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In this research, a Monte Carlo simulation was used to estimate the gamma-ray shielding properties of 

ceramics doped with Tb and Fe in Y₂Zr₂O₇, within the photon energy range of 0.015 to 15 MeV. We 

calculated the linear and mass attenuation coefficients, half-value layer, tenth-value layer, mean free path, 
effective atomic number, and fast neutron removal cross section. To validate the simulation, the results 

were compared with data obtained from the Phy-X program. It was observed that the data from the Phy-

X program and the Geant 4 simulation tool were in good agreement. The ceramic sample YTF015, due to 
the addition of terbium, showed a significant increase in densification and microstructural development, 

leading to improved flexural strength and enhanced protection against fast neutrons and gamma radiation. 
The results indicate that energy levels significantly affect gamma-ray penetration. Furthermore, for the 

photon energy of 0.511 MeV, where the mass attenuation coefficient increased from 0.058 to 0.096 

cm²/g, YTF015 demonstrated superior shielding performance against gamma rays compared to other 
samples. In conclusion, YTF015 ceramics exhibited strong shielding properties, achieving 35% to 55% 

of the shielding capacity of pure lead element in the intermediate energy range of 0.1 to 2 MeV. This 

shows that the composition and microstructure of ceramic materials can be optimized to improve 
damping properties for applications in medical physics applications. 

Keywords: 
Monte Carlo Simulations, 
Gamma-ray Shielding,  
Attenuation Coefficient,  
Ceramics. 

 

  https://doi.org/10.30501/acp.2024.428521.1140   

   

1. INTRODUCTION 
Gamma rays are the most penetrating form of 

ionizing radiation and are widely used in medicine, 

including X-ray imaging and radiation therapy for 

cancer treatment. Other fields, such as nuclear power 

generation, also heavily rely on radiation. However, the 

growing range of radiation applications increases the 

risk of exposure to high-energy ionizing radiation (Asal 

& Erenturk, 2021). Ionizing radiation has been shown to 

cause permanent damage to both the human body and 

the environment, necessitating comprehensive 

preventive measures to mitigate these risks (Tekın at al., 

2021). Radiation shielding materials must possess an 

adequate attenuation coefficient, strength, chemical 

stability, and temperature resistance (Alipoor &  Eshghi, 

2024, Hamad, 2023, Temir atal., 2021). Traditional 

radiation shields, such as lead and concrete, have 

limitations. Lead, despite its excellent attenuation 

properties, is unsuitable for long-term use in high-

temperature environments due to its low melting point. 

Similarly, concrete suffers from damage such as 

cracking and flaking when exposed to radiation at high 

temperatures, which can impair its performance 
(Thiyagarajan at al., 2022, Han & Guo, 2017, Gu at al., 

2022). As radiation shielding technology has evolved, 

various materials, including glasses, concretes, metal 

https://doi.org/10.30501/acp.2024.428521.1140
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composites, and ceramics, have been explored for their 

potential use in shielding applications (Magnere at al., 

2024, Ratep at al., 2024, Saleh at al., 2024, Naeema at 

al., 2024). For instance, composites are valued for their 

tunable structural properties but are less desirable for 

handling radioactive materials due to their poor heat 

transfer capabilities (Mahmoud at al., 2024, Ghule, 

2024). Ceramics are a promising class of radiation 

shielding materials due to their ease of fabrication, 

durability, non-toxicity, and high melting points. These 

materials typically consist of non-metallic compounds 

(e.g., metal oxides, nitrides, carbides) combined with 

metallic elements, resulting in a crystalline or semi-

crystalline structure (Alver at al., 2023, Madej at al., 

2021). Over the past decades, ceramics and ceramic 

composites have been utilized in industry and medicine. 

Their high temperature resistance (>1200°C), 

conductivity, hardness, insulation properties, strong 

oxidation resistance, low thermal expansion, and low 

dielectric constant make them effective at shielding 

against gamma rays (Lakshminarayana at al., 2018, 

Aktaş at al., 2019, Kaçal at al., 2018). Recent studies 

have focused on improving the production and design of 

ceramics, as well as adjusting their phase and 

composition, expanding their potential applications 
(Khattari at al., 2024, Oto at al., 2019, Hannachi at al., 

2023, Alhindawy at al., 2023, Rao at al., 2023). Doped 

zirconium ceramics have garnered significant attention 

for their excellent radiation shielding properties. 

Zirconium, known for its high hardness, wear 

resistance, and corrosion resistance, can be enhanced 

with rare earth elements (REEs) such as cerium, 

ytterbium, neodymium, and gadolinium. These dopants 

can impart desirable properties such as increased 

strength, electrical conductivity, and, importantly, 

enhanced radiation attenuation. REE-doped zirconia 

improves protective abilities by enhancing 

microstructure and density, making it effective at 

absorbing harmful photons due to its high atomic 

number and density. Additionally, REE-doped zirconia 

can reduce secondary radiation by capturing scattered 

electrons produced during absorption (Bawazeer at al., 

2023, Okafor at al., 2021, Pantulap at al., 2023). Nickel-

cobalt-boron (Ni-Co-B) doped boron nitride ceramics 

show excellent gamma-ray attenuation properties across 

various current densities. Investigations into the 

radiation shielding properties of Dufric ceramics with 

carbon nanotubes (CNTs) have shown that while CNTs 

can affect the network structure and unit cell shrinkage, 

their addition impacts the results (Du at al., 2013). 

Adding Y₂O₃ to ceramics, due to its high molecular 

mass, can enhance shielding properties, particularly 

against charged radiation and photons. Additionally, 

Y₂O₃ has a high neutron interaction cross-section 

(Alrowaili at al., 2023b). 

In practice, the versatility and high stability of 

oxides combined with zirconium and yttrium elements 

are exceptional. These ceramics are also promising 

hosts due to their ability to incorporate a wide variety of 

dopants into their structure (Khan at al., 2023, Chan at 

al., 2023). Additionally, this structure is highly flexible; 

for example, the lattice can accommodate ionic 

replacements at all its crystal sites, as well as vacancies, 

which can enhance structural defects (Yao at al., 2022). 

Considering the increasing need for radiation 

protection in various industries such as medicine and 

nuclear energy, zirconium ceramics doped with yttrium 

and terbium make it a suitable option for radiation 

protection applications. Also, the addition of these two 

elements, Yttrium and Terbium, can increase the 

neutron shielding of doped Zirconium ceramics and 

make it a suitable shield for use in radiation protection 

applications. Therefore, the currently investigated 

zirconium-doped ceramics can become a safe (lead-

free), transparent, and robust alternative with high 

temperature resistance for radiation protection and 

control in hospitals, industries, and other areas where 

radiation is applied. 

2. MATERIALS AND METHODS 
To ensure better understanding, a theoretical 

background of common formulas for gamma radiation 

protection is given below. Then, the Geant4 simulation 

tool is briefly described. 

2.1. Theory 
The linear attenuation coefficient (μ) measuring the 

attenuation capacity (absorption + scattering) of the 

material against photon radiation is obtained using 

Formula 1 (Alipoor & Eshghi, 2024): 

𝜇 =
𝑙𝑛⁡(

𝐼0

𝐼
)

𝑥
 (1) 

where the I and I0 values are the photon intensities 

measured and x is the thickness of the irradiated 

material. The mass attenuation coefficient (μρ, cm2/g) is 

obtained from relation 2 by dividing μ by the specific 

weight of the material : 

𝜇𝑚 =∑𝑊𝑖

𝑖=1

(
𝜇

𝜌
)𝑖 (2) 

Half value of layer (HVL) and tenth value layer 

(TVL) are the thickness of the shield that reduced the 

half and the tenth of the incident radiation intensity, 

respectively, and these parameters can be calculated 

utilizing Equations 3 and 4 : 

𝐻𝑉𝐿(𝑐𝑚) =
𝑙𝑛 2

𝜇
=
0.693

𝜇
 (3) 

𝑇𝑉𝐿(𝑐𝑚) =
𝑙𝑛 10

𝜇
=
2.3026

𝜇
 (4) 

The values of effective atomic number (Zeff) and 

effective electron density (Neff) of studied ceramics are 

determined by Equations 5 and 6 : 

𝑍𝑒𝑓𝑓 =
𝜎𝑎
𝜎𝑒

 (5) 
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𝑁𝑒𝑓𝑓(
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛

𝑔⁄ ) = 𝑁𝐴
𝑛𝑍𝑒𝑓𝑓

𝐴
=
𝜇𝑚
𝜎𝑒

 (6) 

The parameter ΣR (removal cross-section) parameter 

could be explained as possibility of a fast neutron being 

removed from a group of high energetic uncollided 

neutrons after the first collision with the any substance. 

The value ΣR for a multi-element material is calculated 

as follows (Alipoor & Eshghi, 2024): 

𝛴𝑅 𝜌⁄ =∑𝑊𝑖

𝑖

(𝛴𝑅 𝜌⁄ ) (7) 

2.2. Toolkit for the simulation Geant4 
The mass attenuation coefficient for all ceramic 

samples was determined using the Geant4 Monte Carlo 

simulation, based on the geometry shown in Figure 1. 

Geant4 is an object-oriented simulation toolkit based on 

C++ and is widely used in various fields, including 

nuclear physics, medical physics, and high-energy 

physics. This simulation tool offers advanced options 

for defining elements, chemical compositions, and types 

of radiation (such as gamma rays and electrons) across a 

broad energy range, using a variety of comprehensive 

libraries. 

Geant4 allows users to define materials (elements 

and compounds with different isotopes), create diverse 

detector geometries, generate particles and beams, and 

collect data on particle transport. The significance and 

validity of Geant4 simulations are discussed in 

references (Taheri at al., 2023). In this simulation, 

gamma photons were set with an energy spectrum 

ranging from 0.015 to 10 MeV. To achieve the desired 

outcome, several input files were created, including 

material, source, geometry, and detector information. 

The material was modeled as a blade with dimensions 

of 10×10×1 cm along the x, y, and z coordinates. Figure 

1 shows a 3D view of the simulation, depicting a 

schematic representation of the narrow beam 

transmission geometry for gamma photons passing 

through the ceramic sample. In Figure 1, the green lines 

inside the blade represent the traces of gamma rays. 

Photon attenuation was determined by simulating all 

possible physical processes affecting photons (such as 

photoelectric effects, Compton scattering, Rayleigh 

scattering, and pair production), as well as 

bremsstrahlung, ionization, and positron annihilation for 

electrons and positrons. These processes were simulated 

using physics models for electromagnetic processes 

available in G4EMStandardPhysics (options 1-4). These 

physics models are part of the Electromagnetics 

package, which utilizes evaluated data libraries to 

calculate time steps that model the interactions of 

photons and electrons with matter. To ensure accuracy, 

each simulation was performed with 10 million gamma 

photons and used option 4 of the electromagnetic 

physics models (Kelsey at al., 2023, Eshghi &Alipoor, 

2024). 

 

Figure 1. Schematic of configuration of shielding in Geant4 

tool. 

3. RESULTS AND DISCUSSION 
In Table 1, five zirconium ceramics doped with Y 

and Fe are investigated for their gamma and neutron 

shielding properties (Jovaní at al., 2016). 

TABLE 1. Chemical compounds of the selected ceramics. 

First, we calculated the mass attenuation coefficients 

using the Geant4 tool. Medical radiation is a branch of 

medicine that uses radiation to diagnose conditions such 

as bone fractures or tumors, and to treat these 

conditions. Diagnostic medical radiation typically 

ranges from approximately 0.015 to 0.5 MeV, while 

therapeutic medical radiation ranges from 

approximately 0.5 to 15 MeV. To illustrate the 

differences in shielding requirements for these energy 

ranges, we investigated both diagnostic and therapeutic 

energy fields in this study. 

Mass attenuation coefficients were determined for 

each ceramic sample across a range of energies from 

0.015 MeV to 15 MeV. In the next step, the same 

ceramic compounds (as listed in Table 1) were defined, 

including their densities, in the Phy-X/PSD program. 

Overall, the results obtained from the two programs 

were in good agreement with each other.  

 

Material Density 

%Weight Fractions 

Y Zr Fe O Tb 

YF015 5.42 0.5216 0.2676 0.1638 0.0419 -- 

YF025 4.6 0.4225 0.2167 0.1327 0.2281 -- 

YF035 4.74 0.4225 0.1167 0.2327 0.2281 -- 

YTF015 6.71 0.2164 0.222 0.1359 0.0389 0.3868 

YTF025 5.8 0.1811 0.1858 0.1138 0.1956 0.3237 

YTF035 5.94 0.1811 0.0858 0.2138 0.1956 0.3237 
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TABLE 2. Mass attenuation coefficients in terms of photon energy for the ceramics. 

 

However, many factors can affect the results of 

Monte Carlo simulations. Phy-X/PSD is a web-based 

tool that allows users to explore different shielding 

properties based on material definitions and energy 

ranges. Notably, the relative error between the outcomes 

of the two programs ranged from 0.84% to 0.09%. After 

verifying the compatibility of the simulation results, we 

calculated additional shielding parameters. The density 

and chemical composition of the manufactured ceramics 

are provided in Table 1. From this table, it is evident 

that the density of the ceramics increases with higher 

terbium concentration (Tb, Z=65), with the YTF015 

sample showing the highest density value. According to 

Table 2, YTF015 exhibits the highest mass attenuation 

coefficients across the entire energy range, while YF025 

shows the lowest coefficients.  

From Figure 2, it was observed that there are peaks 

for the ceramics at photon energies of 17.03 and 17.99 

keV. Since these photon energies fall within the region 

where the photoelectric absorption effect predominates, 

all ceramics exhibit the highest mass attenuation 

coefficients (μ) at these energies compared to other 

energy levels. These peaks correspond to the K-edge 

absorption of yttrium (at 17.0384 keV). As the energy 

increases, the probability of photoelectric absorption 

decreases, while the probability of Compton scattering 

increases. Consequently, the μ values decrease with 

increasing energy. Our findings clearly show that the 

YTF025 sample exhibits the highest values across all 

energies.  

E
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0.015 27.716 27.910 22.797 22.956 26.033 26.202 56.011 56.133 47.177 47.280 50.413 50.526 

0.02 59.518 59.374 48.367 48.254 43.685 43.585 52.280 52.172 43.897 43.805 39.214 39.135 

0.02634 28.616 28.665 23.266 23.307 20.945 20.968 25.122 25.136 21.103 21.115 18.782 18.776 

0.04 9.248 9.206 7.539 7.506 6.756 6.730 8.150 8.154 6.863 6.866 6.080 6.090 

0.0595 3.089 3.094 2.538 2.542 2.279 2.283 6.644 6.622 5.592 5.573 5.333 5.313 

0.08 1.403 1.404 1.168 1.169 1.058 1.057 3.053 3.070 2.582 2.597 2.471 2.484 

0.103 0.7416 0.743 0.6297 0.631 0.5751 0.577 1.598 1.600 1.363 1.364 1.308 1.309 

0.15 0.3285 0.328 0.2917 0.291 0.2732 0.273 0.6428 0.639 0.5599 0.557 0.5414 0.539 

0.284 0.1317 0.132 0.1273 0.128 0.1247 0.125 0.1863 0.187 0.1737 0.174 0.1710 0.172 

0.364 0.1065 0.107 0.1051 0.105 0.1041 0.104 0.1343 0.135 0.1286 0.129 0.1275 0.128 

0.4 0.0996 0.100 0.0989 0.099 0.0981 0.098 0.1213 0.121 0.1171 0.117 0.1163 0.116 

0.511 0.0853 0.085 0.0856 0.085 0.0854 0.085 0.0964 0.096 0.0948 0.095 0.0946 0.094 

0.662 0.0738 0.073 0.0745 0.074 0.0745 0.074 0.0791 0.079 0.0789 0.078 0.0789 0.078 

0.723 0.0703 0.070 0.0711 0.071 0.0712 0.071 0.0745 0.074 0.0745 0.074 0.0746 0.074 

0.826 0.0654 0.065 0.0664 0.066 0.0665 0.066 0.0682 0.068 0.0685 0.068 0.0687 0.068 

1.1173 0.0542 0.054 0.0551 0.055 0.0553 0.055 0.0554 0.055 0.0556 0.055 0.0558 0.055 

1.275 0.0519 0.051 0.0528 0.052 0.0531 0.053 0.0524 0.052 0.0531 0.053 0.0533 0.053 

1.333 0.0507 0.050 0.0516 0.051 0.0517 0.051 0.0511 0.051 0.0518 0.052 0.052 0.052 

1.5 0.0478 0.047 0.0485 0.048 0.0487 0.049 0.0481 0.048 0.0487 0.048 0.0489 0.049 

2 0.0418 0.042 0.0423 0.042 0.0425 0.042 0.0423 0.042 0.0427 0.043 0.0428 0.043 

3 0.0362 0.036 0.0361 0.036 0.0361 0.036 0.0373 0.037 0.0370 0.037 0.0370 0.037 

4 0.0339 0.034 0.0334 0.033 0.0331 0.033 0.0355 0.036 0.0348 0.035 0.0346 0.035 

5 0.0329 0.033 0.0319 0.032 0.0316 0.032 0.0351 0.035 0.0338 0.034 0.0336 0.034 

6 0.0325 0.033 0.0312 0.031 0.0308 0.031 0.0352 0.035 0.0336 0.034 0.0334 0.033 

8 0.0327 0.033 0.0308 0.031 0.0303 0.030 0.0361 0.036 0.0339 0.034 0.0335 0.034 

10 0.0334 0.034 0.0310 0.031 0.0305 0.031 0.0374 0.038 0.0347 0.035 0.0342 0.034 

15 0.0357 0.036 0.0324 0.033 0.03172 0.032 0.0407 0.041 0.0371 0.037 0.0364 0.037 
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Figure 2. Linear attenuation coefficient (cm-1) in terms of 

photon energy for ceramics. 

It is important to note that the results were closely 

aligned due to variations in the incorporation of 

zirconium and terbium into the ceramics. However, the 

presence or absence of terbium had a substantial impact 

on the mass attenuation coefficients of the ceramics. 

Furthermore, as a density-independent parameter, the 

mass attenuation coefficient provides critical insights 

into the material’s performance in relation to its 

elemental composition. 

 

Figure 3. Mass attenuation coefficient(cm2/g) in terms of 

photon energy for ceramics. 

 Meanwhile, Figure 3 clearly depicts the onset of the 

K-edge absorption peak for yttrium in the ceramics, as 

shown in magnification. This figure illustrates the 

variation of mass attenuation coefficients (μm) within 

the energy range from 0.15 to 15 MeV. Consistent with 

previous findings, the YTF015 sample exhibits the 

highest values. This observation can be partially 

attributed to the differing structural and atomic 

arrangements in YF015 and YTF015, which directly 

influence their gamma-ray attenuation properties. 

 

Figure 4. Mass attenuation coefficient (cm2/g) in terms of 

photon energy for ceramics. 

Figure 4 clearly illustrates the peaks associated with 

the photoelectric effect near the L2, L1, L3, and K edge 

absorptions of the yttrium element (at energies of 

2.3725, 2.1555, 2.08, and 17.0384 keV, respectively), as 

well as the K edge absorption of the zirconium element 

(at an energy of 17.9976 keV). In addition, the L1 edge 

absorption of the terbium element is observed at 8.708 

keV, extending up to 40 keV. 

 

Figure 5. Mean free path(cm) in terms of photon energy 

for  ceramics. 

Another critical parameter for evaluating photon 

shielding characteristics is the mean free path (MFP), 

which represents the average distance a particle (photon, 

atom, or molecule) travels between two consecutive 

collisions. These collisions affect the particle's direction, 

energy, and other properties. The MFP is a crucial 

parameter that determines the effectiveness of radiation 

shielding. As depicted in Figure 5, the MFP is 

influenced by photon energy, with an increase in gamma 

photon energy leading to a longer MFP for the material. 

The changes in MFP are displayed over an energy range 

of 0.015 to 10 MeV. It is observed that, at lower 

energies below 1 MeV, the MFP increases slightly, 

while at energies above 1 MeV, the increase is more 

pronounced. Within the energy range of 0.1 to 1 MeV, 

the MFP increases almost uniformly. Notably, YF025 

and YF035 exhibit higher MFP values compared to 

other materials, indicating that these materials interact 

less with photons and may not be ideal for shielding 
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applications. A significant increase in MFP is observed 

for the ceramic YF015 at an energy of 0.06 MeV 

(Figure 5). 

The half-value layer (HVL) is another essential 

shielding parameter used to determine the specific 

thickness of an absorber required to reduce the photon 

intensity to 50% of its original value. A material with a 

lower HVL is generally more suitable for practical 

applications. Therefore, researchers aim to identify 

protective materials with relatively low HVL values. 

Figure 6 presents a graphical representation of the HVL 

data for the studied ceramics. 

 

Figure 6. The half-value layer(cm) in terms of photon 

energy for ceramics. 

The half-value layer (HVL) values exhibit a strong 

dependence on photon energy, increasing as the energy 

ranges from 0.1 to 10 MeV. The findings also indicate 

that HVL values are influenced by the composition and 

quantity of iron and terbium incorporated into the 

ceramics. Specifically, the results show that HVL is 

affected by the density of the material. Notably, the 

HVL for the YTF015 ceramic is lower compared to 

other ceramics. This observation suggests that an 

increase in the concentration of iron and terbium 

enhances the ability of the studied ceramics to attenuate 

photons.  

 

Figure 7. The tenth-value layer(cm) in terms of photon 

energy for ceramics. 

In addition, another valuable parameter commonly 

used to estimate the attenuation effect of photons in 

various materials is illustrated in Figure 7. The tenth-

value layers (TVLs) increase rapidly with energy, 

consistent with findings from studies analyzing TVL for 

the ceramics under investigation. In other words, the 

results for TVL closely match those for the half-value 

layer (HVL) reported previously. Our results indicate 

that the YTF015 sample, with the highest terbium (Tb) 

content, exhibits the lowest TVL values across all 

energy levels.  

For instance, at an energy of 0.511 MeV, the TVL 

values for the samples were reported as 4.976 cm, 5.844 

cm, 5.685 cm, 3.555 cm, 4.183 cm, and 4.095 cm for 

YF015, YF025, YF035, YTF015, YTF025, and 

YTF035, respectively. Both TVL and HVL values vary 

with increasing iron and terbium content and with the 

increasing density of the studied ceramics.  

 

Figure 8. The effective atomic number, Zeff, in terms of 

photon energy for ceramics. 

The concept of effective atomic number (Zeff) is 

employed to characterize the electromagnetic interaction 

of gamma ray photons with a compound. This parameter 

considers both the atomic composition and the density 

of the material. Zeff is defined as a calculated value 

representing the average atomic numbers of the 

constituent elements, adjusted for their respective 

electron densities. An increased Zeff value indicates a 

higher frequency of scattering interactions, thereby 

enhancing the material’s effectiveness in scattering low-

energy gamma rays. At higher energy levels, the 

significance of Zeff diminishes, with other factors, 

particularly the nuclear properties of the shielding 

materials and their role in pair production interactions, 

becoming more relevant. Thus, a thorough analysis of 

shielding material selection, considering gamma ray 

energy and specific interaction processes, is essential for 

optimizing shielding performance. Figure 8 illustrates 

the variations in Zeff values for the studied ceramics 

across different gamma ray energies. The YTF015 
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sample consistently exhibits the highest effective atomic 

number (Zeff) values at all energy levels, which may be 

attributed to its superior gamma ray absorption 

capabilities. 

 

Figure 9. The effective electron density, Neff, in terms of 

photon energy for ceramics. 

Figure 9 displays the dependence of electron 

density, Neff, values on photon energy across the range 

of 0.015 to 10 MeV for all samples. It is evident from 

the figure that fluctuations in Neff are significant, 

mirroring the trends observed for the effective atomic 

number Zeff. These trends are also influenced by the 

average atomic mass (A), where Z represents the 

number of protons or electrons in each sample. 

 

Figure 10. Fast neutron removal cross section (cm-1) with 

photon energy for ceramics. 

The effective fast neutron removal cross-section (ΣR) 

is shown in Figure 10 for all samples using bar 

representation in units of cm-1. The calculated ΣR for all 

studied ceramics shows that YTF035 has the highest 

value (ΣR = 0.117), indicating the fact that the effective 

removal cross-section of fast neutrons increases with 

decreasing zirconium percentage. On the contrary, the 

lowest calculated ΣR = 0.083 is for sample YF015 with 

the most zirconium. These related variations of ΣR with 

respect to physical and mechanical properties may 

suggest a way to design ceramic composites that can 

meet the engineering and shielding requirements of 

gamma and neutron radiation for specific applications. 

Depending on the shielding parameters considered, it 

may be possible to determine the best shielding 

parameter for a particular application. 

 

Figure 11. The 𝑅𝑎𝑡𝑖𝑜𝑠⁡(𝜇𝑚⁡)𝐶𝑜𝑚𝑝𝑡𝑜𝑛 ⁄ (𝜇𝑚)𝑡𝑜𝑡𝑎𝑙⁡with 

photon energy for ceramics. 

Further, variation of ratios (μm)Compton / (μm)total 

versus the energy photon (0.015–10 MeV) is presented 

for ceramics in Figure 11. The value of (μm)Compton/ 

(μm)total  at ∼1000 keV belongs to the maximum value of 

(μm  )Compton / (μm)total. This figure clearly illustrates that 

as photon energy increases and Compton scattering 

becomes more dominant, the radiation absorption 

performance decreases. According to Figure 11, 

YTF015 ceramic exhibits favorable characteristics for 

radiation protection, demonstrating a lower absorption-

to-scattering ratio compared to other samples. 

• Buildup factors play a crucial role in the design of 

effective radiation shields. This study  aimed to 

quantify the energy absorption exposure buildup 

factor (EBF) values for the ceramics under 

investigation, considering various mean free path 

parameters. Figures 10 and 11 demonstrate that the 

relative EBF values tend to be higher for stable 

nuclei under low-energy conditions. This 

observation suggests that stable nuclei are held 

together by strong forces, requiring significant 

energy input to destabilize them. Conversely, light 

nuclei may exhibit lower EBF values, yet they still 

indicate a bound state. 

• At intermediate energy levels, EBF values can 

remain significantly high, although they are more 

sensitive to the specific reaction mechanisms 

involved. Certain reactions may have increased 

likelihoods and enhanced energetic favorability, 

leading to alterations in nuclear characteristics. This 

variability explains why the photoelectric effect and 

transitions are prominent in low and high-energy 

regions. In these processes, photons are either fully 
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absorbed or significantly reduced, resulting in less 

accumulation. 

• At moderate energies, Compton scattering 

predominates, causing photons to scatter rather than 

being completely absorbed. This scattering also 

leads to multiple photon interactions, which affects 

the EBF. As the proportion of zirconium (Zr) 

decreases, energy absorption in YF ceramics 

diminishes, particularly noticeable in the 50 to 100 

keV energy range. Moreover, a decrease in the 

percentage of terbium (Tb) leads to a reduction in 

energy absorption in YFT ceramics. This effect is 

particularly noticeable at energies below 100 keV.  

  
Figure 12-a. Variation of exposure buildup factor (EBF) with 

photon energy at different mean free paths for ceramics. 

Figure 12-b. Variation of exposure buildup factor (EBF) with 

photon energy at different mean free paths for ceramics. 

  

Figure 12-c. Variation of exposure buildup factor (EBF) with 

photon energy at different mean free paths for ceramics. 

Figure 12-d. Variation of exposure buildup factor (EBF) with 

photon energy at different mean free paths for ceramics. 

  

Figure 12-e. Variation of exposure buildup factor (EBF) with 

photon energy at different mean free paths for ceramics. 

Figure 12-f. Variation of exposure buildup factor (EBF) with 

photon energy at different mean free paths for ceramics. 
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4. CONCLUSION 
In this study, we examined the shielding properties 

of ceramics against ionizing radiation, including linear 

attenuation coefficient, mass attenuation coefficient, 

half-value layer, tenth-value layer, and mean free path 

(MFP) across a photon energy range of 0.015 to 15 

MeV, using the Geant4 and Phy-X programs, which 

produced consistent results. The findings indicated that 

the YTF015 ceramic, enhanced with terbium, showed 

notable improvements in densification, microstructural 

development, and flexural strength, leading to increased 

protection against fast neutron and gamma radiation. 

The study also demonstrated that energy levels 

significantly impact gamma ray penetration, with 

YTF015 exhibiting strong shielding performance at 

0.511 MeV, where the mass attenuation coefficient 

dropped from 0.58 to 0.096 cm. Compared to pure lead, 

YTF015 ceramics offered effective shielding, achieving 

35% to 55% of pure lead's shielding capacity in the 0.1 

to 2 MeV energy range, highlighting the potential of 

ceramic materials' composition and microstructure in 

optimizing attenuation properties for medical physics 

applications. 
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In the last decade, regenerating damaged tissues has been a primary focus in tissue engineering research. 

An ideal wound dressing can be produced from synthetic polymers, such as polycaprolactone (PCL), via 

electrospinning. The processing variables significantly affect fiber morphology and characteristics, 
including fiber size and porosity. These factors directly influence the properties of wound dressings. This 

study investigated how the electrospinning process variables—specifically needle-to-plate distance, flow 

rate, and applied voltage—affect the diameter and morphology of nanofibers. By adjusting these 
parameters, researchers can optimize the performance of this technique and enhance the properties of the 

resulting fibers. Initially, PCL solutions with varying compositions and concentrations were prepared. The 

results indicated that increasing the voltage from 12 kV to 16 kV across three samples resulted in a decrease 
in the nanofiber diameter from 205.28 ± 50 nm to 175.74 ± 41 nm. Conversely, changing the flow rate 

from 0.4 to 0.6 ml/h in two samples increased the average fiber diameter from 210.66 ± 43 nm to 223.18 ± 

44 nm. Additionally, increasing the needle-to-plate distance also led to a reduction in fiber diameter. 
Scanning electron microscopy (SEM) images revealed that interconnected, thin, bead-free nanofibers could 

be achieved at high voltages, low flow rates, and longer distances. However, at voltages above 18 kV and 

distances greater than 18 cm, bead formation in the nanofiber structure became inevitable. Furthermore, 
the polymer solution containing a certain amount of salt exhibited high conductivity, which resulted in 

fiber breakage. 
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1. INTRODUCTION 
Tissue engineering represents a novel therapeutic 

approach for regenerating damaged tissues in living 

organisms (Siddiqui et al., 2021). This advanced field 

aims to develop innovative regeneration treatments by 

repairing and restoring various types of tissues, including 

skin, tendons, bone, cartilage, nerve tissue, maxillofacial 

tissue, and blood vessels. By combining cells, 

biomaterials, and biochemical factors, tissue engineering 

significantly enhances the quality of life for patients 

(Azimi et al., 2014; Ghaffarian et al., 2015; Siddiqui et 

al., 2021). Skin replacement stands out as one of the 

earliest successful applications of tissue regeneration, 
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enabling the regrowth of damaged skin (Moniri 

Javadhesari, 2022).  

The skin serves a crucial role in protecting the body 

from bacteria and regulating its physiological functions. 

Sudden contact with hard and rough foreign objects can 

damage the skin, necessitating immediate tissue 

regeneration to prevent pathogenic factors and adverse 

effects (Joseph et al., 2019). In cases where wound 

healing is compromised or conventional therapeutic 

methods are ineffective, appropriate skin substitutes must 

be available. These healing procedures aim to improve 

wounds either temporarily or permanently (Dias et al., 

2018; Vyas & Vasconez, 2014). Alternative wound 

dressings, characterized by specific properties, are 

designed to accelerate the healing process by conforming 

to the wound's shape and maintaining a moist interface. 

Additionally, these dressings should absorb exudate 

without supporting bacterial growth and prevent bleeding 

and fluid leakage. Furthermore, they must protect the 

wound and surrounding tissues, promote healing, and be 

easy to remove with minimal trauma to the injury injury 

(Dias et al., 2017; Dickinson & Gerecht, 2016; Dong et 

al., 2020; Ferreira et al., 2021; Vig et al., 2017; Wang et 

al., 2011). 

Recent investigations have explored both synthetic 

and natural polymers as functional skin substitutes 

(Dwivedi et al., 2019). These polymers can perform a 

variety of skin functions and are often in direct contact 

with cells and tissues (Joseph et al., 2019). Key 

advantages of polymer biomaterials include 

biocompatibility, suitable mechanical and physical 

properties, and good processability (Liu et al., 2012). 

Biodegradable polymers have gained significant 

attention for medical applications due to their rapid 

degradation rates (Dong et al., 2020). 

A prominent class of biodegradable polymers 

includes polyesters such as polycaprolactone (PCL), 

polyglycolic acid (PGA), and polylactic acid (PLA). 

PCL, in particular, is a biocompatible polymer that has 

garnered extensive interest in tissue engineering (Joseph 

et al., 2019). With a melting point higher than normal 

body temperature (59–64 °C) and a glass transition 

temperature below 60 °C, PCL exhibits notable 

mechanical properties, including high toughness, at 

physiological conditions. As a non-toxic and tissue-

compatible material, PCL is utilized in absorbable 

sutures, scaffolds, and drug delivery systems. However, 

its degradation under physiological conditions is 

relatively slow, occurring over a period of 2–3 years 

(Abrisham et al., 2020; Dwivedi et al., 2019; Gil-Castell 

et al., 2019; Linh et al., 2022; Loh & Choong 2013; 

Stratton et al. 2016). 

Numerous techniques have been established for 

synthetic polymer scaffolds, with novel nanotechnology 

methods continually emerging. Among these, 

electrospinning is one of the most widely used techniques 

for producing wound dressings and scaffolds (Elkhouly 

et al., 2021). Compared to standard bandages, 

electrospun wound dressings exhibit unique 

characteristics, such as enhanced bleeding control, 

increased wound fluid absorption, and improved 

adaptability to the wound (Dias et al., 2017). 

Electrospinning creates nano- or microfibers by 

applying electrostatic forces. By reducing fiber diameter 

from micrometers to nanometers, this technique results in 

a high surface-to-mass ratio, flexibility in surface 

functionalities, and superior mechanical performance 

(Abdollahi, & Bakhsheshi-Rad, 2018). Electrospun 

fibers are typically collected randomly, yielding a high 

surface area (Joseph et al., 2019; Yang et al., 2017). The 

process requires an upper voltage source, a collector 

plate, and a syringe pump. Initially, high voltage is 

applied to a syringe containing the polymer solution, held 

by surface tension at its tip. The electrical field generates 

mutual charge repulsion that counters the surface tension, 

leading to jet formation (Ginestra et al., 2016). Figure 1 

illustrates the electrospinning process. 

As the solvent evaporates, the fibers are deposited 

onto the collector plate after jet formation. The resulting 

fibers can exhibit a range of morphologies and pore 

structures, influenced by various parameters, including 

solution viscosity, conductivity, and process variables 

like applied voltage (Joseph et al., 2019). Therefore, 

precise control of these factors is essential for obtaining 

fibers with desirable morphological and biological 

characteristics. 

Electrospinning enables the production of 

interconnected nanofibers, resembling the structure of 

the extracellular matrix (Elkhouly et al., 2021; Gil-

Castell et al., 2019; Jun et al., 2018). This similarity 

enhances cellular function. Electrospun PCL layers can 

be employed as cell-free wound dressings or as cell-

assisted skin substitutes. Significant research has focused 

on how different variables affect the morphology of 

electrospun PCL fibers. Consequently, researchers  have 

developed predictive models for determining the final 

diameter of these fibers, as suggested in Equation 1 (Baji 

et al., 2010) 

𝐷 = [𝛾𝜀
𝑄2

𝑙2
(

2

𝜋 (2 (𝑙𝑛
𝑙

𝑑
− 3))

)]

1

3

 (1) 

where  is the dielectric constant, Q is the flow rate, I 

is the applied current, l is the initial length of the jet, and 

d is the needle diameter. A common morphology 

reported by several researchers is a combination of fibers 

and beads. Yet, the reason for bead formation is 

unknown. According to the results, the main factors 

controlling this behavior are the solution's viscoelasticity 

and surface tension.  

Beachley et al. investigated the impact of various 

processing parameters on the morphology of 

polycaprolactone (PCL) fibers (Beachley & Wen, 2008).  
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Applied voltage plays a crucial role in determining fiber 

structure; as voltage increases, both fiber length and 

diameter tend to decrease due to heightened tension on 

the surface of the electrospinning jet. This finding 

contrasts with the study by Dustgani, which indicated 

that higher voltage could result in increased solution 

injection from the syringe, subsequently leading to larger 

fiber diameters (Doustgani, 2015).  Moreover, elevated 

voltage has been observed to influence fiber morphology 

by reforming Taylor Cone jets and facilitating bead 

formation within the electrospun fibers (Chinnappan et 

al., 2022). Conversely, another study reported that a 

decrease in voltage could also lead to bead formation 

(Jarusuwannapoom et al., 2004). 

The concentration of the polymer solution is another 

critical factor affecting fiber spinning ability. Insufficient 

polymer concentrations often result in the breakdown of 

electrospun fibers, preventing proper formation. 

Conversely, an increase in polymer concentration 

typically leads to an increase in fiber diameter 

(Chinnappan et al., 2022; Liverani & Boccaccini, 2016). 

Additionally, the incorporation of ionic salts, such as 

NaCl and KH₂PO₄, can enhance the electrical 

conductivity of polymer solutions, resulting in the 

formation of nanofibers with smaller diameters 

(Chinnappan et al., 2022). 

Flow rate is a vital parameter as well, as it influences 

the properties of the newly synthesized polymer solution 

passing through the syringe. A high flow rate tends to 

produce fibers that contain beads and exhibit larger 

diameters. Furthermore, adjusting the needle-to-plate 

distance can significantly alter fiber structure; shorter 

distances can prevent fibers from solidifying before 

collection, while excessively long distances may induce 

bead formation (Baji et al., 2010; Ginestra et al., 2016; 

Liverani & Boccaccini, 2016). 

This study aims to explore the effects of various 

processing parameters on the morphology of electrospun 

PCL fibers. As highlighted, the electrospinning process 

is significantly influenced by these variables, which 

ultimately affect the chemical composition, fiber size, 

porosity, and overall morphological characteristics 

essential for scaffold performance in tissue engineering. 

By examining these attributes, researchers can enhance 

the efficacy of the electrospinning technique. Therefore, 

this study investigates how different variables impact the 

morphology of electrospun fibers and seeks to identify 

optimal parameters for producing the most desirable fiber 

characteristic. 

2. MATERIALS AND METHODS 

2. 1. Materials 
This study utilized polycaprolactone (PCL) sourced from 

the Solar Bio brand, characterized by an average 

molecular weight of 80,000 g/mol, as a natural 

biopolymer. To enhance the conductivity of the polymer 

solution and prevent blockage in the syringe, 

dichloromethane (DCM) and dimethylformamide (DMF) 

were employed as solvents. DCM, with a concentration 

exceeding 99% and a molecular weight of 84.3 g/mol, 

and DMF, of Extra Pure Grade with a concentration 

greater than 99.5% and a molecular weight of 73.09 

g/mol (DrMojallali brand), were both selected for their 

efficacy in improving solution performance. 

2.2. Preparation of Solution 
Three types of polymer solutions with varying 

concentrations and compositions were prepared. Solution 

(1) was created by dissolving 1 g of polycaprolactone 

(PCL) in 8 ml of dichloromethane (DCM) and 1 ml of 

dimethylformamide (DMF). Solution (2) comprised 1.5 

g of PCL in 8 ml of DCM and 1 ml of DMF. Solution (3) 

was identical to Solution (2), but included an additional 

0.01 g of lithium chloride (LiCl). Initially, DMF and 

DCM were mixed, after which PCL was incorporated 

into the solution. The resulting polymer mixture was 

stirred for 12 hours to ensure complete dissolution. 

2.3. Electrospinning 
For this study, the ES1000 device from Nanoscale 

Technologies was utilized. The PCL solution was placed 

in a 5 ml syringe fitted with a 22-gauge needle. The 

solution flow rate was adjusted between 0.1 and 0.3 ml/h. 

Upon applying voltage, a fluid jet was ejected from the 

needle. Each experiment lasted for 5 minutes per sample, 

after which the samples were analyzed using a Scanning 

Electron Microscope (SEM). Experiments were 

conducted under various conditions to examine the 

effects of several variables on the morphology of the PCL 

fibers. Specifically, the influence of applied voltage, 

needle-to-plate distance, flow rate, and the presence of 

salt in the polymer solution was investigated. The 

distance was measured from the tip of the needle to the 

top of the collecting plate. Table 1 summarizes the 

parameters used for each sample. 

2.4. Morphological examination 
The results were evaluated to assess how variations in 

processing parameters affect the diameter and 

morphology of the nanofibers. For this purpose, 

Scanning Electron Microscopy (SEM) images were 

analyzed to measure the diameter of both the fibers and 

beads. The average diameter of 50 fibers and the 

maximum average diameter of 45 beads were calculated 

using ImageJ software. 

3. RESULTS 

3.1. Applied Voltage 

The applied voltage is a critical parameter influencing 

the morphology and diameter of the fibers. Generally, a 

voltage exceeding 6 kV is necessary to generate polymer 

solution jets from Taylor cones (Ifegwu & Anyakora, 

2018).  Figure 2 displays the SEM images of samples S6, 

S7, and S8, which were subjected to different voltages 

while maintaining the same solution. The needle-to-plate 



14 S. Afsharian et al. / Advanced Ceramics Progress: Vol. 10, No. 1, (Winter 2024) 11-17  

distance and flow rate were fixed at 13 cm and 0.6 ml/h, 

respectively. Sample S6, with an applied voltage of 12 

kV, exhibited an average fiber diameter of 225.28 ± 88 

nm. Conversely, S8 and S7, subjected to 14 kV and 16 

kV, yielded average diameters of 205.28 ± 50 nm and 

175.74 ± 41 nm, respectively. 

A reduction in fiber diameter correlated with an 

increase in applied voltage. To enhance the analysis, 

additional sets of samples were tested: S9 and S10 

received voltages of 16 kV and 12 kV, while maintaining 

a needle-to-plate distance of 13 cm and a flow rate of 1 

ml/h. Their average fiber diameters were recorded as 

194.4 ± 41 nm and 231.1 ± 76 nm, respectively. For S12 

and S13, voltages of 18 kV and 17 kV were applied, with 

a flow rate of 0.4 ml/h and a needle-to-plate distance of 

20 cm, resulting in average diameters of 385.6 ± 149 nm 

and 424.6 ± 125 nm. Further, S16 and S17 were subjected 

to 19 kV and 18 kV, producing average fiber diameters 

of 335.1 ± 181 nm and 423.28 ± 130 nm, respectively. In 

S18 and S19, voltages of 20 kV and 19 kV resulted in 

average diameters of 385.18 ± 183 nm and 506.62 ± 149 

nm. Overall, fiber diameter consistently decreased with 

increasing voltage, as illustrated in Figure 3. These 

findings align with results reported by Beachley et al., 

which noted a reduction in diameter as voltage increased 

(Beachley & Wen, 2008). The increase in applied voltage 

enhances the electric field between the needle and the 

collector plate, leading to elevated surface tension due to 

heightened coulombic forces. Consequently, the 

nanofiber diameter decreases with increased voltage 

(Can-Herrera et al., 2021). 

As depicted in SEM images in Figures 2 and 4, the 

morphology of the nanofibers consists of both fibers and 

beads. Figure 5 illustrates how increasing voltage affects 

fiber morphology; specifically, the average diameter of 

beads in the fibers diminishes with higher voltage. 

Increased voltage can eliminate the beaded structure 

within the nanofibers, consistent with observations by 

Jarusuwannapoom et al. (Jarusuwannapoom et al., 2004). 

Bead formation may result from viscosity-related forces 

and surface tension, as the number of charge carriers in 

the jet rises with increasing electrostatic fields. This 

increase leads to stronger electrostatic and coulombic 

forces, which in turn elevate surface tension and enhance 

repulsion between the fibers, reducing the likelihood of 

bead formation. 

3.2. Flow Rate 
The flow rate significantly influences the morphology 

and diameter of the fibers by controlling the volume of 

the electrospinning solution. In samples S4 and S5, where 

the voltage was set at 12 kV and the needle-to-plate 

distance at 12 cm, changing the flow rate from 0.4 to 0.6 

ml/h resulted in an increase in average fiber diameter 

from 210.66 ± 43 nm to 223.18 ± 44 nm. 

When the flow rate was increased under a voltage of 

16 kV and a needle-to-plate distance of 13 cm, the 

average fiber diameters for samples S7 and S9, with flow 

rates of 0.6 and 1 ml/h, were 175.74±41 nm and 194.4±41 

nm, respectively. Further testing with additional sample 

groups (S6 and S10) showed that increasing the flow rate 

from 0.6 to 1 ml/h led to fiber diameters of 225.28 ± 88 

nm and 232.4±74 nm. Similarly, for samples S16 and 

S19, an increase in flow rate from 0.6 to 0.8 ml/h resulted 

in average fiber diameters of 335.1 ± 118 nm and 506.62 

± 142 nm, respectively. Figure 6 illustrates the impact of 

flow rate on fiber diameter. 

Previous research has indicated a direct correlation 

between fiber diameter and flow rate (Zargham et al., 

2012). At higher flow rates, a larger volume of solution 

exits the needle, requiring more time for solvent 

evaporation. If the flow rate is too high, there may not be 

enough time for the solvent to evaporate completely, 

causing the remaining solvent to either draw the fibers 

together or create droplets at the needle tip. This results 

in thicker fibers often exhibiting a beaded structure. As 

shown in Figure 7, samples contain a mixture of fibers 

and beads. Figure 8 further highlights how lower flow 

rates yield fibers with smaller beads. Additionally, 

insufficient time for solvent evaporation can lead to other 

defects, such as branched fibers. 

3.3. Needle-to-plate distance 
The needle-to-plate distance is another critical 

variable in the electrospinning process. For samples S4 

and S3, where the voltage was set at 12 kV and the flow 

rate at 0.4 ml/h, an increase in distance from 12 to 15 cm 

resulted in a decrease in fiber diameter, with average 

diameters reported at 210.66 ± 43 nm and 181.62±37 nm, 

respectively. Similarly, in samples S15 and S13, 

increasing the distance from 18 to 20 cm led to a 

reduction in average fiber diameter from 457.5 ±140 nm 

to 424.6±130 nm. Previous studies have also 

demonstrated a decrease in fiber diameter with increased 

needle-to-plate distance (Ginestra et al., 2016). 

A longer distance allows the polymer solution more 

time for solvent evaporation, which contributes to a 

reduction in fiber diameter. However, contrasting results 

were observed in samples S6 and S10; as the distance 

increased from 11 to 13 cm, fiber diameters were 

reported at 201.92±35 nm and 225.28±38 nm, 

respectively. Yogendra Pratap et al. (Singh et al., 2020) 

noted that while increasing the needle-to-plate distance 

initially reduces fiber diameter due to extended solvent 

evaporation time, a further increase can lead to larger 

diameters because of a diminished electrostatic field. 

Figure 9 illustrates the effect of varying the needle-to-

plate distance on the diameter of electrospun fibers. SEM 

images in Figure 10 reveal a beaded structure in the 

electrospun fibers. A short needle-to-plate distance may 

hinder complete solvent evaporation, resulting in non-

dried fibers being deposited on the collector plate. If 

solvent remains in the final solution, the fibers can merge 

or form droplets at the needle tip. Figure 11 shows that 
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the diameter of the beads decreases as the distance 

increases, with a significant reduction observed for 

samples S3 and S4. 

3.4. Solution conductivity 
The conductivity of the polymer solution is influenced by 

the choice of solvents, salts, and polymers. An increase 

in the solution's electrical conductivity significantly 

correlates with a decrease in the diameter of electrospun 

nanofibers. This phenomenon occurs because the 

repulsive forces between the charges on the surface of the 

electrospinning jet enhance the stretching of the solution. 

As the conductivity of the solution rises, the charge on 

the polymer jet increases, leading to a reduction in fiber 

diameter. Additionally, incorporating small quantities of 

salt compounds, such as NaCl, into the polymer solution 

can help prevent the formation of beaded fibers, resulting 

in more uniform structures. However, achieving a high 

solution conductivity can complicate the electrospinning 

process, even at elevated voltages (Jarusuwannapoom et 

al., 2004).  

In this study, samples S20 and S21 were electrospun 

with flow rates of 0.6 ml/h and 0.5 ml/h, voltages of 11.5 

kV and 16 kV, and needle-to-plate distances of 18 cm and 

16 cm, respectively. Solution 4, which contained a small 

amount of LiCl salt, produced fragile and bead-free 

fibers, as confirmed by SEM images, owing to the high 

conductivity of the solution. Nevertheless, while 

increased conductivity can enhance fiber uniformity, it 

also poses challenges in fiber collection. Figure 12 

displays SEM images of S20 and S21, illustrating 

fractured and separated fibers due to the high 

conductivity of the solution. 

4. DISCUSSION 
Studies have indicated that multiple variables 

influence the morphology of scaffolds in the 

electrospinning process. This study demonstrated that 

increasing the voltage reduces the diameter of 

electrospun fibers, aligning with previous findings. 

However, some researchers argue that higher applied 

voltage can lead to an increase in fiber diameter due to 

reduced solvent evaporation time (Dickinson & Gerecht, 

2016). Notably, smaller beads were observed within the 

fiber structure at elevated voltages. The effects of other 

variables—such as flow rate, needle-to-plate distance, 

and solution conductivity—were also examined. 

SEM images from samples S12 to S21 revealed bead-

free fibers. The high conductivity of the solution, 

resulting from the addition of LiCl salt in samples S20 

and S21, facilitated the formation of these bead-free 

fibers. Table 1 summarizes the processing conditions for 

each sample. Samples S12 to S19 exhibited higher 

applied voltages and longer needle-to-plate distances, 

with beaded structures observed at voltages below 18 kV. 

Bead-free fibers were predominantly found in samples 

with lower flow rates. The effect of distance on fiber 

morphology was also investigated, revealing that the 

presence of beads is inevitable at distances less than 18 

cm. Fibers characterized by thicker diameters and a bead-

free structure were found to be superior. 

As highlighted, understanding the simultaneous 

effects of various parameters is crucial for identifying 

optimal conditions. For instance, while increasing the 

distance generally reduces nanofiber diameter, an 

optimal distance can further decrease fiber diameter 

(Singh et al., 2020).  It is essential to recognize that each 

parameter has a specific optimal value. 

In summary, several processing variables 

significantly impact the morphology of nanofibers in the 

electrospinning process. Achieving a desirable structure 

of electrospun fibers requires careful control of these 

parameters, which is vital for applications in healthcare. 

The use of polymers in wound dressings has garnered 

considerable attention, with polycaprolactone (PCL) 

emerging as a preferred choice due to its remarkable 

properties. However, its hydrophobic nature can result in 

poor cellular responses. These findings indicate that 

adjusting electrospinning parameters can facilitate the 

creation of an ideal fiber structure. 

5. CONCLUSION 
PCL is highly regarded in medical applications due to 

its exceptional properties. Electrospinning PCL can 

create an ideal wound dressing with excellent 

characteristics. The processing conditions significantly 

impact the structure of electrospun fibers, and this 

research aims to develop interconnected, bead-free PCL 

fibers. By accurately and concurrently controlling 

processing variables, it is possible to achieve such a 

desired structure. 

The results indicated that smooth, bead-free fibers 

can be produced at low flow rates, high voltages, and 

longer distances. However, excessive conductivity in the 

solution can lead to fiber breakage. Additionally, the 

semi-crystalline and hydrophobic nature of PCL results 

in slow degradation (2 to 4 years), which can limit its 

application as a wound dressing. Therefore, further 

research on the electrospinning process of PCL is 

necessary to enhance its hydrophobicity. 
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The MgO-Al2O3-SiO2 (MAS) glass system has long been of interest due to its potential to be converted 
into glass-ceramics containing spinel and cordierite phases. This study investigated the effect of adding 

varying amounts of cerium oxide (1-5% by weight) on the structure of the MgO-Al₂O₃-SiO₂ glass system. 

After mixing the raw materials, the samples were melted at 1600°C, and the density of the glass samples 
was measured using the Archimedes method. FTIR analyses, covering both far and mid-infrared ranges, as 

well as Raman spectroscopy, were conducted on the glass samples. To improve detection accuracy, the 

obtained spectra were deconvoluted. The results showed that the addition of cerium oxide increased the 
density from 2.53 g/cm³ to 2.69 g/cm³. Furthermore, the data indicated that cerium oxide in concentrations 

below 5% acts as a modifier. At lower concentrations, cerium predominantly exists in the Ce³⁺ state, 

increasing the number of non-bridging oxygens (NBOs), while at higher concentrations, Ce³⁺ is mostly 
converted to Ce⁴⁺, which in turn reduces the NBO concentration. 
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1. INTRODUCTION 
The MgO-Al₂O₃-SiO₂ (MAS) glass system has long 

been of interest due to its ability to be converted into 

glass-ceramics containing spinel and cordierite phases 

(Chen et al., 2007; Holand et al., 2012)(Rezvani et al., 

2005). These glass-ceramics have been applied in various 

fields, including military uses such as anti-bullet armor 

and radomes, as well as anti-wear tiles in the construction 

industry (Soleimani et al., 2015; Zou et al., 2013). The 

properties of glass-ceramics are strongly influenced by 

the structural and physical characteristics of the base 

glass. Glass transition temperature, dilatometric and 

crystallization temperature, thermal expansion 

coefficient, and various physical and chemical properties 

of glass-ceramics are all affected by the base glass 

structure (Komatsu, 2015). Research has shown that 

[SiO₄] and [AlO₆] groups, along with smaller amounts of 

[MgO₄] groups, are the most important structural groups 

in MAS glasses (El-Damrawi et al., 2018). It is well 

known that the introduction of certain transition cations 

leads to structural changes in glass and alters its 

properties. For instance, Zhang et al. (Zhang et al., 2020) 

demonstrated that the addition of Cr⁺ increases the 

number of non-bridging oxygens (NBOs), leading to 
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changes in the glass network. The presence of cations like 

chromium has also been shown to affect the physical 

properties of MAS glass, such as luminescence. 

Cerium oxide (CeO₂) is another oxide compound of 

interest, and its incorporation into glass compositions 

induces significant structural changes. CeO₂ has been 

identified as an intermediate in glasses (M. B. Volf, 

1984), meaning it can act as either a modifier or a glass 

former depending on the glass composition, the amount 

of cerium oxide present, and the production conditions 

(Soleimani et al., 2012). In silicate and phosphate glasses, 

cerium oxide typically increases density and imparts 

luminescent properties. 

The objective of this study is to investigate the 

structural effects induced by the addition of small 

amounts of cerium oxide to MAS glass using structural 

analysis techniques. 

2. MATERIALS AND METHODS 
A composition of 41 wt% SiO₂ with 5 wt% MnO and 

ZrO₂ (in equal amounts, making up the balance) was 

considered for the study. To prepare the raw materials, 

high-purity oxides (≥99%) were used according to the 

specified composition. To investigate the effect of adding 

CeO₂, 1 wt% (G-Ce1), 3 wt% (G-Ce3), and 5 wt% (G-

Ce5) of cerium oxide were substituted for SiO₂ in the 

base composition. After mixing the raw materials, 50 g 

of each batch was poured into alumina crucibles and 

melted at 1600°C in an electric furnace. After one hour 

of holding at the maximum temperature, the molten glass 

was cast into a preheated steel mold. The cast parts were 

then immediately transferred to a furnace set at 600°C, 

where they were slowly cooled to ambient temperature. 

The density of the samples was measured using the 

Archimedes method. Samples were then prepared from 

each piece for structural analysis. For this purpose, the 

glass pieces were ground using an agate mortar. The 

resulting powder samples were mixed with KBr powder 

at a ratio of 1:100 and pressed to create suitable samples 

for FTIR analysis. FTIR analysis was performed on the 

samples across two spectral ranges: the far-infrared range 

(100-400 cm⁻¹) and the mid-infrared range (4000-2000 

cm⁻¹). 

Raman analysis was also conducted on pure powder 

samples of the glasses. The deconvolution technique was 

applied to the FTIR spectra to more accurately determine 

the positions of the peaks. 

3. RESULTS AND DISCUSSION 

Table 1 shows the results of density measurement. It 

is determined that with the addition of CeO2, density 

increases, given the atomic weight of Ce. 

TABLE 1. Density of glass samples (g/cm3) 

Code Density 

Ge-Ce0 2.55±0.03 

Ge-Ce1 2.57±0.02 

Ge-Ce3 2.64±0.03 

Ge-Ce5 2.69±0.01 

The FTIR absorption spectrum of the glass samples 

was measured in the range of 400-2000 cm-1, as shown 

in Figure 1. 

 

Figure 1. FTIR absorption spectrum of G-Ce0, G-Ce1, G-Ce3, 

and G-Ce5 glass samples. 

The band in the range of 450 cm-1 is attributed to the 

bending vibrations of O-Si-O and Si-O-Si bond (Handke 

et al., 1993)(Aguiar et al., 2009)(Abdelwahab et al., 

2021). The peak observed around 692 cm⁻¹ corresponds 

to the bending vibrations of Si–O–Al and Si–O–Si bonds, 

and no significant changes were detected in the spectrum 

with the addition of CeO₂ (Yan et al., 2012). The strong 

absorption band in the range of 900–1120 cm⁻¹ exhibits 

the highest intensity in the IR spectra of various glasses, 

attributed to the stretching vibrations. Two distinct 

absorption bands are observed at 1954 cm⁻¹ and 1154 

cm⁻¹, with the vibration intensity at 1154 cm⁻¹ being 

higher than that at 1954 cm⁻¹. These bands are associated 

with the stretching vibration of Si–O–Si in Q² (1154 

cm⁻¹) and the asymmetric vibration of Si–O–Si in Q³ 

(1954 cm⁻¹), respectively (Handke et al., 

1993)(Kazancioglu et al., 2021)(Fang et al., 2020). 
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Figure 2. FTIR absorption spectrum of G-Ce0, G-Ce1, G-Ce3, 

and G-Ce5 glass samples. 

Figure 2 clearly demonstrates that the addition of 

CeO₂ reduced the intensity of the bands at 1954 cm⁻¹ and 

1154 cm⁻¹. The weak peak at 1465 cm⁻¹ is attributed to 

the stretching and deformation vibrations of the CH₂ 

group (Liu et al., 2020). The peak at 1623 cm⁻¹ 

corresponds to the bending vibrations of H₂O molecules 

(Abdelwahab et al., 2021). To further examine the effect 

of CeO₂ addition, the Raman spectra of G-Ce0, G-Ce1, 

G-Ce3, and G-Ce5 glasses were analyzed, as shown in 

Figure 3. 

 
Figure 3. Raman spectrum of G-Ce0, G-Ce1, G-Ce3, and G-

Ce5 glass samples. 

The Raman spectra of G-Ce0, G-Ce1, G-Ce3, and G-

Ce5 glasses are shown in Figure 3. Based on the results, 

the peak around 490 cm⁻¹ corresponds to the bending 

vibrations of Si–O–Si bonds (Aguiar et al., 2009). The 

addition of CeO₂ to the glass caused a shift of this peak 

to a lower wavenumber, indicating changes in Si–O–Si 

vibrations. At higher wavenumbers, a sharp peak near 

1016 cm⁻¹, associated with Si–O vibrations in the Q³ 

structure, was observed, and the addition of CeO₂ 

increased the intensity of this peak (Fang et al., 2020). A 

decrease in the intensity of the bands at 954 cm⁻¹ and 

1154 cm⁻¹ in the FTIR spectrum, which are related to Si–

O–Si vibrations, along with the shift of the peak at 1490 

cm⁻¹ to a lower wavenumber and an increase in the 

intensity of the band at 1016 cm⁻¹ in the Raman spectrum 

upon the addition of CeO₂, is attributed to non-bridging 

oxygens (NBOs). This suggests that cerium oxide 

disrupts Si–O–Si bonds. In this study, it is assumed that 

alumina integrates into the Si–O tetrahedral network and 

remains unaffected by the addition of CeO₂. As seen in 

previous studies on aluminosilicate glasses (Lin et al., 

1996), borosilicate (Deshpande et al., 2010), and lead 

silicate glasses (Wang et al., 2016) cerium oxide acts as 

a network modifier. The results of this study similarly 

show that the addition of cerium oxide increases the 

number of non-bridging oxygens, indicating its role as a 

silicate network modifier. The addition of cerium oxide 

to glass exhibits non-linear behavior in the Raman 

spectrum regarding peak intensity. This behavior is likely 

due to the multivalent states of cerium oxide in the glass 

melt. As expressed in the redox reaction (Equation 1), 

Ce³⁺ ions promote the formation of NBOs. 

Ce4+ + O− ⇒ Ce3+ + O (1) 

At lower concentrations, cerium predominantly exists 

in the Ce³⁺ state, producing more NBOs. However, at 

higher concentrations, Ce³⁺ is mostly converted to Ce⁴⁺, 

reducing NBO concentration. Thus, the variation in NBO 

concentration as a function of cerium content has a 

significant impact on the non-linear changes in the 

connectivity of the silicate network (Wang et al., 2015). 

4. CONCLUSIONS 
Glasses containing cerium oxide in the MAS system 

were successfully prepared. It was demonstrated that the 

addition of cerium oxide increased the density from 2.55 

to 2.69 g/cm³ in glasses containing 5 wt% cerium oxide. 

The incorporation of CeO₂ also reduced the intensity of 

the bands at 1954 cm⁻¹ and 1154 cm⁻¹. At lower 

concentrations, cerium primarily exists in the Ce³⁺ state, 

leading to an increase in non-bridging oxygens (NBOs). 

However, at higher concentrations, Ce³⁺ is largely 

converted to Ce⁴⁺, resulting in a reduction in NBO 

concentration. 
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This study evaluated the influence of mechanical milling time on the physical, mechanical, and 
microstructural properties of Al metal matrix composites (MMCs) incorporating ZrB2 ceramic 

reinforcement. The mixing powders of aluminum with zirconium diboride were mechanically milled at 

different times. Then, the achieved composite powder was heated, compacted, and turned into bulk material 
by equal channel angular pressing (ECAP) at 250°C. SEM micrographs indicated that the size of the 

obtained particles decreases by increasing the mechanical alloying time by up to 18 hours. However, the 

particle size has increased after this time. The average size of fine particles reached 823nm using 
mechanical alloying for 18 hours, while coarse particles were 8µm. The size calculation of crystallites 

using XRD examination implied that the rate of crystallite size reduction after 12 hours of mechanical 

alloying is gradually reduced and reached its lowest level after 18 hours. Then, increasing the mechanical 

alloying time led to an increase in the size of the crystallites and a decrease in the lattice strain. The 

microstructure of resultant bulk composites has been characterized by optical microscopy (OM) and SEM. 

The bulk composite samples processed by the ECAP method, with an optimum amount of ZrB2 (5 wt.%), 
had a relative density, hardness, shear yield stress, and ultimate shear strength of 99.3%, 170 HV, 125 MPa 

and 151 MPa, respectively, utilizing powders which were mechanically milled for 24 hours. 
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1. INTRODUCTION 
The preparation of materials with excellent strength 

and flexibility has always been the interest of various 

researchers worldwide. Metal matrix composites 

(MMCs) are materials composed of one or more metallic 

elements as matrix and reinforcement. The synthesis of 

MMC powder is performed in different ways. 

Mechanical alloying is one of the production methods of 

MMC powder, which occurs through the reaction 

between the surfaces of reactive materials. Other 
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conventional methods cannot produce powders of metal 

composites, intermetallic compounds, etc., fabricated by 

this technique (Chak et al., 2020; Sharma et al., 2024). In 

recent years, aluminum-based composites have generally 

attracted the attention of several researchers owing to 

their low weight and high corrosion resistance to the 

harsh environment (Bhoi et al., 2019; Gajević et al., 

2022). The use of these composites in the automotive 

industry, aerospace industry, and metal structures is 

progressive (Bhat et al., 2021; Chandel et al., 2021; 

Gajević et al., 2022). Strength is the most essential factor 

in the selection of these composites (Lakshmikanthan et 

al., 2022). The production of aluminum composites using 

the mechanical alloying method has been widely 

investigated (Erturun et al., 2021; Hamilton et al., 2021). 

The reinforcement of aluminum-based composite with 

secondary phase particles such as oxides, carbides, 

borides, and nitrides makes a suitable combination of 

physical and mechanical properties of both phases of the 

composites. Furthermore, the amount, size, and 

distribution of secondary phase particles determine the 

main properties of the composite (Diler and Ipek, 2012). 

ZrB2, as a reinforcing phase with a very high melting 

temperature of 3250°C, high strength and hardness, 

chemical stability, and suitable electrical conductivity, 

has been the focus of many researchers in fabricating 

metal matrix composites. Pure ZrB2 is brittle, and its 

combination with a soft metal could improve its 

mechanical and corrosion properties (Kumar and Kumar, 

2022). Combining this ceramic material with ductile 

materials could result in composites with high strength 

and toughness (Kumar et al., 2021). 

The severe plastic deformation (SPD) techniques 

cause changes in its mechanical and microstructural 

properties by applying a very high strain to the metal 

matrix composite (Brodova et al., 2021; Montazeri-Pour 

et al., 2014). The initial and final cross-section areas 

generally do not vary during straining in these processes 

(Montazeri-Pour et al., 2015a). Different methods of 

severe plastic deformation have been carried out. A few 

of its common types are equal channel angular pressing 

(ECAP) (Vishnu et al., 2020), high-pressure torsion 

(HPT) (Edalati and Horita, 2016), and accumulative roll 

bonding (ARB) (Ebrahimi and Wang, 2022), etc. (Faraji 

et al., 2018; Montazeri-Pour et al., 2015b). The ECAP 

process, as shown in Figure 1, is one of the most common 

methods of extreme plastic deformation, in which the 

sample is passed through an angular die, and the strain 

applied to the sample creates an ultrafine grain (UFG) 

microstructure. Improving mechanical properties results 

from creating a UFG microstructure using this intense 

plastic deformation (Montazeri-Pour et al., 2014). 

The aim of this study is to evaluate the properties of 

the aluminum−zirconium diboride metal matrix 

composites with UFG structure obtained by the 

mechanical alloying process, where different times of 

milling have been considered to determine the optimal 

time required to attain the desired mechanical and 

physical properties as well as the formation of a UFG 

structure. Then, the bulk samples were obtained using the 

warm ECAP method, and their mechanical properties and 

microstructure were examined by performing mechanical 

tests, optical microscopy and SEM observations. 

 

Figure 1. A schematic of the pressing method in ECAP die 

2. MATERIALS AND METHODS 
2.1. Initial Materials 

The starting materials applied in this study were 

aluminum powders (99 wt.% purity and mean particle 

size (D) <20µm) and ZrB2 (99 wt.% and D <5µm), which 

were purchased from the Chinese company of Jiaozuo 

Huasu Chemical Co.  

SEM micrographs related to pure Al powder and 

primary ZrB2 powder are given in Figure 2. 

 

 

Figure 2. SEM images for (a) pure aluminum powder and 

(b) pure zirconium diboride powder 

2.2. Production of Composite Powders 

Pure aluminum powder and a mixture of 5 wt.% ZrB2 

plus pure aluminum powders were milled at room 

temperature under an argon atmosphere for 1, 6, 12, 18, 
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and 24 hours using a planetary ball mill with a capacity 

of 200ml and a rotation speed of 360rpm. The container 

was made of hardened steel, and the balls used in this 

process were made of stainless steel. 

The total powder weight for this process was 20g, and 

the weight ratio of balls to powder was 1:15. Stearic acid 

(2 wt.%) was used as a process control agent (PCA) to 

prevent excessive cold welding of powder particles. The 

numbers, weights, and sizes of the balls are given in 

Table 1. 

TABLE 1. Specifications of the balls used in the mechanical 

alloying process for the synthesis of Al-ZrB2 MMC powder 

Diameter (mm) Weight (g) The number of balls 

5 0.65 30 

8 2.09 20 

10 4.02 15 

13 8.96 13 

20 32.52 2 

2.3. Compaction of Composite Powders 

Bulk samples were produced using the warm ECAP 

method in a die with an angle of Φ=90º. For this purpose, 

the desired powder was first placed in a copper sheath, as 

illustrated in Figure 3. The powder sheath in the copper 

tube was performed to reduce the friction of the sample 

with the mold and prevent the powder's dispersion during 

compaction. The average applied pressure was 20 

tons/cm2, the punch movement rate was 1.5 mm/s, and 

the working temperature was 250°C. The mold's inlet and 

outlet channels diameter was 12.70mm, and the lubricant 

used was MoS2 powder. 

 

Figure 3. The copper sheath used in the compaction of powder 

by the warm ECAP method 

2.4. Characterization of Produced Samples 

Scanning electron microscopy (SEM) and optical 

microscopy (with a polarized camera) were used to 

examine the microstructure. An X-ray diffraction (XRD) 

test is utilized to identify the phase. Williamson-Hall 

Equation was used according to the following formula to 

evaluate the size of crystallites and lattice strain: 

k
cos   4  sin

D


  = +    (1) 

where θ indicates the diffraction angle of the peak, β 

denotes the width of the peak at half of the maximum 

height, and λ presents the X-ray wavelength. 

The Archimedes equation was used according to the 

Equation 2 to measure the density of the samples (ASTM 

B311-22, 2022): 

 

 
air water

air water

W 0.0012
0.0012

0.99983 W W

 −
 = +

−
 (2) 

where Wair and Wwater represent the weight of the 

sample in air and in distilled water, respectively. 

The density ratio (ρair/ρwater) is set to 0.0012 (Gao et al., 

2021). 

The samples used for the shear punch test were cut 

from a longitudinal section with a dimension ratio of 

H/D=1.5 (Figure 4 (a)), and then they were polished with 

soft sandpaper. The shear punch test device used was 

Datek, and the surface of the device jaw was lubricated 

to prevent friction between the jaw and the sample. 

First, the samples were cut transversely from the 

middle part to perform the Vickers micro-hardness (HV) 

test on the samples (Figure 4 (b)), and the hardness was 

taken from different points using a Bohler micro-

hardness tester with a load of 25, 120, 200, and 400gf. 

Finally, sandpaper 600 was used to prepare the surface of 

the samples to check the hardness more closely. 

 

Figure 4. Cut samples prepared for use in (a) shear punch test 

and (b) Vickers micro-hardness (HV) test 

3. RESULTS AND DISCUSSION 
3.1. Powders Characteristics 

3.1.1. X-Ray Pattern of Powders 

XRD experiment was performed on samples at 

various times. The XRD of pure Al and Al-ZrB2 powders 

mechanically milled from 1 hour to 24 hours is given in 

Figures 5 and 6, respectively. 

As shown in Figure 5, the peaks related to (100), (200), 

(220), and (311) aluminum planes appeared at the 

diffraction angles of 38.463°, 44.723°, 65.073°, and 

78.183°, respectively. In Figure 6, the (0001) plane 

appeared at an angle of 36.573° for the resulting Al-

5wt.% ZrB2 MMC powder in addition to the mentioned 

planes. 
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Figure 5. XRD of pure Al powder samples milled for 1, 6, 12, 

18 and 24 hours 

 

Figure 6. XRD of composite powder samples of Al-ZrB2 

(5wt.%) milled for 1, 6, 12, 18 and 24 hours 

The possible reason for the peak appearance of the 

active (0001) plane of the hexagonal ZrB2 structure is due 

to the lower energy of these planes compared to the 

aluminum FCC structure. In addition, the emergence of 

this peak is also likely due to the high percentage of ZrB2 

with a hexagonal structure (5% by weight). The peak of 

the reinforcing material is not observable in lower 

amounts (less than 1% by weight) due to the smaller size 

of the particles and their low dispersion compared to the 

matrix powder (Yue et al., 2017). A noteworthy point in 

the X-ray diffraction analysis of the samples is the 

absence of the aluminum oxide (Al2O3) peak in the graph, 

which is consistent with previous studies (Zhang et al., 

2016). 

Crystallite size and lattice strain were measured, and 

an analysis was performed on the samples using the 

Williamson-Hall formula, Equation (1). According to 

Figure 6, increasing the milling time leads to eliminating 

or reducing the intensity of additional peaks. Figure 7 

shows the change in the position of the peaks relative to 

those of the initial samples during one up to 24h 

mechanical alloying. According to Figure 7, the peak 

angle has changed and is inclined to the left with the 

increase in the milling time due to the rise in the 

dissolution of the secondary phase. The diffusion of ZrB2 

into the aluminum lattice and its dissolution could be the 

reason for this issue. This phenomenon is consistent with 

the findings of other researchers (Patra et al., 2016; 

Suryanarayana, 1999). As shown, the intensity of the 

peak increased after 6 hours, and then the intensity of the 

peak decreased, but its width increased. 

 

Figure 7. The changes in the position of peaks by increasing 

milling time for a mixture of pure Al and 5wt.% ZrB2 powder 

The graph of crystallite size and lattice strain of the 

powder samples is illustrated in Figure 8. The size of the 

crystallites decreased with the increase of milling time, 

and the lattice strain (calculated by the Williamson-Hall 

relation) increased. The equilibrium point of the curve 

means the time as the increase rate of the lattice 

parameter is declined, which specifies the equilibrium 

time of the two samples. This increased rate may be 

considered when finding the optimal time.  

The change in the shape of powder particles during 

milling increases crystal defects such as point defects and 

dislocations. Defects increase the lattice strain and its 

internal energy and instability. The dislocations arrange 

themselves into a lower energy state, leading to low-

angle boundaries forming. In longer milling times, the 

misalignment angle between the sub-grains increases due 

to more plastic deformation and more dislocations, and 

their boundaries become high-angle boundaries. Thus, 

the sub-grains become sub-micron grains. In addition, the 

size of crystallites for Al-ZrB2 MMC powder is smaller 

than that of Al powder for each milling time, which could 

be due to the high hardness of ZrB2 particles, reducing 

crystallite size during milling and facilitating the 

formation of nano-crystalline particles. In general, the 

decrease in the size of the crystallites with the increase in 

the milling time may be attributed to the generation and 

propagation of dislocations due to severe plastic 

deformation. 
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(a) 

 

(b) 

Figure 8. Changes in (a) size of crystallites and (b) lattice 

strain for Al and Al-5wt.% ZrB2 MMC powders in terms of 

milling time at 1, 6, 12, 18 and 24 hours 

In addition, the lattice strains increased up to 24 hours 

for both powders. This issue may be caused by 

dislocations, impurities, and other lattice defects during 

milling. Milling for more than 18 hours does not 

significantly affect the strain level. In addition, the lattice 

strain for each milling time is higher for the metal matrix 

composite than pure Al due to the presence of ZrB2. The 

diffusion of ZrB2 in the Al lattice and its interaction with 

dislocations may have increased the density of 

dislocations and then enhanced the strain in the particles. 

3.1.2. The Microstructure of Powders 

SEM images related to pure aluminum and Al-5wt.% 

ZrB2 MMC powders resulting from the mechanical 

alloying process are shown in Figures 9 and 10, 

respectively. 

 

Figure 9. SEM images for samples of pure aluminum powder 

obtained from milling for (a) 1 hour, (b) 6 hours, (c) 12 hours, 

(d) 18 hours, and (e) 24 hours 

The particle size decreased with increasing milling 

time. However, a more homogeneous structure was 

obtained by increasing the time to 12 hours. The 

dominant phenomena in the process of mechanical 

alloying are cold welding between particles and their 

fractures. In the early stages of milling (up to 6 hours), 

cold welding is the dominant phenomenon due to the 

softness of the particles. As a result, particle size is 

expected to increase, and the average particle size at this 

stage is 16µm. The phenomenon of fracturing the 

particles leads to their refinement after this stage, and 

along with the hardening of the particles, this 

phenomenon reaches its maximum value at 18 hours 

(Figure 10 (c) and (d)), which could be due to the balance 

of the two mentioned phenomena. Meanwhile, fine 

particles have taken up most of the powder volume, but 

some coarse particles are still visible in the structure. The 

average size of the refined grains at this stage has reached 

823nm, and the coarse grains have reached 8µm. The 18 
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hours of mechanical alloying could be the optimum time 

to obtain a homogeneous microstructure. The 

determining mechanisms were in balance at this stage; 

however, after this stage, an average increase in the size 

of the particles was seen (Figure 10 (e)).  

 

Figure 10. SEM images of Al-ZrB2 MMC powders obtained 

from mechanical alloying of pure Al and 5wt.% ZrB2 mixture 

powders for (a) 1 hour, (b) 6 hours, (c) 12 hours, (d) 18 hours 

and (e) 24 hours 

The formation of spangle-shaped particles (Figure 

11) after 12 hours of pure aluminum powder milling is 

observed by SEM in the microstructure of the samples. 

The reason for this could be the asymmetric 

accumulation of hardened particles and the cold welding 

of aluminum particles. 

 

 

Figure 11. SEM images of milled aluminum powder 

representing the formation of spangle-shaped particles after 

12 hours of milling 

3.1.3. The Effect of Milling Time on Particle Size 
Figure 12 demonstrates the size of Al particles and 

Al-ZrB2 MMC powder obtained from mechanical 

alloying in terms of time. Increasing the time of 

mechanical alloying up to 12 hours has led to a 

significant reduction in the size of the particles. However, 

no significant reduction in the size of the particles has 

been achieved after this time. Increasing the mechanical 

alloying to more than 18 hours led to an increase in the 

particle size, indicating that 18 hours is the time to reach 

a stable state. The cold welding and particle fracture 

reach equilibrium (Maurice and Courtney, 1994). As 

shown, the slope of the variations between different 

milling times is higher for Al-ZrB2, indicating that the 

addition of 5% ZrB2 by weight has a significant effect on 

reducing the particle size by milling. 

 

Figure 12. The effect of milling time on the particle size of 

pure Al and Al-ZrB2 powders 

3.2. Characteristics of Samples Subjected to ECAP 
3.2.1. Physical Features of Bulk Samples 

The warm ECAP method was used at 250°C to 

manufacture bulk pure aluminum and composite samples 
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from powders obtained by the mechanical alloying 

process. The consolidation of the 1-hour milled powders 

could not be performed, and the sample was incapable of 

bulking. The relative density and porosity percentage of 

the resulting bulk samples are given in Figure 13. As the 

milling time increased further, the porosity percentage of 

the resulting samples decreased. Activating dynamic 

recovery by increasing the milling time eliminates the 

effect of work hardening and causes new particles to start 

the densification process. This issue leads to the 

placement of a larger volume of particles in the grain 

boundaries, and the relative porosity of the samples 

decreases after ECAP (Ashwath and Xavior, 2014). 

3.2.2. X-Ray Pattern of Bulk Samples 

XRD patterns of bulk pure Al samples created by 

applying the ECAP process on the powders milled at 

various times of 6 to 24 hours are represented in Figure 

14. As shown, increasing the initial milling time has a 

significant increase in the intensity of the peaks appeared 

in the bulk samples. The appearance of a new peak 

related to the (221) plane indicates the effect of the 

applied strain due to severe plastic deformation 

compared to the initial powder samples.  

The X-ray diffraction patterns of the bulk composite 

obtained from applying ECAP on Al-ZrB2 powder are 

shown in Figure 15. The intensity of the peaks has 

reached its maximum value for samples that have been 

mechanically alloyed for up to 12 hours, and then their 

intensity has decreased, but the width of the peaks has 

increased. After 18 hours, the trend of reducing the size 

of the crystallites stopped, and with additional milling, no 

noticeable changes could be seen in their size. The time 

of 12 hours of milling is considered the turning point and 

the time after which the rate of particle size reduction 

slows down and reaches a stable state. The increase in 

grain boundary energy, which results from very high 

applied strain, prevents the particles from fracture, and 

the grain boundaries act as places for the accumulation of 

dislocations. Dynamic recovery has occurred here, 

resulting in a decrease in particle energy, and as a result, 

particle refinement has been stopped (Montazeri-Pour et 

al., 2014). 

The diffraction lines of ZrB2 disappear due to the 

decrease in the size of ZrB2 particles to the sub-micron 

size with the increase of mechanical alloying time. This 

issue is associated with the apparent change of the Al 

peak towards lower angles. Milling for more than 18 

hours leads to the broadening of Al peaks and a decrease 

in their intensity, which indicates a reduction in the size 

of the crystallites and the accumulation of heterogeneous 

strain in the material (Zhang et al., 2016).  

As mentioned, the appearance of new peaks in the 

samples consolidated by the ECAP method compared to 

the original powder samples (Figures 5 and 6) is 

definitely due to the high strain applied by the severe 

plastic deformation process, leading to the activation of 

new slip planes. 

 

 

 

Figure 13. The density and the porosity of the bulk samples made by applying ECAP on the powders milled at 6, 12, 18, and 24 

hours 

 



29 H. Jafari et al. / Advanced Ceramics Progress: Vol. 10, No. 1, (Winter 2024) 22-33  
 

 

 

 

 

Figure 14. XRD diagrams of bulk pure aluminum samples 

fabricated by the applying ECAP process on powders 

resulting from milling for six up to 24 hours 

 Figure 15. XRD of bulk Al-ZrB2 samples produced by 

applying ECAP on powders resulting from mechanical 

alloying for six up to 24 hours 

 

Figure 16 shows the changes in crystallite size and 

lattice strain for the bulk samples obtained by applying 

the ECAP process to pure Al and Al-ZrB2 powders milled 

at varying times.  

 

(a) 

 

(b) 

Figure 16. Column charts of (a) crystallite size and (b) lattice 

strain for the bulk pure Al and Al-ZrB2 samples obtained from 

powders milled at various times of 6 hours up to 24 hours 

As shown in Figure 16, the size of the crystallites of 

Al-5wt.% ZrB2 MMC is finer than that of Al. In addition, 

the Al-ZrB2 MMC sample obtained a higher lattice strain 

than the pure aluminum sample, and 12 hours of milling 

could be chosen as the turning point of the crystallite size 

reduction curve. The rate of crystallite size reduction 

decreased after 12 hours and remained almost constant 

after 18 hours. Hence, 18 hours could be selected as the 

optimum time for milling. 

 

3.2.3. Microstructure of Bulk Samples  

The microstructure obtained by optical microscopy 

for the Al and Al-ZrB2 samples consolidated by ECAP is 

given in Figures 17 and 18, respectively. Visible holes in 

the obtained microstructure (Figure 17) result from 

burning impurities and electro-etching of the surface of 

the samples. All microstructures have fine precipitates in 

the matrix, which are finely dispersed throughout the 

grain boundaries in the structure of Al, and thus, 

homogeneity of composites increases (Asadipanah and 

Rajabi, 2015; Mohanavel et al., 2020). Herein, ZrB2 

particles appeared as spherical, angular, sub-angular, and 

scaly forms and distributed without forming 

agglomerates into the Al matrix (Alem et al., 2020b). 

Micrographs of an Al sample consolidated by the ECAP 

method with random morphology are shown in Figure 17 

(a) up to (d). Al phase precipitates within and outside of 

grains make up the Al matrix, indicated with a white 

color (Alem et al., 2020a). A homogeneous dispersion of 

ZrB2 particles significantly inhibits the development and 

expansion of large grains, as shown in Figure 18 (a) up 

to (d). Smaller particles have a stronger fixing impact on 

boundaries than larger particles. Dendritic structures 

indicate that ZrB2 particulates are evenly distributed and 

the porosity is low, which motivates the development of 

a structure with more ZrB2 in the Al matrix. Figure 18(d) 

shows that the dendrites are greatly enlarged. 
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Figure 17. The optical microscopy images for the ECAP 

processed samples of pure Al produced by using powders 

milled for (a) 6 hours, (b) 12 hours, (c) 18 hours, and (d) 24 

hours 

 

Figure 18. The optical microscopy images obtained for bulk 

samples of Al-ZrB2 produced by using powders resulting 

from mechanical alloying for (a) 6 hours, (b) 12 hours, (c) 

18 hours, and (d) 24 hours 

The submicron structure obtained for the composite 

material is much more homogeneous than pure Al. The 

presence of hard ceramic particles and the accumulation 

of dislocations in the sub-grain and grain boundaries are 

the main motives for the UFG formation after the ECAP 

process. The obtained SEM images for bulk samples of 

Al-ZrB2 milled at 6, 12, 18, and 24 hours are given in 

Figure 19. As can be seen, most grains contained small 

amounts of the secondary phase. Few grains contain 

cellular microstructures from the secondary phase, and 

their formation may have resulted from the secondary 

phase's sedimentation and agglomeration in the dendritic 

structure. 

The difference in grain size from the surface to the 

center was due to the dynamic recovery phenomenon 

activated at this stage. As shown in Figure 19 (b), 

increasing the milling time by up to 12 hours has led to 

the diffusion of ZrB2 particles in the grain boundaries. As 

shown in Figure 19 (d), increasing the mechanical 

alloying time up to 24 hours has led to larger grain sizes 

due to dynamic recovery as the dominant mechanism at 

this stage. The particles might not have had time to 

dissolve, so they diffused more at the grain boundaries. 

The increase in milling time and the crushing of 

aluminum particles decrease the amount of ZrB2 in the 

grain boundaries, which is the reason for the dominance 

of the solid dissolution process in the more extended 

times of mechanical alloying. In addition, increasing the 

milling time leads to an increase in temperature, which 

increases the possibility of oxidation of aluminum. 

Finally, the defects created during the mechanical 

alloying time of 24 hours can be observed in Figure 19 

(d). 

 

Figure 19. SEM images for ECAP processed bulk samples of 

Al-ZrB2 produced by using powders resulting from 

mechanical alloying for (a) 6 hours, (b) 12 hours, (c)18 hours, 

and (d) 24 hours 

As shown, the desired homogeneous microstructure 

corresponds to the milling time of 18 hours (Figure 19 

(c)), indicating that the grains have completely refined at 

this stage. Therefore, the desired microstructure and, 

consequently, the desired mechanical properties are 

expected to be related to this case of mechanical alloying. 

3.2.4. Micro-hardness of Bulk Samples  

The effect of mechanical alloying time on the 

hardness properties of the bulk samples was evaluated 

using a micro-hardness tester. The results can be 
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observed in Figure 20, showing that the resulting micro-

hardness increases at a high rate with the rise of 

mechanical alloying time up to 12 hours, but after this 

time, its rate is reduced until 24 hours when the trend of 

its increasing rate reaches its lowest level. Two active 

mechanisms could explain the increase in hardness of 

pure Al samples and Al-ZrB2 MMC samples. One reason 

is the change in grain size and, consequently, the rise in 

grain boundaries, which in turn increases the hardness. 

The other mechanism is the increase in the density of 

dislocations due to the plastic deformation of particles 

during mechanical alloying and ECAP processes, which 

is known as the work hardening phenomenon. Aside 

from the two active mechanisms for both pure Al and Al-

ZrB2 MMC, there is also increased microhardness 

gradients for the Al-ZrB2 MMC sample due to the high 

hardness of ZrB2 particles and the hardening resulting 

from the dissolution of the secondary solid phase, 

compared to pure Al.   

The dynamic recovery mechanism in the samples is 

expected to affect the trend of the grain size decrement 

during a further increase in milling time. Consequently, 

the rate of hardness increase would be reduced. Hence, 

the upward trend of increasing hardness continues until 

24 hours of milling, but its increasing rate decreases after 

12 hours of milling. 

 

Figure 20. Micro-hardness (HV) changes for bulk pure Al and 

Al-ZrB2 samples produced using powders milled for 6-24 

hours 

3.2.5. The Shear Punch Test of Bulk Samples 
As summarized in column chart of Figure 21, the 

results of the shear punch test for ECAP-processed bulk 

Al-ZrB2 samples indicate that the samples that have been 

mechanically alloyed for up to 24 hours have the highest 

strength due to having the minimum crystallite size.  

 

 
Figure 21. The shear punch test results of bulk samples produced by applying ECAP on pure aluminum and Al-ZrB2 powders 

milled at different times 
 

Conducting ECAP to compact samples causes the 

strength of the samples to be increased by a higher rate 

up to 12 hours of milling, and their strength changes 

slightly after that, up to 24 hours. The highest ductility is 

related to ECAP-processed samples produced using 6 

hours of milling of pure Al and Al-ZrB2 MMC powders, 

and the lowest ductility is related to bulk samples 

prepared using 24 hours of mechanical milling of both 

samples. This subject might be caused by the application 

of very high strain by the warm ECAP process (Iwahashi 

et al., 1996; Montazeri-Pour et al., 2014) and the work 

hardening phenomenon due to the deformation of 



32 H. Jafari et al. / Advanced Ceramics Progress: Vol. 10, No. 1, (Winter 2024) 22-33  
 

 

powders during the milling procedure (Suryanarayana et 

al., 2001). 

In general, the absorption of dislocations by grain 

boundaries and the balance between work-hardening 

caused by severe plastic deformation and dynamic 

recovery have led to a decrease in the rate of grain size 

reduction (Montazeri-Pour and Parsa, 2016; Montazeri-

Pour et al., 2014). Based on the calculated grain size, the 

rate of grain size reduction with increasing milling time 

was higher for Al-ZrB2 MMC. The increase in the density 

of dislocations and their presence in the grain boundaries 

and the precipitation hardening resulting from Al-ZrB2 

MMC at higher times could lead to equilibrium or 

dynamic recovery. This issue is consistent with the lower 

grain size and the higher rate of grain size reduction of 

Al-ZrB2 MMC compared to pure Al. The finer size of the 

crystallites and the increase of the lattice strain imply the 

grain size reduction with the increase of the milling time. 

The dominance of dynamic recovery over the hardening 

caused by the decrease in grain size can lead to the 

reduction of grain fracture rate. A dynamic 

recrystallization process and a relative increase in grain 

size are possible after 24 hours of milling. The border 

between the particles is the energy-rich area and the best 

area for the agglomeration of particles and the 

accumulation of impurities. The decrease in the density 

of holes in the boundary between grains shows that the 

energy of grain boundaries might be decreased during 24 

hours of milling. In other words, a decrease in grain 

boundaries can have been happening, which confirms 

dynamic recovery at times longer than 18 hours of 

mechanical alloying (Alem et al., 2020b; Yadav Kaku et 

al., 2018). 

4. CONCLUSIONS 
Applying the warm ECAP process at 250°C on the 

Al-ZrB2 composite powder obtained by milling for up to 

24 hours improved the mechanical and physical 

properties of the obtained samples. The achieved 

microstructure became more homogeneous with the 

increase of the milling time. In addition, producing 

samples using the ECAP method significantly affected 

the homogeneity of the microstructure and the refinement 

of the grains. The milling time of 12 hours is introduced 

as the turning point of the mechanical alloying time. 

After that, the mechanical properties increased slowly, 

the grain size reduction rate decreased, and consequently, 

the microstructure homogenization rate decreased. 

Performing severe plastic deformation by the ECAP 

method on powder samples, turning them into bulk 

samples with this method, and increasing the mechanical 

alloying time improved the mechanical properties of Al-

5wt% ZrB2 MMC samples. However, its rate decreased 

after 12 hours of mechanical alloying, and finally, it 

reached a stable state after 18 hours, and no significant 

changes were observed in mechanical properties up to 24 

hours. The results of the shear punch test of Al-5 wt.% 

ZrB2 MMC samples indicated that the samples that have 

been mechanically alloyed for up to 24 hours had the 

highest strength. Therefore, the production of Al-ZrB2 

MMC by powder metallurgy method found a favorable 

result through the ECAP process for the consolidation of 

powders milled for 24 hours. 
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 TiO₂ nanoparticles codoped with Ag/Zn (AZT) were prepared using a simple sol-gel method. The effect of 

calcination temperature on the structural, optical, and photocatalytic properties of nanoparticles 

synthesized at temperatures of 400, 500, and 600 °C was investigated.  The synthesized nanoparticles were 
analyzed using various methods, including thermal analysis (TG-DTA), X-ray diffraction (XRD), 

spectrophotometry (UV-Vis), electron microscopy (FESEM & TEM), and surface chemical analysis 

(XPS). To evaluate the photocatalytic activity of the samples, the degradation of an organic solution of 
methylene blue (MB) was performed. The results indicated that the calcination temperature significantly 

affects the microstructure, optical properties, and photocatalytic activity of the samples. The crystal size of 

AZT nanoparticles was approximately 4.15, 8.13, and 13.6 nm, respectively, with increasing calcination 
temperature. The optimal condition for the photocatalytic degradation of the methylene blue solution was 

observed at a calcination temperature of 500 °C, with a degradation percentage of 57.9% under visible light 

irradiation. Additionally, the bandgap energy of AZT particles decreased from 3.06 eV to 2.25 eV as the 
calcination temperature increased. 
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1. INTRODUCTION 
Photocatalytic degradation of toxic organic 

compounds has received significant attention over the 

past several years. Due to its strong oxidizing power, 

cost-effectiveness, and long-term stability against photo 

and chemical corrosion, TiO2 is widely used in water 

purification technology (Savio at al., 2016, 

Kunnamareddy at al., 2021). Today, the photocatalytic 

degradation of organic compounds is a focus of interest 

across various industries. Titanium dioxide is one of the 

most effective semiconductors in this field. One notable 

feature is its ability to achieve complete organic 

mineralization under normal conditions, such as ambient 

temperature and pressure, making it suitable for treating 

wastewater containing organic pollutants. When charge 

carriers are available on the semiconductor surface, the 

holes can produce OH◦ radicals, which are highly reactive 

due to the oxidation of OH− or H2O. Conversely, 

electrons can catch molecular oxygen to form a 

superoxide radical anion O2
◦−, which are also highly 

reactive (Savio at al., 2016). 

TiO2 exhibits remarkable stability in aqueous 

environments and is resilient in both acidic and alkaline 

solutions. It is inexpensive, recyclable, reusable, and 

relatively simple to produce (Vasiljevic at al., 2020, 

Mohammad at al., 2019). However, due to the large band 
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gap energy of TiO2, it primarily absorbs UV light, which 

constitutes only 3-5% of sunlight and is necessary for 

photocatalytic activity. Therefore, a photocatalyst 

activated by visible light that can utilize a larger portion 

of the solar spectrum is crucial for effective 

environmental remediation. Several competing effects 

limit the efficiency of the catalyst (Bellotti at al., 2023). 

Titanium dioxide (TiO2) naturally exists in three different 

crystalline polymorphs: TiO2 (A: Anatase), TiO2 (R: 

Rutile), and TiO2 (B: Brookite). These polymorphs differ 

in surface properties, crystal structure, and electronic 

structure. Anatase tends to transform into rutile at 

temperatures exceeding 450 °C (Mikrut at al., 2020). 

Rahmawati et. al. (Rahmawati at al., 2023) concluded 

that adding silver dopants to the titania structure 

promotes phase transformation from anatase to rutile and 

prevents particle growth. Rathi et. al. (Rathi at al., 2023) 

obtained similar results to Rahmati in their experiments. 

Kaleji et. al. (Kaleji at al., 2015) investigated the effect 

of calcination temperature ranging from 350 to 650 °C 

and concluded that photocatalytic activity increases with 

rising calcination temperature due to improved phase 

crystallization (Anatase and Rutile) and a reduction in 

band gap energy. Lal et. al. (Lal at al., 2021) explored the 

impact of calcination temperature from 300 to 800 °C on 

crystalline phases using the sol-gel method. They 

observed that with increasing calcination temperature, 

the intensity of anatase peaks decreased while the 

intensity of rutile peaks increased. 

Much research has been done on modifying the 

physicochemical properties of TiO2 to shift its absorption 

threshold to the visible region and separate the 

photoinduced charges (Rahimi at al., 2023). This can be 

achieved by coupling it to organic or inorganic dyes 

(Wang at al., 2016), or by modifying its surface with 

other semiconductors, doping it with cations, anions, or 

metals (Anpo at al., 2004), particularly with transition 

elements such as Ag (Choi at al., 1994), Au (Usha at al., 

2016), among others. 

Therefore, to obtain the desired photocatalyst, titania 

must be activated in the visible light range. Research 

indicates that the addition of impurities to the titania 

structure significantly affects its properties. The aim of 

this study is to investigate the effect of calcination 

temperature on the optical, structural, and photocatalytic 

properties of titania nanoparticles doped with silver and 

zinc. 

2. MATERIALS AND METHODS  
2.1. Raw Materials 

Tetrabutyl orthotitanate (TBT = Ti(OC4H9)4, purity: 

99%), Ethanol (EtOH=C2H5OH, purity: 99%), Nitric 

acid (HNO3, purity: 65%), Zinc nitrate (Zn(NO3)2, purity: 

99%), and Silver nitrate (AgNO3, purity: 99%) were used 

in this study. To measure the photocatalytic activity of 

the samples, methylene blue was used as the color 

pollutant. All raw materials used in this research were 

purchased from Merck company with high purity (>98- 

99%). 

2.2. Experimental Procedure  
Titania sol was prepared as illustrated in Figure 1. 

First, 28.8 mL (approximately 0.5 mol) of ethanol was 

poured into a 100 mL beaker. Then, 3.42 mL (0.01 mol) 

of the alkoxide precursor (TBT: Tetra n-butyl 

orthotitanate) was slowly added to the ethanol and stirred 

for 60 minutes. Next, 0.47 mL (0.0105 mol) of nitric acid 

(HNO3) was added to the solution. After stirring for 30 

minutes, 1.8 mL (0.1 mol) of distilled water was 

introduced. Following the addition of water, stirring 

continued for 1-2 hours, and to complete the hydrolysis 

process, the TiO2 yellow sol was kept at room 

temperature (25  °C) for 24 hours. Subsequently, the 

samples were transferred to an oven and dried at 100 °C 

for 10 hours. The addition of ingredients at each step was 

carried out slowly and continuously. The samples were 

calcined at temperatures of 400, 500, and 600 °C in an 

electric furnace. Following this, two solutions of silver 

and zinc were added with appropriate content (1 mmol = 

0.17 g AgNO3 and 1.5 mmol = 0.3 g Zn(NO3)2) to the 

TiO2 sol. The prepared solution was stirred on a 

magnetic stirrer for 1 hour and then dried to form a gel. 

Finally, the dried gel was placed in the furnace and 

calcined at different temperatures (400, 500, and 600 °C) 

to synthesize the desired nanoparticles.  

 
Figure 1. Schematic diagram of preparation of TiO2 

nanoparticles by sol–gel method. 

2.3. Nanoparticle Characterization Methods 
To check the phase transformation of the jelly sample 

obtained from titania sol, it was subjected to air 

atmosphere using TG-DTA analysis with a heating rate 

of 10  °C/min.  The crystal structure and degree of 

crystallization of the samples  were recorded using the 

MPD-XPERT model XRD machine with a wavelength 

of 𝜆 = 1.54 Å in the angle range of 2θ = 20-80˚, available 

at Malayer University. 

To determine the specific surface area of the 

synthesized nanoparticles, a BET device (model Belsorp 

mini II, Japan) was used. The BET system measures the 

volume of nitrogen gas absorbed and desorbed by the 
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material surface at a constant temperature of liquid 

nitrogen (77 K).  To investigate the optical properties and 

calculate the band gap energy of the synthesized samples 

of titania and titania nanoparticles in the presence of Zn 

and Ag dopants, a UV-Vis device (model 2000, 

manufactured by Spekol, Germany) was utilized, also 

available at Malayer University. X-ray Photoelectron 

Spectroscopy (XPS) was recorded by a PHI 5000C 

spectrometer using MgKα radiation (hυ = 1253.6 eV). 

The reference peak for calibrating the device was C1s at 

284.6 eV. 

Field Emission Scanning Electron Microscope (FE-

SEM), MIRA3-TESCAN (10-15 kV) model, and 

Transmission Electron Microscopy (TEM: Philips 

EM208, 100 kV) were used to examine the morphology.  

2.4 Photocatalytic Activity  
In this research, the photocatalytic test involved the 

degradation of methylene blue solution with a 

concentration of 10 ppm in the presence of synthesized 

nanoparticles. To determine the amount of absorption, 

0.1 g of the synthesized powder was added to the 

methylene blue solution, and the light absorption was 

measured at different time intervals under visible light 

radiation at a wavelength of 664 nm (the maximum 

absorption for methylene blue) using a 

spectrophotometric device. The irradiation time for the 

synthesized samples was set at 1 hour, with intervals of 

15, 30, 45, and 60 minutes.  Using Equation (1), the 

degradation percentage of pollutant was calculated based 

on the absorption peaks (Zou at al., 2017). 

η(%) = (1- At/A0) × 100                      (1) 

In this relation, A0 represents the initial absorption 

without radiation in the dark environment (t = 10 min at 

dark place), and At the absorption of methylene blue 

solution after irradiation in different time intervals. 

Spectrophotometer data was used to obtain the At value.   

To measure the band gap energy of the synthesized 

samples in this research, first, 0.01 g of the synthesized 

powder was ultrasonicated with 8 ml of EtOH and 2 ml 

of HNO3 for 1-2 hours and then, all samples were 

irradiated. Visible light UV-VIS spectroscopic analysis 

was also performed.  

The optical band gap energy (Eg) of the samples was 

calculated using the relationships and previous research 

(Ahmadi at al., 2021), as summarized in the following 

formula: 

Eg (eV) = 1240/ λedge                         (2) 

where λedge represents the absorption limit of the 

semiconductor  obtained from the UV-Vis 

spectrophotometric results.

3. RESULTS AND DISCUSSION 
3.1. TG-DTA analysis 

In Figure 2, the differential thermal analysis curve of 

pure titania gel is presented.  

An endothermic peak is observed in the temperature 

range of 0 to 135 °C, which is associated with the release 

of ethanol solvent, water, and volatile substances in the 

raw materials (8.66 wt%). An exothermic peak occurs in 

the temperature range of 375 to 425 °C, corresponding to 

the maximum crystallization temperature of the anatase 

phase at 395 °C. Another exothermic peak appears in the 

temperature range of 520 to 580 °C, related to the 

transformation of the anatase phase to rutile (500 °C) 

(Choi at al., 1994). The second stage of weight loss, 

which occurs at temperatures above 135 °C and accounts 

for about 10%, is associated with the removal of 

structural water and the phase transformation of titanium 

hydroxide to titanium dioxide. The weight change curve 

at temperatures above 600 °C remains almost constant, 

indicating the complete removal of water and other 

organic compounds, with a total weight loss of 15.88%. 

Based on the results of thermal analysis, the temperature 

range of 400 to 600 °C has been selected for the 

calcination process of the samples. 

 
Figure 2. TG-DTA curve titania precursor gel. 

3.2. XRD Analysis 
The phase analysis of pure  )T) and doped samples 

(AT, ZT, AZT) calcined at 400 °C is given in Figure 3a.  

All peaks at this temperature across all samples are 

attributed to the anatase phase with reference code 21-

1272, observed at the angles  (2θ) of 25.45, 37.5, 47.7, 

54.26, 55.62, and 62.97, respectively. These angles align 
with the Miller indices (101), (112), (200), (105), (211), 

and (204), respectively . In the doped samples, the partial 

shift of the (101) plane to lower angles (Figure 3b) is 

observed, attributed to the larger ionic radius of the 

dopant elements (Ag+-Zn2+) compared to the matrix 

phase (Ti4+).   This peak shift was greater in the codoped 

sample (AZT400), as shown in Figure 3b. 
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Figure 3a shows no trace of the oxide peaks from 

Ag₂O and ZnO metal cations, nor from Zn²⁺ and Ag⁺ 

cations in any of the samples. This absence indicates the 

successful replacement of metal cations within the titania 

lattice. The addition of dopants increases the distance 

between plates (d(hkl)), broadens the peak widths (β), 

and decreases their intensity, all of which provide 

evidence for the presence of dopants in the titania lattice, 

suggesting finer grains.  The crystallite sizes of the T, AT, 

ZT, and AZT samples calcined at 400 °C are 9.15, 8.87, 

7.72, and 4.15 nm, respectively. Furthermore, the 

addition of transition metals to the structure of titania 

nanoparticles inhibits the phase transformation from 

anatase to rutile (Lal at al., 2021).  

 

 

 

Figure 3. a) XRD patterns of pure sample (T400) and codoped 

TiO2 mesoporous nanoparticles (AT, ZT, AZT) calcined at 

400 °C for 1 h, b) shift (101) peak with details. 

The XRD results of the doped sample at different 

temperatures (400, 500 and 600 °C) are reported in 

Figure 4. As the calcination temperature increases, the 

intensity of the peaks in all samples also increases, 

indicating a rise in the crystallinity of the structures. 

Conversely, with increasing temperature, there is a 

higher percentage of the rutile phase compared to the 

anatase phase. The percentage of phases and the 

crystallite sizes of the samples are reported in Table 1.  

 
Figure 4. XRD samples of Ag/Zn codoped TiO2 (AZT) 

mesoporous nanoparticles calcined at different Temperatures. 

TABLE 1. Physical properties of doped samples synthesized at 

different temperatures. 

Samples 
Crystallite size 

(nm) 

A 

(%) 

R 

(%) 

BET 

(m2/g) 

AZT400 4.15 100 - 133.8 

AZT500 8.13 86 14 49.5 

AZT600 13.6 7 93 6.4 

According to Table 1, the crystallite size of AZT400 

is equal to 4.15 nm. At a temperature of 400 °C, we 

observed 10% of the anatase phase; as the temperature 

increased, the percentage of the rutile phase also 

increased. At 500 °C, there is 86% anatase and 14% 

rutile, calculated using the following formula (Eq. 3). At 

600 °C, the percentage of the rutile phase has increased 

to 93%. The crystallite sizes of the samples at 500 °C and 

600 °C are 8.13 nm and 13.6 nm, respectively. The 

percentage of the rutile phase in the sample is calculated 

using the following equation (Choi at al., 1994) 

XR = (1+0.8IA/IR)-1                          (3) 

where, XR represents the weight percentage of rutile 

phase while IA and IR denote the peak intensity at 

diffraction angles of 25.4 corresponding to the (101) 

plane of the anatase phase and 27.3 corresponding to the 

(110) plane of the rutile phase. 

3.3. Optical Analysis 
The results of UV-Vis spectrophotometric analysis of 

AZT samples calcined at different temperatures (400, 

500, 600 °C) are shown in Figure 5. The highest amount 

(57.9%) of photocatalytic degradation corresponds to the 

sample synthesized at 500 °C. According to the phase 

analysis of the AZT calcined at 500 °C, we can see that 

it consists of two phases, anatase and rutile, with a higher 

percentage of the anatase phase compared to the rutile 

phase (Table 1). According to some research, a 
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combination that includes both anatase and rutile phases, 

with a higher percentage of the anatase phase relative to 

the rutile phase, demonstrates better photocatalytic 

activity (Usha at al., 2016).  

   

Figure 5. UV-Vis analysis of MB solution in the presence of 

AZT at different temperatures during 1h under visible light 

irradiation. 

In fact, the main factor contributing to the separation 

of electrons and holes is the presence of the rutile phase 

in the structure alongside the anatase phase (Zou at al., 

2017). Excited electrons in the rutile phase move to the 

conduction band of the anatase phase, creating a hole in 

the valence band of the rutile phase, thereby reducing 

electron-hole recombination (Ahmadi at al., 2021). 

Generally, the mixture of the two phases, anatase and 

rutile, facilitates the transfer of electrons from the anatase 

phase to the rutile phase (which has a lower energy level). 

This transfer reduces the rate of recombination in the 

catalysts of the two-phase mixture and improves 

electron-hole separation, leading to increased 

photocatalytic activity. Additionally, the sample calcined 

at 600 °C exhibits the highest degradation after the 

sample calcined at 500 °C, which can be attributed to the 

greater crystallization of the structure. 

The proposed mechanism in this research for the 

photocatalytic process is as follows: TiO2 is an optically 

active semiconductor. When it is exposed to light with an 

energy equal to or greater than its band gap energy (Eg), 

electrons are excited from the Valence Band (VB) to the 

Conduction Band (CB), thus creating positive holes (h+) 

at the valence level.   TiO2 nanoparticles doped with Ag 

can indirectly change the charge transfer process on the 

surface and act as an effective electron acceptor.   

Reduction in the electron-hole pair recombination can 

lead to photocatalytic activity. Ag fermi level is lower 

than TiO2 conduction band, and electrons can easily 

transfer from TiO2 conduction band to Ag. Therefore, it 

is possible to form a Schottky barrier in the contact area 

of Ag and TiO2. Like Ag, Zn cation has a lower fermi 

level than TiO2, thus enabling it to trap the excited 

electrons. As a result, the presence of a small amount of 

metal in contact with the photocatalyst can trap the 

generated electrons (e-) and holes (h+) and prevent their 

recombination.  Given that Ag and Zn fermi level is lower 

than TiO2, electrons can be easily transferred from TiO2 

to Ag and Zn. In this case, it is not possible to recombine 

these electrons with holes created on the surface of TiO2. 

Consequently, more holes areformed on the surface and 

participate in oxidation reactions - OH and H2O to 

hydroxyl radicals. Hydroxyl radicals have a high 

oxidation potential to destroy the pollutants and turn 

them into CO2 and H2O. 

The BET-BJH analysis of the nanoparticles was also 

conducted. All the calcined samples (AZT400, AZT500, 

AZT600) exhibit a mesoporous structure, which is most 

pronounced in the AZT500 sample (Figure 6). The BET 

surface areas (m²/g) of the nanoparticles at calcination 

temperatures of 400, 500, and 600 °C are approximately 

133, 49, and 6 m²/g, respectively. The results of this 

analysis for the AZT samples at three temperatures 400, 

500, and 600 °C are reported in Table 1. The hysteresis 

loop for this sample is classified as type IV according to 

the IUPAC standard (Gorgani at al., 2020, Dinkar at al., 

2016), and the absorption-desorption curve indicates that 

this sample possesses a mesoporous structure. The 

average pore diameter in the AZT500 sample is 8.3 nm 

(Fig- 6b). 

 

 
Figure 6. N2 physisorption isotherms (BET) of AZT500 

mesoporous nanoparticles calcined at 500 °C. a) BET, b) BJH. 
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The results of the band gap energy (Eg) of the sample, 

along with the valence band energy (EVB) and 

conduction band energy (EcB) of pure and codoped TiO2 

samples at temperatures of 400, 500, and 600 °C, are 

reported in Table 2. Typically, the absorption spectrum 

of the AZT500 sample, shown in Figure 7, is reported to 

calculate the band gap energy using Formula 2. 

Using the optical band gap energy (Eg) results of the 

samples and the equations below (Eq. 4 and 5), the 

valence band energy and conduction band energy of the 

samples were calculated and reported in Table 2. 

EVB =X -Ee -0.5×Eg                                     (4) 

ECB =EVB – Eg                                             (5) 

where EVB is the valance band edge potential, X the 

electronegativity of the semiconductor which is the 

geometric mean of the electronegativity of the 

constituent atoms (X of TiO2 is 5.81 eV), Ee the free 

electron energy in the hydrogen scale (4.5 eV) (Gupta at 

al. 2012, Khan at al., 2017), and Eg the optical band gap. 

 

Figure 7. UV-Vis spectra of AZT500. 

TABLE 2. Optical properties of synthesized samples at 

different temperatures 

VB (eV)              CB (eV)  Sample                   Eg (eV)  
 2.92                          - 0.3 
 2.75                        - 0.13 

2.73                      - 0.105 
2.84                      - 0.217 
2.69                     - 0.062 
2.44                     - 0.109 

3.22 

2.88 

2.83 

3.06 

2.75 

2.25 

T400 
T500 
T600 
AZT400 
AZT500 
AZT600 

3.4. XPS Analysis of AZT-500 sample 
The chemical states of the elements in T500 and 

AZT500 samples were analyzed based on the XPS 

analysis, the results of which are given in Figure 8. Figure 

8a is the broad spectrum of pure titania sample (T500). 

As shown in Figure 8a, the presence of Ti and O elements 

indicates the presence of pure titania in the composition. 

Additionally, a wide scan of the doped sample (AZT500) 

is shown in Figure 8b. The presence of Ag and Zn cations 

indicates the doping of these cations in the titania 

structure. For further investigation, higher resolution 

spectra of the samples were obtained. The high-

resolution Ti 2p spectrum of the AZT500 sample is 

shown in Fig.8c. Two peaks are observed around the 

binding energies of 458.3 eV and 464.3 eV, which 

correspond to Ti 2p3/2 and Ti 2p1/2, respectively. The 

binding energy difference between these two peaks is 

about 6 eV, confirming the presence of the Ti element in 

the form of Ti4+ (Dinkar at al., 2016). Figure 8d displays 

the high-resolution Ag 3d spectrum of the AZT500 

sample. The two peaks identified at binding energies of 

372.1 eV and 378.8 eV are related to Ag 3d5/2 and Ag 

3d3/2. There is an energy difference of 6.7 eV between 

the binding energies of the Ag peaks, indicating that Ag 

is in the Ag0 state on the TiO2 lattice (Khan at al., 2017). 

Figure 8e Figure 8e shows two peaks related to the 

presence of Zn cations at binding energies of 1021.9 eV 

and 1045.7 eV, corresponding to Zn 2p3/2 and Zn 2p1/2. 

The difference in binding energy between these two 

peaks is 23.8 eV, indicating the presence of Zn2+ ions in 

the sample (Choi at al., 1994). The XPS spectrum of the 

O1s level (Figure 8f) is indicative of a chemical state for 

oxygen. The lattice oxygen in the crystal (OL) of TiO2 is 

approximately 530.5 eV. The O 1s spectrum can be split 

into two types of oxygen species: (I) the binding energy 

at 530.5 eV, which is associated with the lattice oxygen 

(OL); and (II) the 531.4 eV peak, which is assigned to the 

hydroxyl groups (OH) (Ana at al. 2023, Ghotbi at al., 

2020, Kingsley at al., 2021). 

3.5. Morphological Analysis 
FESEM analyses have been used to investigate the 

morphology of pure and doped titania nanoparticles. 

From the optimal photocatalytic conditions (AZT500), 

FESEM images and elemental analysis (EDS) have been 

obtained, as shown in Figures 9. As depicted in the 

images (Figure 9a), the nanoparticles are largely 

agglomerated, with a particle size range of 25-50 nm for 

the pure sample (T500, Figure 9a) and 15-30 nm for the 

doped sample (T500, Figure 9a) and 15-30 nm for the 

doped sample (AZT500, Figure 9b). The elemental 

analysis (EDS) of the samples confirmed the presence of 

titanium and oxygen elements in the pure sample (Figure 

9c) as well as the presence of titanium, oxygen, zinc, and 

silver elements in the doped sample (AZT500, Figure 

9d). 

To accurately check the size of the particles, the 

analysis of transmission electron microscope images was 

carried out. TEM images of the sample calcined at 500 

°C with the best photocatalytic conditions are shown in 

Figure 10. The particle size distribution is in the range of 

10-20 nm (Figure 10a). The interplanar spacing was 

estimated using HRTEM images (Figure 10b), obtaining 

values of 0.351 nm and 0.335 for the anatase and rutile 

phase. 
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Figure 8. XPS spectra (a) wide scan of pure TiO2 nanoparticles (T500), (b) codoped TiO2 nanoparticles (AZT500) calcined at 500 °C, 

(c) Ti2p region (d), Ag 3d region, (e) Zn 2p region and (f) O 1s region. 
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Figure 9. FESEM-EDS images of undoped TiO2 (a, c) and codoped (AZT) sample (b, d) calcined at 500 °C. 

  

Figure 10. The TEM (a) and HRTEM (b) images of an AZT500 nanoparticles. 

Briefly, one of the parameters affecting the 

photocatalytic activity of the samples is the surface area 

of the particles, which, in turn, depends on their 

morphology (spherical, needle-shaped, rod-shaped, 

amorphous, etc.). Considering that nanoparticles with 

dimensions less than 25 nm were obtained during the 

synthesis process, it is expected that these particles will 

exhibit better photocatalytic properties. Based on the 

results from Figure 9 and Figure 10, the synthesized 

particles have an almost spherical shape. According to 

the BET results (Table 1), they are suitable for 

photocatalytic activity due to their high specific surface 

area. To study the effects of morphology and other 

parameters such as specific surface area  on 

photocatalytic activity, both the as-grown and air-

annealed nanostructures were tested for methylene blue 

(MB) degradation under Visible light.   Of note, the 

morphology of a sample affects the optical properties. 

The significance of morphology control depends not only 

on modifications of the band gap (Table 2) but also on 

the efficiency of the photocatalytic process. The 

crystallinity, porosity, and morphology of a sample are 

closely related to the synthesis methodology, which is 
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why it is necessary to find a method that allows for the 

control of these properties. 

4. CONCLUSION  
In this research, TiO2 nanoparticles codoped with Ag 

and Zn were prepared using the sol-gel method. The 

results are as follows:   

- By incorporating Ag and Zn cations into the of 

titania nanoparticles, the crystalline particle size is 

reduced, and the phase transformation from anatase 

to rutile is prevented. In other words, the doping of 

these two cations in the titania lattice acts as a 

stabilizer for the anatase phase. 

- Increasing the calcination temperature of the AZT 

samples led to a decrease in specific surface area, 

which reached 133.8 m²/g at 400 °C and 49.5 m²/g 

at 500 °C. This increase in temperature also caused 

the particle size to grow from 4.15 nm to 8.13 nm. 

- The best photocatalytic properties were observed in 

the AZT sample calcined at 500 °C, where its 

degradation percentage was 57.9%. 

- An increase in calcination temperature from 400 °C 

to 600 °C resulted in a decrease in band gap energy 

from 3.06 eV to 2.25 eV. 

- The results from FESEM analysis showed that the 

particle size of the synthesized sample at the 

optimal photocatalytic degradation temperature 

(500 °C) was smaller than that of the undoped TiO2 

sample. The particle size range for the undoped 

TiO2 (T500) sample was approximately 25–50 nm, 

while the range for the AZT500 sample was about 

15–30 nm. 
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 The current research focuses on the synthesis and characterization of sodium potassium niobate (KNN), a 

lead-free piezoelectric compound. The objective is to replace lead-based compounds like PZT using 

KNN-LST, which is sodium potassium niobate piezoceramic powder doped with lithium, antimony, and 
tantalum. To this end, solid-state method was employed to sinter the samples at 1110 °C with varying 

percentages of NiO sinter aid (0%, 0.75%, 1.5%, and 2.25%). X-ray diffraction analysis confirmed the 

formation of pure KNN-LST perovskite phase at 1110 °C with a composition containing 1.5% NiO. 
Scanning electron microscope images also demonstrated that cubic particles inherent in KNN were 

observed in samples with no NiO addition as well as those containing 0.75% and 1.5% NiO; however, 

these particles were transformed into cylindrical grains when incorporating 2.25% NiO. With an increase 
in the sintering percentage from zero NiO content to higher amounts, sample density also increases from 

approximately 85% up to its peak at around 94%, followed by a slight decrease by about 91%. Similarly, 

the dielectric coefficient increased from approximately850 without any contribution from NiO sinter 
addition up to1500 upon addition of 1.5%NiO sinter but then, it decreased again by approximately 1200 

followed by addition of 2.25% NiO sinter. Conversely, dielectric loss initially reduced from roughly 

0.14% during no NiO sinter addition by merely 0.04% during 1. 

Keywords: 
Piezoelectric, 
KNN, 
Solid-state, 
Microstructure 

 

  https://doi.org/10.30501/acp.2023.414402.1130   

 

1. INTRODUCTION 
The most important piezoelectric ceramic (lead 

titanate zirconate) has great applications in transducers, 

sensors and actuators because of its remarkable 

ferroelectric properties and high electromechanical 

nature (Chermahini et al., 2020) (Schmid, 2008)  

(Chermahini et al., 2018). Investigation of the lead-free 

piezoelectric materials gains significance particularly 

because of the undeniable damages of Pb to the 

environment (Surowiak et al., 2001) (Shieh et al., 

2007) (Sushkov et al., 2008) (Yamamoto, 1996) 

(Cross, 1987).  In addition, a great deal of attention has 

been paid to the sodium-potassium niobate (KNN) as 

the most important candidate for lead free material. It 

is an atomic mixture of NaNbO3 (NN) and KNbO3 

(KN) ceramics (Yamamoto, 1996) (Cross, 1987) 

(Shafiee et al., 2019). The special torsion of octahedral 

voids in the NN ceramics makes its crystal structure 

more complicated than KN symmetry (Liu & Ren, 

2009) (Halliday, 2005) (Kumar & Pattanaik, 2013) 

(Marandian Hagh et al., 2007) mainly due to the 

unfitting size of Na cations for corners of perovskite 

structure (Cross, 1987). Therefore, from the energy 

point of view, the structure of KN is more stable than 

the NN symmetry (Li et al., 2013) (Ye, 2008) (Nan et 

al., 2008) (Eerenstein et al., 2006). It is expected that 

the structure of KNN be similar to KN due to its high 

stability (Pullar, 2012). Up to 220 °C, the KNN 

https://doi.org/10.30501/acp.2023.414402.1130
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piezoceramics show a duplicated unit cell with 

orthorhombic system (Shafiee et al., 2019). This 

orthorhombic structure of KNN (at room temperature) 

transforms into tetragonal symmetry at 220 °C. This 

effective phenomenon is known as Polymorphic Phase 

Transition (PPT) (Merz, 1956). It is established that the 

great electromechanical nature of the KNN system is a 

function of PPT behavior as well as Morphotropic 

Phase Boundary (MPB) (Bibes & Barthélémy, 2008) 

(Franke et al., 1994). The latter occurs when two types 

of piezoelectric symmetries are simultaneously present 

in the individual composition (Halliday, 2005). In the 

KNN case, the PPT phenomenon occurs at about 220 

°C, and the MPB is detected in the K0.5Na0.5Nb2O5 

composition (Franke et al., 1994). In order to decrease 

the PPT temperature in the application area, use of 

some additives such as lithium, tantalum, and antimony 

are frequently recommended (Schmid, 2008) 

(Chermahini et al., 2018) (Surowiak et al., 2001) 

(Shieh et al., 2007) (Sushkov et al., 2008) (Yamamoto, 

1996) (Cross, 1987) . In addition, some sintering aids 

such as NiO, MnO2, and Y2O3 that are frequently used 

in KNN based piezoceramic to improve the 

densification of bulk ceramics (Chermahini et al., 

2018) (Surowiak et al., 2001) (Shieh et al., 2007) 

(Sushkov et al., 2008) (Yamamoto, 1996) (Cross, 

1987) . This study aims to address the synthesis 

challenges throughout the production process of 

ceramic powders based on sodium-potassium niobates 

to achieve high-quality tablets with the desired 

electrical properties. Key considerations include 

precise initial mixing techniques and preventing 

evaporation of volatile elements such as sodium, 

potassium, and lithium. The traditional ceramic 

methods were employed in the present study to prepare 

lead-free piezoceramic powders to subsequently 

investigate their dielectric and piezoelectric 

characteristics. 

2. MATERIALS AND METHODS 
High-purity primary powders including Na2Co3, 

Ta2O5, Sb2O3, Nb2O5, K2Co3, and Li2Co3 were 

purchased from Aldrich company and then, they were 

utilized to synthesize piezoceramic powder using 

sodium-potassium niobate doped with antimony (Sb), 

lithium (Li), and tantalum (Ta) through the ceramic 

method. To mitigate moisture absorption by sodium 

and potassium carbonate powders during synthesis, a 

pre-drying step was conducted at 110 °C for one day. 

The solid-state approach was employed for the 

synthesis process at 900 oc for 2 h. The synthesis 

materials were combined with 0 to 2.25 % wt. Ni0. 

Then, the resulting powder was mixed with a weight 

ratio of 3% PVA solution. Tablets of approximately13 

mm in diameter and 0.7 mm in thickness were prepared 

under the pressure of 300 MPa using uniaxial press. 

The tablets were sintered at 1120 oC for 2 h. The 

relative density of the sintered samples was determined 

based on Archimedes' method. Subsequently, X-ray 

diffraction analysis was carried out using Philips 

device within two-theta range between 20° and 80°. 

CuKα X-ray wavelength production was verified with 

the step size of 0.02o and scan rate of 0.5 step/s. 

Scanning Electron Microscope (SEM, PHILIPS XL30) 

was employed for microstructural characterization, 

investigating the particle morphology and porosity in 

the KNN-LST piezoceramic. Dielectric properties were 

measured using an LCR meter (CHY 41R) at the 

frequency of 10 KHz. 

3. RESULTS AND DISCUSSION 
Figure 1 illustrates the X-Ray Diffraction (XRD) 

pattern of the synthesized piezoceramic based on 

sodium potassium niobate doped with lithium (Li), 

antimony (Sb), and tantalum (Ta) at the synthesis 

temperature of 1110 °C. 

 

Figure 1. The XRD pattern of sintered samples at 1110 oC 

with various NiO content (x) 

The analysis was conducted using Xpert software, 

enabling phase and structure investigations on the 

synthesized powder. The observed peaks correspond to 

both the main peaks of sodium potassium niobate and 

additional peaks attributed to the impurity phases , i.e., 

Tetragonal Tungesten Boronze (TTB), formed during 

the synthesis process of KNN-LST piezoceramics. In 

Figure 1, the circles represent the main peaks while the 

squares show the impurity peak symbols. The desired 

structure for piezoelectric sodium potassium niobate 

ceramic doped with Li, Sb, and Ta is a perovskite 

structure without central symmetry. However, the 

presence of an impurity phase in sodium potassium 

niobate-based piezoelectrics has a detrimental effect 

that causes a sharp decline in electrical properties 

(Schmid, 2008). In case the concentration of impurities 

exceeds an optimal value specific to electroceramic 

applications, it can even render the electrical properties 
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ineffective (Chermahini et al., 2020). The identified 

impurity phase known as tungsten-bronze exhibits a 

chemical formula K3LiNb6O17 (Sushkov et al., 2008). 

Its formation results from the incomplete reaction 

between raw materials during the synthesis process. 

This tungsten-bronze impurity phase forms at lower 

temperatures and remains stable up to 850°C; 

therefore, its removal from the system becomes 

essential to enhance the electrical properties in 

piezoceramic samples. Overall, these results highlight 

not only successful synthesis of sodium-potassium 

niobate-based piezoceramics but they emphasize the 

necessity of careful control over impurities to achieve 

desirable electrical characteristics essential for 

effective utilization in various electroceramic 

applications. 

The SEM images provided in Figure 2 verify the 

presence of piezoelectric phase formation across 

different percentages of sintering agent.  

 

  

  

Figure 2. The SEM migrograph of sintered samples at 1110 

oC for various NiO content (x) 

The captured images taken by a scanning electron 

microscope (FESEM) on the fractured surfaces of these 

samples illustrate the size and shape of piezoceramic 

particles in sodium potassium niobate doped with 

lithium, antimony, and tantalum at various sintering 

agent percentages ranging from 0% to 2.25%. Figure 2 

clearly shows the cubic morphology characteristics of 

KNN-LST piezoceramics in samples containing 0% 

and 0.75% sintering aids, indicating successful 

formation of the desired phase. Comparisons made 

between these observed morphologies and previous 

studies are noteworthy (Surowiak et al., 2001). In 

samples with 1.5% sinter addition, apart from grains 

exhibiting cubic morphology, the presence of a molten 

phase is visibly evident as well. As observed in the 

SEM micrographs, from 0 to 1.5% sintering aids, the 

whole porosity of ceramics decreases. It can be 

expected that in the mentioned range, the sample 

density decreases. This observation aligns with the 

typical characteristics seen in piezoceramic samples 

where increasing percentage of sinter aid results in 

larger grain growth for greater structural uniformity 

ultimately leading to higher density. As depicted by 

their considerable distribution within each sample 

composition, all piezoceramic compositions exhibit 

cubic particle morphology when varying amounts of 

sinter assistance are employed. Moreover, the absence 

of defects along boundaries indicates that agglomerates 

have been successfully broken down during pressing, 

resulting in the presence of KNN-LST cubic particles 

within the powder structure. The sample containing 

2.25% displays a change in seed morphology 

accompanied by specific outward growth tendencies. 

Figure 3 illustrates the relationship between 

composition and relative density in various percentages 

of NiO sinter contribution, ranging from 0% to 2.25%. 

 

Figure 3. The relative density of sintered samples at 1110 oC 

for various NiO content (x)  

In the piezoceramic sample of sodium potassium 

niobate doped with lithium, antimony, and tantalum, 

the relative density increased gradually from 85% at 

0%. NiO sintering aid to a peak value of 94% at 1.5% 

NiO sintering aid before declining to 2.25%. These 

findings indicate that the relative density of this 

particular piezoceramic is highly sensitive to the 

percentage of sintering aid used. Notably, a relative 

density above 90%, achieved at the content of 1.5%, 

signifies excellent quality for sodium potassium 

niobate-based piezoceramics. This increase can be 

attributed to the formation of an intermediate phase 

(Madab phase) between grains during sintering, which 

promotes proper grain-to-grain bonding and enhances 

piezoelectric properties. 

 

  

(a)  (b) 

(c) (d) 

2µm 2µm 
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Figure 4. The dielectric constant of sintered samples at 1110 oC 

as afunction of NiO content (x) 
Figure 5. The dielectric loss of sintered samples at 1110 oC as 

afunction of NiO content (x) 
 

Further increment in the sintering aid content from 1.5 

to 2.25 % causes a decrease in the relative density 

probably due to the abnormal grain growth during 

sintering caused by higher amount of sintering aids 

content (Surowiak et al., 2001) (Sushkov et al., 2008) 

(Sushkov et al., 2008) (Sushkov et al., 2008) (Shafiee 

et al., 2019). Figure 4 shows variations in dielectric 

constant (Ɛr) across different percentages of NiO sinter 

contribution in sodium potassium niobate samples 

doped with lithium, antimony, and tantalum. 

4. CONCLUSION(S) 
The synthesis of KNN-LST compound with a 

perovskite structure was successfully achieved using 

the solid-state method and calcination process, and the 

findings are summarized in the following. The solid-

state method proved effective in eliminating the 

impurity peaks caused by incomplete raw material 

reactions, leading to improved piezoelectric and 

dielectric properties in the samples. Upon employing 

the solid-state method along with ball milling, the 

particle size was reduced by 2 micrometers, thus 

enhancing the overall quality of the synthesized KNN-

LST compound. The dielectric constant of the 

produced KNN-LST composition initially increased 

and then decreased as the percentage of sintering aid 

contribution was raised, implying that there was an 

optimal percentage for achieving maximum dielectric 

constant. Similarly, as the sintering aid contribution 

percentage increased, the dielectric loss of the 

produced KNN-LST compound first decreased and 

then increased, highlighting an optimal range for 

minimizing dielectric loss again. Based on our 

findings, it can be concluded that an ideal sintering aid 

contribution percentage to achieve the desired 

properties is 1.5% for KNN-LST combination. 

Sintering aids at the concentration of 1.5% NiO 

resulted in complete formation of KNN-LST 

composition during the sintering process. Overall, 

these results provide valuable insights into optimizing 

synthesis methods and identifying critical factors 

influencing key properties such as piezoelectricity and 

dielectrics within KNN-LST compounds. 
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