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This study explores the impact of binder types—polyvinyl alcohol (PVA) and 

silicone rubber (SR)—on the physical, magnetic, and mechanical properties of 

barium hexaferrite (BaFe12O19), synthesized via mechanical alloying and 

sintered at 1100°C. SEM-EDX confirmed the formation of BaFe12O19 with an 

average particle size of around 0.7 µm. VSM results showed a saturation 

magnetization (Ms) of 71.17 emu/g, remanent magnetization (Mr) of 47.8 emu/g, 

and coercivity (Hc) of 0.33 T. The addition of PVA reduced density (3.13–3.07 

g/cm³), increased porosity (17.72%–18.47%), and decreased magnetization 

(0.93–0.80 mT). In contrast, SR enhanced densification, leading to higher 

density (3.65–3.57 g/cm³), lower porosity (6.95%–7.51%), and significantly 

higher hardness (232.9–438.92 HV). SR also improved mechanical strength, 

while PVA proved more effective in reducing shrinkage and improving 

magnetization. These results underscore the significant role of binder type and 

concentration in optimizing the properties of sintered barium hexaferrite, with 

SR excelling in mechanical strength and PVA in magnetization. 
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1. INTRODUCTION  

Global demand for permanent magnets has significantly increased in recent years due to the 

growing number of applications derived from permanent magnets (Ghorbani et al., 2025; Hirosawa et 

al., 2017; Islam et al., 2024). The application of permanent magnets is most found in the industrial 

sector, as well as in electronics, automotive, and even household industries. Due to the increasing 

number of applications and roles of permanent magnets, the demand for their properties and 

performance is also rising. There is a growing need for science and innovation in the development of 

magnetic materials to meet the broader demands of users. One of the recent applications of innovation 

is the use of electric motors and renewable energy. Thus, magnets also support the utilisation of materials 

to promote environmental friendliness.  

Barium hexaferrite (BaFe₁₂O₁₉) is one type of permanent magnet that has advantages such as 

good magnetic properties, resistance to demagnetisation, and good thermal resistance, making barium 

hexaferrite often used for various applications and continuously developed (Darmawan et al., 2025; 

Martínez-Hernando et al., 2023). Therefore, the continuous innovation of barium hexaferrite is crucial 

to expand the applications of permanent magnets (Hassan et al., 2024; Koutzarova et al., 2013; Rusianto 

et al., 2015; Thongsamrit et al., 2022). The increasing demand for innovative materials in technology 
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highlights the important role that barium hexaferrite will play in shaping the future of various electronic 

and energy-related industries. 

Although barium hexaferrite has several advantages, it still faces some challenges that need to 

be addressed to further improve its performance. One of the aspects to consider is its production 

technique. The most influential processing technique is how sintered materials often have low density, 

which is caused by high porosity during the sintering and compaction stages (An et al., 2014; Vinnik et 

al., 2017). Using additives that aid the sintering process and adjusting the temperature and sintering time 

can significantly improve the density and magnetic properties of the material, which can help address 

this issue. This manufacturing technique can also contribute to an improved microstructure of barium 

hexaferrite, which is closely linked to its physical properties. Porosity, for instance, influences the 

mechanical strength and magnetic behaviour of the final product. However, uneven microstructures 

often develop during the fabrication process, resulting in variations in coercivity, remanence, and other 

magnetic properties (Breitwieser et al., 2017; Cui et al., 2022). To address these challenges, optimizing 

synthesis and post-synthesis treatment parameters is essential.  

Careful control of heat treatment and cooling rates can promote the development of a more 

homogeneous microstructure, ultimately enhancing the magnetic performance and stability of barium 

hexaferrite. Moreover, insufficient packing and poor particle adhesion commonly lead to reduced 

strength of green magnetic pellets during the forming stage. To improve particle cohesion and 

printability prior to sintering, binders are often incorporated during this process. However, limited 

research has explored how different types of binders influence the mechanical, magnetic, and physical 

properties of sintered barium hexaferrite. Therefore, a deeper understanding of binder behaviour during 

manufacturing is critical for advancing techniques aimed at producing high-quality permanent magnets 

(Wagner et al., 2023). This knowledge is crucial to optimising the production of barium hexaferrite and 

enhancing its performance for various applications. Further studies will focus on the methodical analysis 

of various types of binders and how they relate to the magnetic characteristics of the final product. 

The selection of binders during the forming stage is a critical factor in the production of ceramic 

and magnetic materials such as barium hexaferrite, as it significantly influences the quality of the green 

body and the resulting microstructure after sintering (Ghorbani et al., 2025; Sipahutar & Muljadi, 2021). 

Among the various binders, polyvinyl alcohol (PVA) is the most commonly used due to its affordability, 

water solubility, and clean-burning characteristics during thermal treatment. PVA not only improves the 

mechanical cohesion and structural integrity of the green body but also leaves minimal residue after 

sintering. In addition to PVA, alternative binders such as silicone rubber (SR) offer several advantages, 

including high flexibility, chemical inertness, and excellent thermal stability. Despite these benefits, SR 

is not widely applied in the processing of ferrite magnets (Owens et al., 2016). The type of binder used 

can significantly influence pore evolution, matrix flexibility, and chemical interactions during high-

temperature sintering, ultimately affecting the mechanical and magnetic properties of the final product.  

While extensive research has been conducted on traditional organic binders such as PVA and 

PEG, comparative studies involving silicone-based adhesives remain limited—particularly for strong 

magnetic ceramics like barium hexaferrite. A direct comparison between organic (e.g., PVA) and 

inorganic (e.g., silicone rubber) binders is essential for understanding their roles in tailoring the 

microstructure and enhancing the functional properties of sintered ferrite materials (Idayanti et al., 2017; 

Idayanti & Manaf, 2018). PVA is well known for its flexibility, water solubility, and film-forming 

ability, all of which contribute to improved mechanical properties in composites (Banerjee et al., 2019; 

Ridwan et al., 2011). Meanwhile, silicone rubber exhibits outstanding thermal stability, elasticity, and 

chemical resistance, which can extend the performance and lifespan of barium hexaferrite-based 

technologies, as reported in previous studies (Hassan et al., 2024; Idayanti & Manaf, 2018; Thongsamrit 

et al., 2022). 

The primary objective of this research is to investigate how variations in binder type—

specifically PVA and silicone rubber—affect the physical, magnetic, and mechanical properties of 

sintered barium hexaferrite. Key parameters examined include density, porosity, surface morphology, 

remanence, coercivity, saturation magnetization, and material hardness. This study also aims to establish 

a clear relationship between binder type, microstructural evolution, and the overall performance of the 
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material following high-temperature sintering. The findings are expected to provide novel insights into 

the role of binders in optimizing magnetic ceramics, as well as valuable experimental references for the 

development of high-performance sintered magnets. Finally, this research contributes to the 

advancement of scalable and data-informed binder processing strategies for industrial applications. 

2. METHOD 

Barium hexaferrite powder was synthesized using the mechanical alloying method by mixing 

BaCO3 and Fe2O3 in a molar ratio of 1:6. The mixture is then placed into an mechanical milling jar along 

with steel balls and undergoes a milling process for 12 hours. After the milling process, the resulting 

powder is sieved using a 300-mesh sieve. At this stage, characterization is performed using scanning 

electron microscopy (SEM) to examine the surface morphology and ensure the formation of a hexagonal 

barium hexaferrite structure. Additionally, Vibrating Sample Magnetometry (VSM) is used to measure 

magnetic properties such as remanent magnetization (Mr), coercivity (Hc), and saturation magnetization 

(Ms) to ensure these values are close to the results of previous studies. This characterization ensures that 

the BaFe12O19 phase has formed before mixing with the binder. After checking the structure and 

magnetic properties, 4 grams of the sifted powder were mixed with PVA binder or SR at two different 

amounts, 5% and 10% by weight, to see how changing the binder concentration affects the material 

properties. This homogeneous mixture was then shaped and compacted using a hydraulic press with a 

pressure of 3000 psi to form magnetic pellets.  

The formed pellets are then sintered at a temperature of 1100 °C for 1 hour to obtain the optimal 

crystalline phase of BaFe12O19. The sintered samples were subsequently reanalyzed using SEM for 

surface morphology and microstructure evaluation. The measurement of strong magnetic fields was 

conducted using a Gauss meter. Additionally, density and porosity are determined according to ASTM 

C20 standards, while shrinkage is calculated by comparing the mass before and after sintering. The 

mechanical strength was tested using a Universal Vickers Hardness Tester according to ASTM E384. 

Each treatment variation in this experimental is conducted with a minimum of three repetitions for each 

sample to obtain a representative average value. The measurement results are presented along with the 

standard deviation as indicators of data variation and consistency. This detailed analysis helps us 

understand how changes in the binder affect the physical, magnetic, and mechanical properties of 

sintered barium hexaferrite.  

3. RESULTS AND DISCUSSION 

3.1 Microstructure Analysis  

Figure 1 presents Scanning Electron Microscope (SEM) images captured at magnifications of 

10,000x and 25,000x, clearly revealing the characteristic hexagonal morphology of barium hexaferrite. 

This distinctive hexagonal structure is a definitive indicator that the synthesized material is indeed 

BaFe12O19 (Kanagesan et al., 2015). The SEM analysis shows an average particle size of approximately 

0.7 µm, demonstrating that the milling process effectively produced particles that are both small and 

relatively uniform. While there is some variability in particle size, with certain particles being larger or 

smaller than the average, the overall distribution remains homogeneous (Madavali et al., 2021). 

Moreover, the images reveal particle aggregation, where individual particles adhere and cluster together. 

Such agglomeration can significantly influence material properties, including sintering density and 

magnetic behaviour. The sintering process, conducted at 1100 °C, contributes to reducing porosity and 

enhancing the material’s density, as evidenced by the well-integrated particles seen in the SEM images. 

However, this high-temperature treatment may also promote particle agglomeration, which is visually 

apparent (Mahmood & Bsoul, 2012). 

The Energy Dispersive X-ray Spectroscopy (EDX) analysis, supported by the compositional 

data, confirms the presence of the key elemental constituents of barium hexaferrite: barium (Ba), iron 

(Fe), and oxygen (O). The composition is dominated by iron and barium, consistent with the expected 

stoichiometry of BaFe12O19, while oxygen plays an essential role in maintaining the crystal lattice 
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(Madavali et al., 2021; Mahmood & Bsoul, 2012). The measured oxygen content is slightly lower than 

the theoretical value, which can be attributed to limitations in EDX detection accuracy for light elements 

and potential oxygen loss during the high-temperature sintering process. Overall, the elemental 

composition closely aligns with the ideal formula for barium hexaferrite, providing strong evidence that 

the synthesis and sintering procedures were successful in producing a phase-pure material with the 

desired structural and compositional characteristics. 
 

      
 

    
 

Figure 1. SEM micrograph and EDX barium hexaferrite powder sinter at 1100°C. 

 

3.2 Magnet Properties of VSM Barium Hexaferrite 

Figure 2 shows the magnetic hysteresis curve of barium hexaferrite synthesized via mechanical 

alloying and sintered at 1100 °C, measured using Vibrating Sample Magnetometry (VSM). The 

magnetization curve reveals a Ms of 71.17 emu/g, a Mr of 47.8 emu/g, and a Hc of 0.33 T. These values 

closely match those reported in previous studies on BaFe12O19, such as Gutfleisch et al. (2011), who 

observed Ms values around 70–75 emu/g and Hc between 0.3 and 0.4 T, and by P. Singh et al. (2014), 

who reported similar magnetic characteristics. This consistency suggests that a well-formed hexagonal 

magneto plumbite phase was achieved, with minimal secondary phases or microstructural defects that 

could compromise magnetic performance. The high remanence and coercivity indicate strong magnetic 

stability, making this material highly suitable for permanent magnet applications. These findings also 

confirm that the processing conditions used—particularly the sintering temperature of 1100 °C—are 

effective in producing high-quality magnetic ceramics. Having established these intrinsic magnetic 

properties, the next step in this study is to investigate how variations in binder type and concentration, 
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specifically PVA and SR, affect the physical, magnetic, and mechanical properties of the sintered barium 

hexaferrite. Understanding the role of the binder is essential for optimizing both the microstructure and 

the final magnetic performance. 

 

Figure 2.  The VSM graph of barium hexaferrite sintering at 1100°C.  

 

 
Figure 3.  Magnetic field strength (in millitesla, mT) of barium hexaferrite samples before and after sintering, 

measured using a gaussmeter. 

 

Figure 3 shows big differences in the magnetic field strengths measured with gaussmeters between 

samples of PVA and SR binder at different concentrations. It recorded non-adhesive barium hexaferrite 

magnetization at 0.13 mT before the sintering process. The magnetization increased significantly after 

sintering, reaching 1.02 mT. After adding 5% PVA adhesive to hexaferrite barium, the first 

magnetization increased to 0.93 mT after sintering. For barium hexaferrite with SR 5%, the first 

magnetization was also 0.10 mT, but it increased only to 0.80 mT after sintering. Adding PVA to a 

binder concentration of 10% produced a first magnetization of 0.06 mT, which increased to 0.73 mT 

after sintering. By contrast, the addition of SR produced an initial magnetization of 0.09 mT, which 
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increased to 0.64 mT after sintering. These findings indicate that, at both 5% and 10% concentrations, 

PVA binders tend to result in a greater enhancement of magnetization compared to SR.  

The sintering process promotes the growth of larger and better-defined crystals. This increase in 

crystallinity reduces grain boundaries and structural imperfections, thereby improving magnetic 

properties by minimizing domain wall pinning. Sintering also facilitates better magnetic domain 

alignment (El Shater et al., 2018; Manglam et al., 2021;  Wang et al., 2010a; Zou et al., 2023). However, 

the greatest increase in magnetization was observed in the pure barium hexaferrite sample without any 

binder. This is likely because the absence of binder eliminates the possibility of residual binder 

decomposition products remaining in the structure after sintering. Residuals from binder burnout can 

introduce impurities or porosity, which may hinder magnetic domain alignment and reduce magnetic 

performance (Liu et al., 2013). Therefore, the pure sample can achieve a more complete enhancement 

of its magnetic properties due to cleaner microstructural development and fewer non-magnetic 

inclusions. This result suggests that the presence of either PVA or SR binders may slightly inhibit the 

full enhancement of magnetic properties after sintering.  

 

3.3 Physical Properties  

Table 1 shows the density and porosity measurements of barium hexaferrite samples prepared with 

different binders PVA and SR—at varying concentrations. As a baseline, the pure barium hexaferrite 

sample without any binder has an average density of 4.3 g/cm³ and a porosity of about 13.1%. This 

reflects a relatively dense material after sintering, though some pores remain. When 5% PVA binder 

was added, the density dropped noticeably to 3.13 g/cm³, while porosity increased to 18.47%. This 

decrease in density is likely due to the organic binder evaporating during sintering, which leaves behind 

voids and tiny pores in the ceramic matrix. At 10% PVA, a similar pattern appeared: density slightly 

decreased further to 3.07 g/cm³, and porosity remained high at 17.72%. Although there was a small drop 

in porosity compared to the 5% sample, it still suggests that adding PVA does not significantly reduce 

porosity overall. This finding is supported by the study conducted by Yanık et al., (2023), which reported 

that PVA, due to its higher decomposition temperature, promotes pore formation within the material, 

leading to increased porosity. The evaporation of PVA during heat treatment generates more voids and 

a less dense structure, thereby enhancing porosity (Wang et al., 2010b; Wang et al., 2023a).  

 
Table 1. Sample density and porosity of barium hexaferrite at different binders (PVA and SR). 

Sample Density (g/cm3) Porosity (%) 

BaFe12O19 (Control) 4.3 ± 0,1 13,1 ± 0,1 

BaFe12O19 + PVA 5% 3,13 ± 0,02 18,47 ± 2,19 

BaFe12O19 + Silicon Rubber 5% 3,65 ± 0,01 6,95 ± 0,68 

BaFe12O19 + PVA 10% 3,07 ± 0,03 17,72 ± 0,32 

BaFe12O19 + Silicon Rubber 10% 3,57 ± 0,02 7,51 ± 0,43 

 

In contrast, samples using silicone rubber showed higher densities—3.65 g/cm³ at 5% 

concentration and 3.57 g/cm³ at 10%—along with much lower porosities around 7%. This points to a 

denser, more compact microstructure. The reason lies in the chemical nature of SR; as a cross-linked 

polymer, it forms a strong and flexible 3D network that helps maintain the green body's density during 

sintering (Filippova et al., 2023; Liu et al., 2019). Significant differences in porosity, such as 7% versus 

18%, have a noticeable effect on both the mechanical and magnetic properties of barium hexaferrite. 

Higher porosity weakens the material’s mechanical strength by increasing the gaps between particles, 

which also hinders magnetization due to less efficient magnetic domain alignment (Soto-Bernal et al., 

2015). On the other hand, SR offers greater elasticity, allowing it to better adapt to thermal stresses, 

which leads to more even densification. SR samples show a denser microstructure, which is ideal for 

high-density applications (Kojima et al., 2010; Makhdoom et al., 2021). SR binds barium hexaferrite 

ceramics better than PVA, making them compact and porous (Chen et al., 2019; Song et al., 2022; Soto-

Bernal et al., 2015) . In short, SR is more effective than PVA in increasing density and reducing porosity, 

resulting in improved particle contact, which enhances mechanical properties like hardness and strength. 



Sipahutar et al.: Influence of Binder Type on the Physical, Magnetic, and Mechanical Properties of Sintered …    

ISSN: 1979-4657 (Print); ISSN: 2614-7386 (Online)  141 

This enhanced densification makes SR-bound barium hexaferrite more suitable for advanced structural 

and functional applications.  

 

    

Figure 4. Macrostructure of barium hexaferrite magnet samples prepared with (a) PVA and (b) SR binders. 

 

Figure 4 shows the differences in the surface characteristics of samples using PVA and SR 

binders. This surface characteristics can be attributed to the chemical properties and bonding efficiency 

of the binders. The surface of the sample using the PVA binder showed a higher smoothness compared 

to the surface of a sample that used the SR binder. Microscopic observations reveal that the PVA binder 

surface appears flatter and more devoid of significant defects (Reddy et al., 2023). Conversely, the 

sample surface with the SR binder tends to have clearly visible cracks. The thermal tension during the 

sintering process or the SR binder's less efficient bonding are most likely the cause of this crack. The 

less effective bonding may be due to the SR binder's less capable chemical properties, which do not 

optimally unite the material's particles during heating.  

 

3.4 Physical Properties (Shrinkage) 

Table 2 shows a comparative analysis revealing significant performance variations of barium 

hexaferrite between the use of PVA and SR adhesives at concentrations of 5% and 10%. At a 

concentration of 5%, samples with PVA binder exhibited diameter, thickness, and mass shrinkage of 

1.5%, 0.6%, and 7%, respectively. Meanwhile, the sample with the same concentration of SR glue shows 

a diameter, thickness, and mass shrinkage of 5.4, 3.7, and 7.7%. This suggests that SR glues result in a 

larger reduction in both diameter and density when compared to PVA adhesives, even though the mass 

shrinkage is relatively similar. At a concentration of 10%, samples with PVA showed higher shrinkage 

compared to silicon rubber.  

 
Table 2. Physical properties (shrinkage diameter, thickness, and mass). 

Barium hexaferrite +  

variation of binders 
Diameter Shrinkage (%) Thickness Shrinkage (%) Mass Shrinkage (%) 

PVA 5% 1,5 ± 0,9 0,6 ± 0,1 7 ± 0,9 

Silicon Rubber 5% 5,4 ± 0,6 3,7 ± 0,7 7,7 ± 0,9 

PVA 10% 2,1 ± 0,3 5,1 ± 4,1 12,2 ± 0,7 

Silicon Rubber 10% 5,5 ± 1,4 4,3 ± 0,7 10,4 ± 0,2 

 

Overall, the research results show that PVA adhesives tend to cause greater shrinkage in 

diameter and thickness compared to SR adhesives, while PVA glues show greater mass shrinkage at a 

concentration of 10%. Due to the evaporation of absorbed water in its polymer structure, PVA, a water-

absorbing hydrophilic polymer, tends to experience significant contraction in applications involving 
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high temperatures. This makes the material structure of barium hexaferrite less dimensionally stable 

(Agayev et al., 2022; Ali et al., 2021; Li et al., 2021). In contrast, SR binders exhibit superior thermal 

properties and chemical stability. SR can withstand high temperatures and extreme environmental 

conditions, making it more resistant to shrinkage or dimensional deformation (Agayev et al., 2022b; 

Kaur et al., 2015). These findings provide valuable insights for selecting appropriate binders in 

applications where precise control over the material’s physical dimensions is essential.  

 

3.4 Vickers Hardness Test 

Figure 5 displays the results of the Vickers hardness (HV) test on barium hexaferrite samples 

sintered at 1100 °C. The samples are labeled as PA (PVA 5%), PB (PVA 10%), SA (SR 5%), and SB 

(SR 10%). The Vickers strength of barium hexaferrite without adhesive is 100.43 HV. The addition of 

various types of adhesives gives a significant variation in the strength value. With the addition of 5% 

PVA adhesive, the strength rises to 113,9 HV, while 5% SR increases hardness more substantially to 

232.9 HV. Increasing the PVA concentration to 10% further improves hardness to 143.37 HV, whereas 

10% SR yields the highest hardness of 438.92 HV. 

 

Figure 5. Hardness properties of barium hexaferrite with binder variations (PVA and SR). 

 

As the binder percentage increases, the probability of interparticle bonding also increases, resulting 

in more dense and harder material. Overall, we conclude that SR binder significantly increases the 

hardness of barium hexaferrite when compared to PVA. SR adhesives maintain material structure better 

during and after sintering. This is due to the intrinsic chemical and physical nature of silicone rubber, 

which forms a resilient, cross-linked polymer network that acts as a robust “binder tissue”, effectively 

locking the hexaferrite particles in place during sintering. This network resists thermal degradation better 

than PVA, preserving structural integrity and contributing to enhanced mechanical strength. 

In contrast, PVA, an organic polymer with a relatively low decomposition temperature, tends to 

degrade during high-temperature sintering. This degradation leaves behind voids and structural defects, 

weakening interparticle cohesion and reducing overall mechanical strength (Manglam et al., 2020). The 

breakdown of PVA during sintering significantly compromises the mechanical performance of the final 

product. Thus, hardness measurements indicate that SR not only facilitates better densification but also 

improves the mechanical robustness of barium hexaferrite ceramics due to its chemical stability and 

elastic polymer network. These findings provide critical guidance for selecting the appropriate type and 

concentration of binder in applications requiring high-strength magnetic materials. 
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4. CONCLUSION  

The variation in PVA (Polyvinyl Alcohol) and SR (Silicone Rubber) binder concentrations 

significantly influences the physical, magnetic, and hardness properties of barium hexaferrite sintered 

at 1100°C. SEM results show an average particle size of approximately 0.7µm, and both SEM and EDX 

analyses confirm that the milling and sintering process at 1100°C produced barium hexaferrite with the 

desired structure and composition.  

The findings indicate that SR is more effective than PVA in producing denser and less porous 

barium hexaferrite ceramics. When using SR, there is a larger decrease in the size and thickness of the 

material compared to PVA at equivalent concentrations. At 10% concentration, PVA shows a greater 

mass reduction than SR, whereas, at 5%, the mass reduction is similar for both binders. Pure barium 

hexaferrite, without any binder, exhibits the greatest increase in magnetization after sintering. Adding 

PVA or SR reduces the enhancement of magnetization, with SR yielding the highest mechanical 

strength, reaching 438.92 HV. In contrast, barium hexaferrite non-binder shows the lowest strength. 

Overall, these results demonstrate that binder type and concentration significantly impact the 

physical and magnetic properties of barium hexaferrite. SR proves particularly effective at enhancing 

mechanical strength, while PVA is better at minimizing mass shrinkage and improving magnetization. 

These insights are valuable for optimizing the performance of magnetic materials in applications that 

require high strength and improved magnetic properties.  
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