr hybrid functional (B3LYP) (Becke, 1992)
with cc-pvdz basis set. In addition, frequency
calculations were done through the DFT/B3LYP/cc-
pvdz method. Both DFT and B3LYP methods have been
widely used in calculations (Arjmandi et al., 2018;
Kalantarian, 2019). In the DFT calculations, the cost of
analysis is greatly reduced, and experimental errors are
eliminated. In addition, they give us excellent insights
into the structural geometric changes, mutual energy,
and load distribution in the encapsulation process. It
should be noted that the B3LYP Method is one of the
most accurate methods for calculating energy (Lépez &
Illas, 1998). The frequencies of all structures are
positive, indicating that there is a minimum of energy on
the potential energy level in all BNNCs structures. The
Hirshfeld and Atomic Dipole Moment Corrected
Hirshfeld (ADCH) (Lu & Chen, 2012a) charges was
performed using a Multifunctional Wavefunction
(Multiwfn) Analyzer (Lu & Chen, 2012b). The charges,
calculated through these methods, give information
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about charge concentration or depletion on each atomic
site. Both Mayer Bond Order (MBO) (Mayer, 1983) and
Fuzzy Bond Order (FBO) (Mayer & Salvador, 2004) of
the BNNCs structures were calculated based on the
Multiwfn code. The quantum chemical parameters can
be also used to obtain information about the chemical
reactivity of the molecules. The most important of these
descriptors are energy gap (Eg), global hardness (n), and
electronegativity (). To determine the nonlinear optical
properties of the studied compounds, the values of
polarizability (a), polarizability anisotropy (Aa), and
dipole moment (u) should be calculated.

3. RESULTS AND DISCUSSION

Table 1 confirms the low energy gap (low global
hardness) of BasgNa2Hzo when compared to other
complexes with the disclination angle 60°; therefore, it
has more reactivity than others. While comparing
electronegativity, it can be concluded that BsNsHig
complex tends to absorb more electron than other
complexes at the disclination angle of 60°. In these
structures, as the height of the nano-cone increases, the
average lengths of the bond, dipole moment,
polarizability, and anisotropy polarizability —will
increase while the average orders of the bond will
decrease. Thus, in the B2NsHs molecule, the average
bond lengths of B-N and N-N reach their lowest value
while the average bond order reaches its highest value in

both methods. According to the findings, BasNa2H2o has
the highest dipole moment, polarizability, and
anisotropy polarizability; in other words, this molecule
is softer and more reactive than other ones. In the
BNNCs structures with the disclination angle 120°,
B24N24H24 has less energy gap, less hardness, and thus
more  reactivity. BioNi2Hig has  the  highest
electronegativity and for this reason, it tends to absorb
more electrons. B3;NsHie has the minimum value of
average bond length and the maximum dipole moment,
polarizability, and anisotropy polarizability. Among the
BNNC:s structures with the disclination angle of 180°,
B22N2sH12 has more reactivity due to its less energy gap
and hardness. B22NzsHi2 has the highest value of the
average bond order, dipole moment, polarizability, and
anisotropy polarizability as well as the lowest value of
the average bond length of N-N in the BNNCs with the
disclination angle of 180 °. BsNgHi2 has the lowest value
of the average bond order and the highest value of the
average bond length of N-N. In BNNCs structures with
the disclination angle of 240°, Bi14Ni4Hio has more
reactivity (the lowest energy gap and hardness but the
highest dipole moment, polarizability, and anisotropy
polarizability), and it also tends to absorb more
electrons. BsN4Hs has the highest value of the average
bond length. As the height of nano-cone increases, the
average bond length between the boron and nitrogen
atoms decreases.

Table 1. The gap energy, global hardness, electronegativity, polarizability, polarizability anisotropy and dipole moment for the
studied compound

Disclination angle Complex Eq(eV) n(eV) x(eV) Hot(D)  o10t.10723 (esu)  Aa.1023 (esu)

B2N3Hs 6.969 3.484 2.461 1.360 0.639 0.384

BsNsHio 5.332 2.666 3.851 1.915 1.467 1.031

60 B1sN1sH20 4.891 2.446 3.283 3.064 4.186 2.614
B21N24H15 4.927 2.463 2.664 5.107 5.661 3.674

B3sNaz2H20 4.683 2.341 2.604 7.031 10.306 6.833

BsNsHs 6.730 3.365 3.613 2.611 1.934 0.813

B12N12H16 6.017 3.008 3.893 1.829 3.186 1.516

120 B1sN1sH12 6.232 3.116 3.727 4.069 4.344 1.677
B24N24H24 5.792 2.896 3.688 4.359 6.223 2.379

B32N32H16 6.320 3.160 3.557 5.352 7.874 3.002

BsN7Hs 5.145 2.573 3.617 4.664 1.361 0.315

BgoNgH12 5.610 2.805 4.404 6.478 2.420 0.841

180 B12N1sHo 4.755 2.377 3.515 5.503 3.043 0.447
B1sN1sHas 4,733 2.366 3.551 8.651 4.566 0.848

B22N2sH12 4.157 2.079 3.161 8.747 5.520 0.461

B4N4Hs 6.888 3.444 3.493 2.960 0.987 0.109

BsNesH10 5.978 2.989 3.680 2.607 1.632 0.439

240 B7N7Hs 5.672 2.836 3.759 1.462 1.722 0.250
B1oN1oH10 5.471 2.735 4.012 1.311 2.448 0.662

B14N14H10 5.265 2.633 4.023 4,557 3.252 0.689

Density of States (DOS) spectra may help gain a
deeper understanding of the BNNCs structures. The
DOS for these structures were calculated and plotted in
Figure 1, showing that the DOS increases upon
increasing the cone height in the optimized BNNCs
structures. It should be noted that DOS spectra follows

a trend similar to that of energy gap. The difference
between the minimum and maximum energy gap at the
disclination angles 60°, 120°, 180°, and 240° is equal to
2.286, 0.938, 1.453 and 1.623 angstroms, respectively,
and these differences can also be seen in Figure 1.
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Figure 1. DOS of geometrically optimized for BNNCs
structures with disclination angle 60°, 120° , 180° and
240°and the cone heights 1-5A, 3-7A, 4-8A,
and 4-8A respectively.

4. CONCLUSION
In order to better understand the effect of the height

and disclination angle of nanocones on the calculations

of the structural properties, the heights of the selected

cone were assumedtobe 1t05,3t07,4t08,and4t0 8

A at the disclination angles of 60°, 120°,180°, and 240°,

respectively. The findings of this study are summarized

in the following:

1- In the DOS diagrams, the energy gap was in the
range of HOMO and LUMO energies.

2- The bond order among all atoms was the first order,
and the results of the MBO method were almost the
same as the FBO method.

3- Analysis of the atomic charges using Hirshfeld and
ADCH methods showed that all nitrogen atoms had
a negative charge while all boron atoms had a
positive charge.

4-  The IR spectrum results revealed that the highest
vibration frequencies were attributed to the

stretching modes of the last ring, and the vibration
frequencies of N-H or H-N-H stretching modes
were higher than those of B-H or H-B-H stretching
modes. The highest intensity resulted from the
deformation state of the nanocone.
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Bond Length MBO FBO Bond Length MBO FBO
B2N3zHs 1.430 1.378 1.283 1.410 1.017 1.299
BsNsHao 1.432 1.320 1.240 1.410 0.928 1.169
60 B1sN1sHz20 1.448 1.252 1.162 1.441 0.933 1.158
B21N24H15 1.445 1.248 1.153 1.439 0.953 1.203
B3sNaz2H20 1.446 1.246 1.149 1.438 0.946 1.196
BsNsHs 1.453 1.237 1.159 - - -
B12N12H16 1.454 1.239 1.157 - - -
120 B1sN1sH12 1.452 0.952 1.140 - - -
B24N24H24 1.454 1.229 1.139 - - -
B32N32H16 1.449 1.228 1.136 - - -
BsN7Hs 1.454 1.248 1.149 1.561 0.853 1.099
BoNgH12 1.447 1.247 1.164 1.558 0.829 1.054
180 B12N1sHo 1.452 1.237 1.137 1.528 0.884 1.123
B1sN1sH1s 1.453 1.226 1.130 1.525 0.864 1.089
B22N2sH12 1.449 1.228 1.135 1.504 0.896 1.135
BaN4Hs 1.506 1.209 1.122 - - -
BsNsH10 1.458 1.248 1.166 - - -
240 B7N7Hs 1.482 1.209 1.122 - - -
B1oN1oH10 1.465 1.207 1.119 - - -
B14N14H10 1.462 1.213 1.121 - - -
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Disclination

angle Complex  Eg(eV) n(eV) yx(eV)

B2N3zHs 6.969 3.484 2.461

BsNsH10 5.332 2.666 3.851

60 BisNisHo  4.891  2.446 3.283
B21N2saHis  4.927  2.463 2.664

BssNa2H2o  4.683  2.341 2.604

BsNsHs 6.730 3.365 3.613

B12N12His  6.017  3.008 3.893

120 BisNigH12  6.232 3.116 3.727
B2sN2saH24  5.792 2.896 3.688

Ba2Ns2Hie  6.320 3.160 3.557

BsN7Hs 5.145 2573 3.617
BoNgH12 5.610 2.805 4.404
180 B12N1sHe  4.755  2.377 3.515
BisNigHis 4.733 2.366 3.551
B22N2sH12  4.157 2.079 3.161

B4NsHs 6.888 3.444 3.493
BsNeH1o  5.978 2.989 3.680
240 B7N7Hs 5.672 2.836 3.759
BioNioH1o 5.471 2735 4.012
BusN1sHio  5.265 2.633 4.023
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B2N3Hs 1.360 0.639 0.384

BsNsHio  1.915 1.467 1.031

60 BisNisH2o  3.064 4.186 2.614
B21N24aH15  5.107 5.661 3.674

BasNa2H20  7.031 10.306 6.833

BsNsHs 2.611 1.934 0.813

B12N12H1s  1.829 3.186 1.516

120 Bi1sNisH12  4.069 4.344 1.677
B2aN24aH24  4.359 6.223 2.379
Bs2N32His  5.352 7.874 3.002

BsN7Hs 4.664 1.361 0.315

BoNgH12  6.478 2.420 0.841

180 B12NisHg  5.503 3.043 0.447
Bi1sNisHis  8.651 4.566 0.848
B22N2sH12  8.747 5.520 0.461

BsN4Hs 2.960 0.987 0.109

BsNeH10  2.607 1.632 0.439

240 B7N7Hs 1.462 1.722 0.250
BioN1oH10  1.311 2.448 0.662
B1sN1aH10  4.557 3.252 0.689
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3. Atomic Dipole Moment Corrected Hirshfeld (ADCH)
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Abstract:

In this article, Low-Pressure Injection Molding (LPIM) method was
investigated as a method for forming zirconia (zirconium oxide) parts. It is one of the
methods used for manufacturing engineering ceramics with complex shapes & high
dimensional accuracy. In this method, a binder composition (paraffin & industrial waxes)

Keywords: . L0 . X ] .

Lomreswre Injection Molding is used as the plasticizing agent to shape zirconia particles. Different parameters such as
Zirconia temperature, pressure & injection time, mold temperature, etc. have been found to be
Paraffin Wax . . . . ) .

Debinding effective in shaping the ceramic parts based on this method. Throughout this research,
Feedstock these parameters were examined, & their optimal values were obtained. The optimal

injection temperature was in the range of 80-90 Celsius degree, injection pressure in the
range of 3-5 bar, & injection time in the range of 10-15 seconds to form a crucible with
the size of 130x85x75 mm (heightxinternal diameterxexternal diameter). This study also
examined the FESEM images of the microstructure of parts in the injected, debonded, &
sintered bodies. According to the findings, the zirconia crucible in this article shows
notable similarity with the crucible made by Zircoa company with the code 3001 in terms
of physical properties such as bulk density & apparent porosity.
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1. INTRODUCTION

To prevent the failure of the ceramic parts,
zirconium oxide powder is partially or fully stabilized in
a high-temperature structure. For this purpose, dopants
such as MgO (lkuma, 1986; Muccillo et. al, 2004), CaO
(Imran et. al, 2015), Y203 (Chen et. al, 2010), & CeO2
(Duh et. al, 1986) are used as the stabilizing agents.

The Mg-PSZ refractory has already become one of
the most valuable industrial materials owing to its
corrosion  resistant,  excellent  chemical, &
thermomechanical properties (Suk et. al, 2009).
Nevertheless, the potentials of the full exploitation of
these advantages can only be realized if the final
products have the required specifications namely the
desired phase, density, microstructure, & bend strength
(Koley et. al, 2011).

Due to the size of these parts, the conventional
method for making zirconia crucibles is cold isostatic
pressing. Since the pressure in this method is applied to
the part in anelastomer mold, the part will be

characterized by higher uniformity & strength (Farmer
et. al, 2006). However, due to the high investment cost
of this type of press, alternative forming methods were
searched for to find an inexpensive method with low
investment cost yet similar performance (Farmer et. al,
2006).

One of these methods that ensures high uniformity &
strength for the ceramic parts is the injection molding
method, which is considered as one of the wet
processing methods & since air pressure is applied, it
compacts the part into the mold, thus ensuring the part
uniformity (Rak et. al, 2000). In general, there are two
types of injection molding methods: 1) High-Pressure
Injection Molding (HPIM) & 2) Low-Pressure Injection
Molding (LPIM).

LPIM functions based on the application of
thermoplastic organic compounds, which become fluid
at rather lower temperatures, e.g., 60-70 °C. The major
component of this binder system is paraffin wax, which
melts at this low temperature. Since the ceramic polymer

https://doi.org/10.30501/jamt.2023.401435.1280
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compositions based on paraffin have rather low
viscosity & good fluidity, very high softness & plastic
properties at rather low temperatures, these
compositions require only low pressures (0.2-0.7 MPa)
to force them to fill the mold cavities (Leverkoehne et.
al, 2001; Nogueira et. al, 2001] . In this case, a ceramic
powder is mixed & plasticized with this paraffin-based
binder system at 60-70 °C, & the prepared composition
is injected (cast) into the metallic molds. When the mold
is cooled down, a solidified green body is ejected from
it. Followed by the binder removal (debinding or
dewaxing), the ceramic body is fired for the required
density. This method & its major principles were
developed in the 1950s-1960s by P.O. Gribovsky in the
former Soviet Union. When first proposed, the
mentioned method was named ‘hot casting” or ‘hot
casting of thermoplastic slurries’. Optimization of this
technology allowed for the production of different
ceramic components for different applications on the
high-volume industrial basis for years (Bauer et. al,
2002; Knitter et. al, 2001; Krindges et. al, 2008).

2. MATERIALS & METHODS

To make zirconia crucible, monoclinic zirconia
powder (Zirconia ZCO-E3, IMERYS fused minerals
yingkou) with the average particle size of 3 micron &
purity of more than 98.5%, fused magnesia powder with
the purity of 97.5% (IRP FM 97.5T, IRREP Co., Iran)
& particle size of less than 10 um, alumina with the
average particle size of 4 um, & silica with an average
particle size of 5 um were used. Moreover, paraffin wax,
industrial wax, & acetic acid were used in the binder
composition.

3. RESULTS & DISCUSSION
3.1. The effect of injection time on mold filling

One of the important parameters in injection
molding is the holding time of air pressure. If the
selected time is short, the feed will not fill the mold well,
& even if itis filled, it will cause other problems such as
holes, microcracks, etc. As shown in Figure (a), the
effect of time was evaluated at the constant temperature
& pressure. Upon increasing the time from 1 up to 5
seconds, the volume percentage of the material injected
into the mold will increase from about 20 up to 100%.
Upon further increasing the time up to 10 seconds, the
part will be in its final shape without any holes, cracks
or welding lines. Prolonging the time up to more than 10
seconds heats up the mold & delays the cooling process.
However, this will not cause a problem in prototyping
but in industrial production, the time of each injection
should be reduced as much as possible due to the high
volume of production. Therefore, it can be concluded
that 10 seconds is found to be the optimal time for this
piece. Figure 1(b) shows the cross-section of a piece that
was not optimal in terms of time. Many holes can be
detected in this piece, & each of these holes can
ultimately lead to the destruction of the sample after the
baking process. This problem cannot be observed in
Figure 1(c), indicating the correct choice of mold filling
time.
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Figure 1. a) The effect of injection time on filling the mold at
the pressure of 4 bar & temperature of 90°C,
b) The presence of holes inside the piece, &
c) The piece without holes
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Abstract  Inthe present study, an aluminum-silicon hypoeutectic alloy matrix composite
reinforced with metallic glass particles was produced through Powder Metallurgy (PM)
method. In the first step, the synthesized matrix powder particles with Al-11wt%Si
composition were mixed with Fe-based Metallic Glass (FMG) particles as the
reinforcements. In the next step, Spark Plasma Sintering (SPS) method was employed to
produce composite bulk parts. For comparison, pure aluminum powder particles were
sintered under the same conditions. The phase studies confirmed some alterations in the
intensity and diffraction angle of crystalline peaks for the composite compared to pure
aluminum. Moreover, they remarked a change in the location of the amorphous hump in
the XRD pattern of composite, compared to its former location in the amorphous powder
particles. Further analysis of the XRD patterns proved the solubility of a large portion of
silicon in the aluminum. Microstructural studies, along with quantitative analysis,
indicated the homogenous distribution of the FMG particles and undissolved silicon
particles in the aluminum matrix. The yield and compressive strength values of the
composite sample were obtained as 165 and 289 MPa, respectively, showing a significant
increase compared to the pure aluminum sample. Finally, the contributions of different
strengthening mechanisms to the enhancement of the composite strength was elaborated.
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1. INTRODUCTION

In  contemporary applications,

(Jayalakshmi et al., 2015). allowing them to serve as
binders during the sintering process. Another method for

metallic glass

particles are increasingly employed as reinforcements
within the matrix of metal matrix composites (Zhai et
al., 2022; Xie et al., 2020). These materials boast
exceptional properties including high hardness and
remarkable fracture toughness (Rezaei et al., 2019).
These attributes, combined with the disordered metallic
structure, rendered them suitable replacements for
conventional reinforcements, contributing to the
enhanced the mechanical performance of composite
matrices. Previous studies have demonstrated the
establishment of sound and perfect
matrix/reinforcement interfaces between metallic glass
particles and matrices in various metal matrix
composites (Guan et al., 2020). Metallic glass particles
also exhibit an interesting Newtonian viscous flow
behavior in their super-cooled liquid region

enhancing the mechanical properties of composites is to
modify the microstructure of the matrix phase. This
modification includes grain refinement, alteration to the
chemical composition, and phase characteristics of the
matrix. Such modifications have been implemented
through various methods namely heat treatment,
mechanical operations such as shot peening, and
addition of special alloying elements to the composition,
as shown in several research studies (Fathy et al., 2015;
Tang et al., 2023). With these considerations, it can be
anticipated that combination of the two afore-mentioned
methods, i.e., selection of appropriate metallic glass
reinforcements and modification of the chemical
composition of the matrix phase, will lead to an
improvement in the strength of aluminum matrix
composites. Therefore, in the present study, an Al-Si
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hypoeutectic alloy matrix composite reinforced with
metallic glass particles was developed for the first time.
Subsequently, the microstructural and phase studies
were conducted, and their relationship with mechanical
properties was analyzed. Finally, the role of influential
strengthening mechanisms in enhancing the strength of
the composite was examined.

2. MATERIALS AND METHODS

The matrix alloy powder, with a nominal
composition of Al-11Si (wt%), was prepared through
the mechanical alloying process via high energy ball
milling of pure aluminum powder and pure silicon
powder. The rotation speed and ball-to-powder weight
ratio were set at 300 rpm and 8, respectively. Ball
milling was conducted for 10 hours under an Ar
atmosphere, and stearic acid was used as a process
control agent. To produce Fe75Sil5B5Zr5 Metallic
Glass (FMG) reinforcing particles, the powder particles
of the constituent elements in appropriate weight
percentages underwent ball milling process. The ball-to-
powder weight ratio and rotation speed were 15 and 300
rpm, respectively. Milling was then performed in a wet
medium (toluene) for 30 hours. Then, the produced
matrix alloy powder and FMG particles were blended in
a horizontal low energy mill. The volume percentages of
the matrix powder and FMG powder were measured as
90 and 10, respectively. Blending was done for two
hours at the speed of 100 rpm. Later, Spark Plasma
Sintering (SPS) process was employed to consolidate
composite powder particles. Given the temperature
range of the super-cool region for Fe75Sil5B5Zr5
particles (between 580 and 600°C) (Neamtu et al., 2016)
and according to the AI-Si phase diagram, the
temperature range of the two-phase region for Al-11Si
alloy is between 577 and 650°C at the sintering
temperature of 585°C. The heating rate and applied
pressure were set at 50 °C/min and 40 MPa,
respectively. To facilitate comparison, pure aluminum
powder was also sintered under the same conditions.
The microstructure and phase investigations of the
samples were conducted using the FESEM and X-Ray
Diffraction (XRD) analysis. The mechanical properties
of the samples were determined through a uniaxial
compression test at the strain rate of 1x10-3s™.

3. RESULTS AND DISCUSSION

The XRD pattern of the composite and pure
aluminum is depicted in Figure 1 (a). The magnified
diffraction pattern is also shown in Figure 1(b). In
Figure 1 (a), the crystal peaks related to the aluminum
phase are observed in both pure Al and composite
samples. A closer examination of the diffraction patterns
reveals the lower intensity of crystalline peaks in the
composite sample peaks compared to pure aluminum.
Additionally, the crystalline peaks of the composite
sample shifted to higher angles than those of pure Al.
These changes result from the application of severe
plastic deformation on the matrix powder particles
during high-energy ball milling. According to Figure 1
(b), the broad hump attributed to the FMG phase
remains unchanged in the composite sample, indicating
the preservation of the amorphous nature of the

reinforcing particles during the sintering process. A
detailed examination of the XRD patterns reveals a
small shift in the location of the broad hump to higher
angles (Figure 1 (b)). The displacement of the hump of
the amorphous phase to higher angles shows a decrease
in the distance between the nearest atomic neighbors in
the structure of glass particles (Guo et al., 2002). The
reduction of the distance between atoms occurs due to
structural dilatation as a result of imposed pressure at
high temperatures during the SPS process.
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Figure 1. XRD patterns for (a) various samples (b) the same
patterns in higher magnification.

Figure 2 shows the FMG particles and undissolved
silicon particles homogenously distributed in the matrix
of the composite sample. A small portion of silicon
added to aluminum in the mechanical alloying process
does not enter the solid solution, which is visible as the
free silicon particles in the microstructure. In addition,
the black areas in the micrograph represent the
microstructural porosities. These porosities form during
the SPS process due to the decreased compressibility of
aluminum powder particles caused by the mechanical
alloying process.
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Figure 2. FESEM micrograph of the composite sample.
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The engineering stress-strain curves obtained from
the uniaxial pressure test for different samples are
depicted in Figure 3. According to this figure, the yield
strength of the composite sample is higher than the pure
aluminum sample, indicating an increase of about 3.5
times caused by three factors:

1- Mechanical alloying of the matrix powder
particles

2- Dissolution of silicon in the aluminum structure
and formation of the solid solution

3- Presence of FMG and undissolved silicon
particles in the composite matrix

300
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=
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Pure Al
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i
=]

0 0.1 0.2 0.3 0.4 0.5
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Figure 3. Representative compressive stress-strain curves for
different samples.

4. CONCLUSION

In the present study, an Al-11Si hypereutectic alloy
matrix composite reinforced with FMG particles was
successfully produced via powder metallurgy method. It
was found that the amorphous structure of the FMG
particles was preserved during the production process
with some structural dilatation. The microstructural
observations confirmed the homogenous distribution of
FMG and undissolved Si particles in the matrix of
developed composite. The yield strength and
compressive strength of the produced composite were
165 and 289 MPa, respectively, which showed a
significant increase compared to that in pure aluminum.
Such increase can be attributed to the changes of matrix
chemical composition and addition of reinforcements to
the composite matrix as well.
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