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Abstract 

In this study, barium titanate (BT) with the perovskite structure BaTiO3 was synthesized via mechanical alloying using 

TiO2, BaCO3, and BaO2 powders. Commercial barium titanate (CBT) was also employed to investigate and compare 

the effects of niobium (Nb) and neodymium (Nd) doping. Characterization of the synthesized powder was conducted 

using XRD, simultaneous thermal analysis (DTA/TGA), BET surface area analysis, Fourier-transform infrared 

spectroscopy (FT-IR), scanning electron microscopy equipped with energy dispersive spectroscopy (SEM/EDS), and 

Zetasizer analysis. The electrical properties of the samples were evaluated by determining their dielectric constant and 

dielectric loss. Zetasizer analysis, SEM images, and crystallite size calculations based on XRD patterns revealed that 

the particle size of the synthesized barium titanate (SBT) was in the 35 ± 5 nm range, with an average crystallite size 

of approximately 33 nm, showing good agreement with SEM observations. Dielectric measurements indicated that 

the 0.3 wt% Nb-doped SBT (S-0.3Nb) exhibited the highest dielectric constant among the Nb-doped variants, while 

the 0.4 wt% Nd-doped SBT (S-0.4Nd) showed the highest value among the Nd-doped samples. For the CBT samples, 

the highest dielectric constant was observed in the 0.2 wt% Nb-doped CBT (C-0.2Nb) and 0.3 wt% Nd-doped CBT 

(C-0.3Nd), suggesting these concentrations as optimal for maximizing dielectric performance. The dielectric constant 

of the SBT was found to be comparable to that of the CBT, with maximum values of 17000 and 18000, respectively. 

Furthermore, the apparent density and open porosity of the samples were measured. The apparent density, determined 

via the Archimedes method, was higher for CBT than for SBT. 
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1. Introduction 

Barium titanate (BT) with the perovskite structure BaTiO3  is classified as a displacive ferroelectric [1]. Among 

ferroelectric materials, BT has attracted significant attention due to its noncentrosymmetric crystal structure [2], high 

dielectric constant, wide band gap (3.20 eV), and anisotropic optical behavior [3]. The intrinsic spontaneous 

polarization in BT induces reversible transitions between distinct polarization states, thereby enabling its functionality 

as a ferroelectric material in diverse electronic applications [4]. This unique property has positioned BT as a 

foundational material in the development of various electronic components. It is widely utilized in the manufacture of 

multilayer ceramic capacitors [5], positive temperature coefficient (PTC) thermistors, PTC resistors [6], piezoelectric 

transducers, piezoelectric sensors [7], and electro-optical devices [3]. Among its numerous applications, one of the 

most significant roles of BT as a semiconductor lies in its positive temperature coefficient of resistance (PTCR), which 

is critical for thermal sensing and circuit protection technologies [8]. 

The electrical behavior of a material is characterized by its dielectric constant, defined as the ratio of the material's 

permittivity (ɛ) to the permittivity of vacuum (ɛ0). This ratio reflects the material's ability to store electric charge 

relative to vacuum and can be interpreted as the material's response to external electric fields [9, 10]. The dielectric 

constant in ferroelectric materials increases abnormally near the Curie temperature (Tc), indicating that a large 

polarization can be induced in the crystal by applying a small electric field [11]. At such a temperature (125 °C), the 

material's structure changes from ferroelectric to paraelectric, and above that, the spontaneous polarization of the 

material disappears [12]. A Around room temperature, the dielectric constant of BT is 1500-2000, and it increases 

with temperature, reaching around 6000 near the TC (about 120°C) [13, 14]. The size of the dipole moment diminishes 

with increasing temperature due to structural changes, and the hysteresis loop becomes a straight line at the Curie 

temperature [2, 15].  However, the choice of synthesis method is frequently influenced by both the intended application 

of the sample and economic considerations [16].  These powders can also be manufactured through solid-state reaction 

[17], chemical co-precipitation [18], hydrothermal [19], sol-gel [20], spray pyrolysis [21], polymer precursor [22], 

and combustion methods [23].  BT powder is typically synthesized via the solid-state reaction, which often results in 

pronounced agglomeration and a broad particle size distribution [24]. In all, the increase in the rate of atom diffusion 



and consequently the increase in reaction rate are directly related to the increase in temperature [25]. With the increase 

in temperature, the reaction between BT and TiO2 also begins, leading to the formation of Ti-rich compounds.  To 

achieve a fine and uniformly shaped BT powder, it is therefore preferable to reduce the preparation temperature [10].  

An alternate technique for improving reaction rates without raising the temperature is mechanical alloying [26]. 

According to this mechanism, particle size and crystallites are initially reduced, while the surface energy increases as 

a result of the particle size reduction [27]. The dielectric properties of BT are highly dependent on the grain size [28]. 

When the grain size in the bulk piece is 0.6-0.8 µm, the dielectric properties are optimal. Due to the particle growth 

during the sintering process, BT particles of 100-200 nm should be used as the raw material [29].  Most milled BT 

powders have low tetragonality, which means their crystal lattice is similar to a cubic lattice, with lattice parameters 

a and c that are relatively close. Lower tetragonality is associated with Ba or Ti vacancies. However, samples heat-

treated at high temperatures (solid-state technique) had greater tetragonality [30, 31].  Wang et al. [32] used mechanical 

alloying to investigate their microstructure and create nanoscale BT powder. They milled barium powder and TiO₂ in 

a nitrogen gas atmosphere. Based on the findings, a nanocrystalline structure with crystallite sizes of about 14 nm and 

particle sizes ranging from 20 to 30 nm was measured. Researchers claim that nanoscale structures cause novel 

phenomena to arise in nanostructured materials as opposed to non-nanostructured materials.  

The microstructure and electrical properties of BT also change due to the addition of certain elements [33]. Several 

additives with different valencies (3+ and 5+), such as Nb, Sr, V, Ce, Sb, and La, when substituted at the Ba2+ and 

Ti4+ sites in BT, control the electrical properties and change the system's resistance. Additionally, the substitution of 

Pb, Ca, and Sr causes changes in the transition temperatures [34-36]. The selection of appropriate dopants during the 

sintering process is among the key parameters for fabricating BT-based electronic components with optimal dielectric 

properties [37]. In research by Velasco et al. [38], the increase in the volume of the unit cell was demonstrated by 

doping Nb. This phenomenon is understandable given that the Nb5+ is larger in ionic radius than the Ti4+. The 

mechanism of electrical conduction in Nb-doped BT alters. At low Nb concentrations (0.1-0.3 at%), electrical 

conductivity increased, but with the increase in Nb concentration and the change in the conduction mechanism from 

the electronic state to the cation vacancy state, electrical conductivity decreased significantly. The surplus positive 

charge can be balanced either by electron compensation or by the formation of cation vacancies. 



One key addition for improving the electrical properties of BT is Nd doping, which can replace Ba2+ and Ti4+ [3]. This 

rare earth element enhances the dielectric and ferroelectric characteristics of BT. Nd-doped BT (Ba1-xNdxTiO3) has 

emerged as a subject of considerable scientific interest, as evidenced by studies conducted by Sasikumar et al. [39], 

Yao et al. [40],  Sagar et al. [41], Zhang et al. [42], and Ganguly et al. [43]. Sasikumar et al. [39] synthesized 

compositions with varying Nd concentrations using the conventional solid-state reaction technique. Their 

investigation revealed a gradual deterioration in ferroelectric properties beyond x = 0.04, which was attributed to a 

structural phase transition from tetragonal to cubic symmetry. Yao et al. [40] found that the Nd3+ occupies the Ba2+ 

sites. The addition of Nd has reduced grain size because BT grain growth is restricted. The grain size grew as the Nd 

content increased to 5 at%, which Sagar et al. [41] attributed to the phase change from tetragonal to cubic. Nd is 

effective as a barrier to transformation. Some researchers assume that Nd occupies the Ba2+ sites in the lattice and 

compensates for the unoccupied Ti4+, resulting in a considerable drop in Tc as the Nd increases. Others argue that Nd 

substitution occurs through a double process, allowing it to occupy both positions [44]. 

This research used the mechanical alloying method to synthesize BT powder and add Nb and Nd dopants. The BT 

powders obtained by pressing were subsequently sintered. The structure of samples was examined using simultaneous 

thermal analysis (TGA-DTA), surface analysis by the BET method, Zeta sizer, and XRD. The microstructural 

characteristics were also evaluated using an SEM equipped with EDS. The apparent density and open porosity of the 

samples were measured. In addition, the electrical properties, such as the dielectric constant and dielectric loss at 

various frequencies, were investigated, and the findings of these analyses were correlated. 

2. Materials and methods 

2.1. Materials 

Barium carbonate (BaCO3), titania (TiO2), barium oxide (BaO), niobium oxide (Nb2O5), and neodymium oxide 

(Nd2O3) were purchased from Merck. Barium titanate (BT) was supplied by Aldrich. All materials used were of 

standard research grade and were employed without any further purification. The complete specifications of the 

materials used in this research are reported in   Table 1. 

 

 



Table 1: Physical and Chemical Characteristics of the Raw Materials  

 

Materials 

  

Composition 

  

Suppliers 

  

Density 

(g/cm3) 

  Molecular 

weight 

(g/mol) 

Barium carbonate 

Barium titanate 

Titania 

Barium oxide 

Niobium oxide  

Neodymium oxide 

 

 

BaCO3 

BaTiO3 

TiO2 

BaO 

Nb2O5 

Nd2O3 

 Merck 

Aldrich 

Merck 

Merck 

Merck 

Merck 

 4.43 

6.08 

3.90 

4.96 

4.50 

7.24 

  197.34 

233.18 

79.90 

153.33 

265.75 

336.48 

 

2.2. Synthesis and sample preparation 

Commercial barium titanate was designated as CBT, while the synthesized barium titanate was referred to as SBT. 

For the synthesis of SBT via mechanical alloying, the precursor powders were accurately weighed to a precision of 

10⁻⁴ grams, using specific weight ratios of BaO/TiO₂ (1.90), BaCO₃/TiO₂ (2.51), and BaO/TiO₂ (1.93). The weighed 

powders were then combined with zirconia balls at a ball-to-powder ratio of 10:1 and loaded into an aluminum 

chamber (7 cm in height, 4 cm inner diameter) of the SPEX 8000 milling device. To incorporate Nb or Nd oxides into 

the BT matrix, the dopant quantities specified in Table 2 were precisely measured and added to the chamber. 

Mechanical alloying was performed for a duration of 1 h. To prevent powder adhesion to the milling media and 

chamber walls, 0.02 grams of stearic acid were added to each 1-gram batch of BT and dopant mixture. Subsequently, 

the milled powders were compacted into tablets with a diameter of 1 cm using a uniaxial press (Tajhiz Ceram, Iran) 

under a pressure of 300 MPa, followed by sintering. The dimensions and mass of the tablets were recorded at each 

processing stage to ensure consistency and traceability. Sintering of the pellets was conducted following the pressing 

stage. The samples doped with Nb2O5 were sintered at 1500 °C for 5 hours, and the samples doped with Nd2O3 were 

placed in the furnace for sintering at 1400 °C for 3 hours. The heating rate in both processes was set at 10 °C/min. 

The sintering of the samples was carried out in an American-made amalgam furnace. Figure 1 shows a schematic of 

laboratory steps. 

 



Table 2: Atomic and weight percentage of dopants in BT 

At % Wt% - Nd Wt% - Nb 

0.1 0.34 0.26 

0.2 0.67 0.53 

0.3 1.01 0.80 

0.4 1.34 1.06 

0.5 1.68 1.32 

0.6 2.02 1.60 

 

2.3. Characterization and Analysis 

To characterize the phases and crystallite size of the powder samples, a Philips XRG 3100-PW3710 XRD instrument 

apparatus with an α = 2°, step size = 0.04° incidence angle, and Cu-Kα radiation (λ = 0.154 nm) was utilized. Xpert 

High Score software version 1.0d was used to identify the phases. Table 3 shows the phase identification card numbers, 

as well as the structural characteristics. The crystallite size was calculated using the Debye-Scherrer equation, which 

is given by equation 3: D = 57.3kλβ cos θ                                                                                                                     (Eq3) 

where D is the average crystallite size in Å, k is the crystallite shape constant (k = 0.82-0.9), λ is the wavelength of 

the anode used by the instrument in Å (λ = 1.540598 Å), β is the full width at half maximum (FWHM) in radians, and 

θ is the Bragg angle.  FT-IR analysis was conducted using the Perkin Elmer Spectrum 400 (USA) to identify chemical 

bonds in the synthesized powder. 

 

 

 

 

 

 

 

 

 



Table 3: phase identification of JCPDS cards using the XRD 

 

Phase 

 

Structure 

Lattice Parameter 

(Å) 

 

Signature Peak 

 a c 

BaTiO3 Tetragonal 3.994       4.038 (200) 45.37 

BaTiO3 Cubic 4.031       4.031 (200) 44.92 

BaO Cubic 5.539       5.539 (111) 27.86 

Ti2O3 Rhombohedral 5.158       13.611 (116) 53.77 

TiO Hexagonal 3.029        3.228 (101) 44.46 

TiO2 Tetragonal 3.785        9.514 (101) 25.28 

 

The density of the sintered samples was measured using Archimedes' method by the ASTM C373 standard. In this 

approach, the dry sample was weighed initially (W1), then immersed in water at 80 °C for 5 h and weighed (W2), and 

finally placed in water at room temperature for 24 h and weighed after extraction (W3). Equations 1 and 2 were 

employed to calculate the sample density and the percentage of open porosity, respectively. 

    P = W1W2−W3                                                                                                                                   (Eq1) 

%T = W2−W1W2−W3 × 100                                                                                                                       (Eq2)   

To prepare the samples for morphology and microstructure analysis, they were first sanded with 800 to 1500 grit 

sandpaper, then polished, and finally coated with gold using a coater to make the samples conductive. The shape and 

distribution of particles, the size of agglomerates, and the relationship between powder particles were studied using a 

scanning electron microscope (TESCAN VEGA II XMU), and chemical composition was determined using an 

energy-dispersive X-ray spectrometer (EDX, SAMX, DXP-X10P). 

Simultaneous thermal analysis (STA) was conducted with a Shimadzu STA-449 instrument to investigate the weight 

changes and types of reactions occurring in SBT. An accurately weighed amount of SBT powder (20 mg) was placed 

into an alumina crucible and heated in an air atmosphere at a rate of 10 °C/min until 1200 °C was reached. To measure 

the particle size distribution, a Zetasizer instrument from the French company Malvern, model HSA 3000, was used. 

For this purpose, 1 gram of the sample powder was poured into 100 ml of water and placed on a stirrer under mixing 

(at a speed of 300 rpm) for 2 h. Then, the resulting solution was centrifuged at 3900 rpm for 10 min, and a sample was 



taken from the surface of the liquid, which is less dense. The dielectric constant was measured using an LCR meter 

(Taiwanese company GW Instek, model LCR-8110G). Measurements were taken in the frequency range of 20 Hz to 

10 MHz. To perform LCR analysis of the samples, they were coated with gold in two circular cross-sections, one 

below and one above the sample. Figure 1 shows a schematic of laboratory steps. 

 

Figure 1: A schematic of laboratory steps. 

3. Results and Discussion 

3.1. SBT powder study 

3.1.1. XRD analysis 

Figure 2 shows the XRD patterns of mixed BaO and TiO2 powders after milling for 6, 9, 12, and 15 h. After 15 h of 

milling, a pure cubic phase of BT was obtained. According to the standard barium titanate card, SBT powder had a 

cubic structure. Table 4 shows the peaks along with the d-spacing. Using equations )(
3

4 22 khkhda ++=  

for (hk0) planes, and dlc =  for (001) planes, along with equation 3, were applied to calculate the crystallite size 

of the SBT powder. Based on the calculations, the crystallite size of SBT was approximately 32 nm, confirming the 

nanostructured nature of the powder. 



 

Figure 2: XRD patterns of SBT after 6, 9, 12, and 15 h of mechanical milling. 

Table 4: d-spacing for calculating the lattice parameter 

Peak Number (hkl) d-spacing 

2 (110) 2.833 

5 (210) 1.794 

7 (220) 1.418 

9 (310) 1.268 

 

3.1.2. STA analysis 

Figure 3 illustrates the STA (DTA/TGA) curves obtained for the SBT powders. The TGA curve indicated no 

substantial weight change up to a temperature of 1200 °C. Moreover, the DTA curve of SBT reveals no endothermic 

or exothermic peaks within the specified temperature range, indicating that no phase change occurs in the sample up 

to 1200 °C. These findings suggest that BT was synthesized in its pure phase, which is also consistent with the results 

obtained from XRD analysis. 



 

Figure 3: STA (DTA/TGA) curve for SBT. 

3.1.3. SEM and Zetasizer analysis 

Figure 4 displays the SEM micrographs of the SBT powder. According to the  SEM images, some particles are 

agglomerated and do not have a homogeneous and uniform morphology. At the same time, as shown in Figure 4 (b), 

there are also particles with dimensions below 100 nm, which could indicate the synthesis of BT nanoparticles. The 

agglomerated particle shown in Figure 4 (a) was measured to be approximately 316 nm using Image-J software. The 

results obtained from the Zetasizer analysis also show that the particle size for SBT powder is 35 ± 5 nm, which is in 

good agreement with the results obtained from the SEM images. 

 

Figure 4: SEM images of  SBT. 
 



3.1.4. FT-IR analysis 

Figure 5 shows the FT-IR spectrum of the SBT before calcination. The absorption bands at  3446 cm⁻¹ and 1634 cm⁻¹ 

correspond to O–H stretching and bending vibrations, typically associated with moisture and structural water. The 

peak at 1428 cm-1 is also likely related to carbonate groups. According to reports from many researchers [45, 46], the 

peak at 554 cm-1 represents the O–Ti–O bond in the octahedral sites within the BT structure. The very strong 

absorption related to the Ti–O bond indicates that the titanate structural network is fully formed. 

 

Figure 5: FT-IR spectrum of SBT after mechanical milling and before calcination. 

3.1.5. BET analysis 

Figure 6 presents the BET analysis graph used to determine the specific surface area, shape, and pore diameter of the 

synthesized BT powder.  According to the N2 adsorption and desorption isotherm, the rate of N2 adsorption increases 

as the gas pressure increases. This curve belongs to the third class of isothermal adsorption and desorption curves 

established by IUPAC.  The pore structure in Type III isotherms is slit-shaped and on the nanometer scale, resulting in 

weak surface bonding between the gas and the sample surface. The overall pore volume is 0.07 cm3/g, the pores have 

a specific surface area of 4.55 m2/g, and their average diameter is 61.83 nm. Furthermore, using the adsorption 



isotherm, the surface pore size of 64.1 nm was determined. The final BET analysis results indicate that the SBT 

powder exhibits low porosity and limited surface adsorption. 

 

Figure 6: Isothermal adsorption and desorption curve of N2 (BET) for SBT before calcination. 
 
3.2. Nb and Nd-doped SBT 

3.2.1. Dielectric properties  

Figure 7 illustrates the variation of dielectric constant with frequency for the SBT doped with different percentages of 

Nb and Nd, respectively. According to figure 7 (a), the highest dielectric constant is attributed to the sample containing 

0.3% Nb (S-0.3Nb), which is considered the optimal percentage for achieving the highest dielectric constant. The 

dielectric constant of this material at a frequency of 20 Hz is approximately 17000. Figure 7 (b) shows that under 

comparable conditions, 0.4% Nd-doped SBT (S-0.4Nd) exhibited the highest dielectric constant, which represents the 

optimal doping level for maximizing the dielectric response. 



 

Figure 7: The curves of dielectric constant changes with frequency for the (a) Nb-doped, and (b) Nd-doped SBT. 

Figure 8 (a) indicates that the dielectric constant rose to an ideal value of 0.3 at% in Nb-doped SBT. Following that, 

as expected, the dielectric constant decreases with increasing Nb element. This behavior is explained by a shift in the 

electrical conduction mechanism from electronic to conduction via cation vacancies at low Nb ratios [47]. Such 

behavior has also been observed in cerium-doped ceramics. Yasmin et al. [48] attributed this decrease to the limited 

solubility of cerium in BT, unit cell compression, and reduced polarization within the lattice. Figure 8 (b) indicates 

that Nd-doped SBT enhances the dielectric constant to an ideal value of 0.4 at%. Beyond this concentration, the 



dielectric constant decreases with further Nd incorporation. This event was explained by the following: a small amount 

of Nd3+ ions are fully incorporated into the BT lattice, but the dielectric constant significantly decreases as Nd3+ is 

increased. Tetragonality decreases as the Nd3+ content rises, and these alterations are probably caused by high porosity 

[32, 49]. 

 

Figure 8: Variation in dielectric constant as a function of (a) Nb, and (b) Nd atomic percentage at various frequencies. 

Figure 9 illustrates the variations in dielectric constant as a function of frequency for S-0.3Nb and S-0.4Nd, which 

represent optimal values for Nb and Nd. S-0.3Nb demonstrates the highest dielectric constant value. Nb appears to be 



more efficacious than Nd in enhancing the dielectric constant. This phenomenon is due to the amphoteric 

characteristics of Nd, which displays varying behavior with Nb when substituted at different sites (Ti or Ba). Nb 

exclusively replaces Ti in the lattice and diminishes electrical resistance through an electronic conduction mechanism 

in minimal quantities [47]. 

 

Figure 9: Dielectric constant as a function of frequency for S-0.3Nb and S-0.4Nd. 
 
3.2.2. Microstructure and Zetasizer analysis 

Figure 10 shows the SEM images and elemental studies by EDS spectrum of the S-0.3Nb powders. S-0.3Nb resulted 

in two distinct phases exhibiting different contrasts. The EDS spectrum in Figure 10 (d) indicates that the region 

depicted in Figure 10 (b) is rich in Nb. Due to Nb's lower atomic weight compared to Ba, this region exhibits a darker 

appearance. Conversely, the EDS spectrum for the brighter region (Figure 10 (e)) indicates that this area of the sample 

is abundant in Ba. Figure 10 (c) shows the EDS spectrum for the S-0.3Nb matrix, which demonstrates a high 

concentration of Ba and a uniform dispersion of Nb particles within the matrix. The dispersed particles exhibit 

spherical morphology and are uniformly distributed within the matrix phase. The S-0.3Nb Zetasizer analysis showed 

that the particle size is about 35±5 nm, which is in good alignment with the SEM images of the same condition. The 

particle size of S-0.3Nb increased slightly compared to SBT, which is due to the incorporation of Nb particles with a 

larger ionic radius into the barium titanate structure. 



 
Figure 10: SEM images of S-0.3Nb are shown in (a, b), and the EDS spectrum of the matrix and selected points are 

presented in (c-e).  

According to SEM images in Figure 11,  S-0.4Nd created a coarser structure than sample S-0.3Nb (Figure 10), and 

particle dispersion in the matrix phase was also reduced. The EDS spectrum of the matrix and the area shown in Figure 

10 also show that the amount of Ti is higher in the matrix phase, while the amount of Nd is low in both spectra, at 1 

wt% in the matrix and 0.6 wt% in the area shown. Zetasizer analysis of sample S-0.4Nd revealed that the particle size 

in this sample is in the range of 33±4 nm, which is an acceptable match with the SEM images of the same sample. 

The smaller particle size compared to SBT and S-0.3Nb samples is due to the smaller size of the Nd ion compared to 

the Ba and Nb ions, which, upon substitution in the lattice, causes lattice contraction and a reduction in particle size. 



 

Figure 11: SEM images of S-0.4Nd are shown in (a, b), and EDS spectrum are presented in (c, d). 

3.2.3. XRD analysis 

Figure 12 shows the main peak range of the XRD pattern in SBT, S-0.3Nb, and S-0.4Nd samples. By doping Nb and 

Nd into the SBT powder, the main peak angle in BT shifts toward lower angles. This can be explained by Bragg's law. 

By substituting Nb and Nd with Ti, and due to the difference in the ionic radius of these atoms, and consequently a 

change in the plane spacing (d), the diffraction angle (θ) changes. The ionic radii of  Nb and Nd ions are larger than 

that of the Ti ion. As a result, the lattice parameter and the d-spacing increase when these ions are used in place of 

titanium within the crystal structure. According to Bragg’s law, an increase in the d-spacing leads to a decrease in the 

sinθ, causing the diffraction peaks to shift toward lower angles. The reason for the diffraction peaks of Nd appearing 

at lower angles compared to Nb is attributed to the larger ionic radius of Nd relative to Nb. 



 

Figure 12:  Main peak region of the XRD pattern for SBT, S-0.3Nb, and S-0.4Nd samples.  

3.3. CBT powder study 

Figure 13 presents the microstructural and EDS analyses of commercial barium titanate (CBT) in its as-received form. 

As shown in Figure 13 (b), the CBT particles are below 100 nm. According to the EDS spectrum obtained from the 

marked area, the material composition includes 30 wt% Ti and 33 wt% Ba, with no detectable impurities. These results 

confirm that the CBT powder is pure and within the nanometric scale. 



 

Figure 13: (a) SEM image and (b) EDS spectrum of the CBT. 

3.3.1. Density and Porosity 

Figure 14 presents the variation in apparent density, determined via the Archimedes method, as a function of Nb and 

Nd concentrations for both CBT and SBT samples. It is evident that samples derived from CBT powder consistently 

exhibit higher densities than those produced from SBT powder. In the case of Nb-doped CBT (C-Nb) samples, the 

density remains relatively unchanged; however, for Nb-doped SBT (S-Nb) samples, the incorporation of Nb results 

in a marked reduction in density.  According to figure 14 (b), the Nd-doped CBT (C-Nd) exhibits higher densities 

compared to the Nd-doped SBT (S-Nd). Among the SBT samples, S-0.4Nd shows the lowest density, while S-0.2Nd 



has the highest. In contrast, C-0.3Nd and C-0.4Nd represent the lowest and highest densities, respectively, among the 

CBT samples. As observed with Nb-doped specimens, Nd incorporation into SBT significantly reduces the density, 

whereas CBT samples remain relatively unaffected, whereas the density of the CBT remains relatively unaffected.  

 

Figure 14: Variation in the apparent density of (a) S-Nb and C-Nb, and (b) S-Nd and C-Nd after sintering. 

Figure 15 shows the open porosity percentage as a function of increasing atomic percentages of Nb and Nd for CBT 

and SBT samples. It can be observed that the overall trend in C-Nb samples indicates an increase in open porosity, 

whereas in S-Nb samples, the porosity tends to decrease with higher Nb content.  Figure 15 (b) displays the open 

porosity percentage as a function of Nd doping for S-Nd and C-Nd samples. It is observed that in both S-0.1Nd and 

C-0.1Nd samples, the addition of Nd leads to a sharp decrease in open porosity, reaching its lowest value. Beyond this 

point, the overall trend shifts toward increasing porosity. Considering the available evidence, it is highly probable that 

the differences in open porosity trends between CBT and SBT samples upon doping with Nb stem from three main 

factors: first, variations in the initial powder characteristics such as particle size, specific surface area, and purity, 

which influence compaction and sintering behavior; second, the distinct roles of dopants (Nb and Nd) in generating 

lattice defects and secondary phases potentially enhancing densification in synthesized samples while increasing 

porosity in commercial ones; and third, differing structural responses to thermal conditions and dopant levels, which 

likely lead to opposing porosity outcomes depending on the powder type and doping concentration. 



 

Figure 15: Variation in the open porosity of (a) S-Nb and C-Nb, and (b) S-Nd and C-Nd after sintering. 

3.4. Doping effects on CBT 

3.4.1. Dielectric properties  

The dielectric constant of CBT and samples doped with various concentrations of Nb was measured, and the 

frequency-dependent behavior is illustrated in Figure 16. The highest dielectric constant was recorded for the sample 

containing 0.2% Nb (C-0.2Nb), indicating this concentration as optimal for achieving maximum dielectric 

performance. In comparison, the SBT sample with 0.3% Nb (S-0.3Nb) exhibited a peak dielectric constant of 

approximately 17000, while the CBT sample reached around 18000 with a lower dopant level. This suggests that the 

properties of the synthesized powder are comparable to those of the commercial one, as the difference in dielectric 

constant between the two materials is relatively small. Figure 16 (b) illustrates the relationship between the dielectric 

constant and Nb, enabling a comparative analysis of dielectric behavior as a function of Nb. 



 

Figure 16: Variation of the dielectric constant as a function of (a) frequency, and  (b) Nb-doped CBT. 

Figure 17 (a) presents the dielectric constant versus frequency for the CBT sample and those doped with various 

concentrations of Nd. As shown in the figure, the highest dielectric constant corresponds to the sample containing 0.3 

at.% Nd (C-0.3Nd), which is considered the optimal concentration for achieving maximum dielectric performance. 

Figure 17 (b)  further demonstrates that the dielectric constant increases with Nd-doped CBT up to the optimal level 

of 0.3 at.%. Beyond this point, as expected, the dielectric constant decreases with further Nd doping, which is 

attributed to microstructural changes in the BT matrix caused by the incorporation of Nd. According to Yao et al. [40], 

the introduction of Nd³⁺ ions restricts grain growth in BT, resulting in a reduced slope of dielectric enhancement with 

increasing Nd content up to 0.2 at.%. Some researchers associate this phenomenon with increased porosity and reduced 



tetragonality [47]. However, at 0.3 at.% Nd, the highest dielectric constant is achieved, likely due to grain growth 

facilitated by the complete solubility of low Nd concentrations within the lattice. Nd concentrations exceeding 0.3 

at.% lead to a sharp decline in dielectric constant, which is attributed to high porosity and diminished tetragonality.  

 

 

Figure 17: Variation of the dielectric constant as a function of (a) frequency, and  (b) Nd-doped CBT. 

3.4.2. Microstructure  

Figure 18 illustrates the microstructural features and EDS spectrum of the C-0.2Nb sample. The Nb particles are 

uniformly distributed within the CBT matrix, as evidenced by the EDS analysis of the matrix phase (Figure 18 (c)), 

which reveals a Nb content of 9.5 wt%. This value slightly exceeds the 6 wt% Nb concentration observed in the region 



depicted in Figure 18 (d), suggesting effective dispersion. The absence of additive agglomeration further confirms that 

mechanical alloying is a highly efficient method for incorporating secondary phases into the CBT matrix.  Despite the 

nanoscale nature of the initial CBT powder, grain growth appears to have occurred during the sintering process 

following the addition of the secondary phase. This has resulted in particle sizes exceeding 100 nm. Nevertheless, 

nanoscale dispersed particles remain visible, as shown in Figure 18 (b), indicating partial retention of the 

nanostructure. 

 

Figure 18: SEM images of C-0.2Nb are shown in (a, b), and EDS spectra are presented in (c, d). 

Figure 19 demonstrates the effect of incorporating 0.3 at.% Nd-doped CBT (C-0.3Nd). The Nd content dispersed 

within the CBT is measured at 1.36 wt%, which is slightly higher than the  0.71 wt% observed in the region highlighted 



in Figure 19 (b). As evident from the EDS in Figures 19 (c) and 19 (d), the matrix phase exhibits enrichment in Ti, 

Ba, and Nd elements. Conversely, the oxygen concentration in the region shown in Figure 19 (b) is higher than that 

of the matrix, suggesting a lower density of metal-oxygen bonding in the matrix and a greater presence of metal ions. 

This implies that the structural integrity of Nd and CBT is better preserved in the highlighted region. Furthermore, the 

data indicate that Nd is not uniformly distributed across the matrix surface. 

 
Figure 19: SEM images of C-0.3Nd are shown in (a, b), and EDS spectra are presented in (c, d). 

 

4. Conclusion 

In this study, nanostructured barium titanate powder was successfully synthesized via mechanical milling and 

thoroughly characterized. XRD analysis confirmed the formation of a pure cubic phase after 15 h of milling, with a 

crystallite size of approximately 32 nm. STA (TGA/DTA) results demonstrated thermal stability up to 1200 °C without 



any phase transitions, supporting the structural integrity of the SBT. SEM and Zetasizer analyses revealed particle 

sizes in the nanometer range (~35 ± 5 nm), with some agglomeration. FT-IR spectra confirmed the presence of Ti–O 

and O–Ti–O bonds, validating the formation of the titanate network, while BET analysis indicated low specific surface 

area and minimal porosity, consistent with a compact powder morphology. 

The effects of Nb and Nd doping on the structural and dielectric properties of SBT ceramics were investigated. Optimal 

doping levels were identified as 0.3 at.% for Nb and 0.4 at.% for Nd, with the S-0.3Nb exhibiting the highest dielectric 

constant (~17,000 at 20 Hz). Beyond these concentrations, a decline in dielectric performance was observed, attributed 

to changes in conduction mechanisms and reduced lattice polarization. Microstructural analyses confirmed uniform 

dispersion of Nb particles, while Nd-doped samples showed coarser morphology and reduced homogeneity. Zetasizer 

results supported these findings, with particle sizes of 40 ± 5 nm for S-0.3Nb and 33 ± 4 nm for S-0.4Nd. XRD peak 

shifts toward lower angles upon doping were consistent with Bragg’s law and the substitution of larger Nb and Nd 

ions for Ti, leading to increased lattice parameters. 

Additionally, the structural, dielectric, and microstructural characteristics of CBT and its doped variants were 

evaluated. CBT powder exhibited high purity and nanoscale particle size (<100 nm), confirmed by SEM and EDS 

analyses. CBT-based samples consistently showed higher densities and lower porosity compared to synthesized SBT, 

indicating superior compaction and sintering behavior. While Nb doping had minimal impact on CBT density, Nd 

doping led to a slight increase, contrasting with the significant density reduction observed in SBT samples. 

Dielectric measurements identified 0.2 at.% Nb and 0.3 at.% Nd as optimal doping levels for CBT, yielding dielectric 

constants of approximately 18000 surpassing those of similarly doped SBT samples. Microstructural evaluations 

revealed uniform dopant dispersion, limited agglomeration, and partial retention of nanostructure post-sintering. The 

observed differences in dielectric behavior and porosity between CBT and SBT are attributed to variations in powder 

characteristics, dopant interactions, and lattice responses. Overall, mechanical milling proved to be an effective 

method for synthesizing nanostructured SBT with stable thermal and structural properties. Nb doping, in particular, 

demonstrated superior performance in enhancing dielectric properties, making it a promising strategy for optimizing 

barium titanate-based ceramics for advanced electronic applications. 
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