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A B S T R A C T 

The microstructural and dielectric properties of Yttria-partially 

stabilized zirconia (Y-PSZ) were studied before and after sintering with 

BaTiO3 and WO3 doping. After sintering, FE-SEM analysis revealed 

increased grain coalescence and growth, with BaTiO3 causing 300 nm 

grain expansion and WO3 promoting uniform grain distribution without 

significant grain size increase (~200 nm). These microstructural changes 

dramatically altered dielectric behavior. All sintered samples had higher 

dielectric constants than pre-sintered ones between 100–1000 kHz due 

to reduced porosity and enhanced homogeneity. Dielectric constant was 

highest in BaTiO3-doped Y-PSZ at lower frequencies, while WO-doped 

showed superior frequency stability and lower dielectric loss across the 

spectrum. In doped crystals, sintering increased crystallinity, lowered 

defects, and lowered polarization losses. Dielectric loss (tan δ) varied 

with frequency, with BaTiO3 showing higher losses at low frequencies 

and showing more stability at higher frequencies, while WO3 showed a 

moderate, consistent loss. Sintering enhances AC conductivity, 

especially in BaTiO3-doped materials, via enhancing charge mobility 

through structural alignment and crystallinity.  Due to fault-localized 

field concentrations, higher voltage increase rates (VIR), lower Weibull 

modulus and electrical breakdown strength. BaTiO3 and WO3 doping 

improved grain bonding, void filling, dielectric strength, and energy 

storage. Tradeoffs between dielectric constant and breakdown strength. 

High dielectric constants decreased breakdown strength and vice versa. 

WO-doped Y-PSZ exhibited the highest energy density (22.86 kJ/m3), 

followed by BaTiO3 (15.22 kJ/m3) and unaltered sintered (14.24 kJ/m3). 

These investigations demonstrate that alterations to microstructure and 

the incorporation of impurities improve the energy storage capacity and 

high-frequency performance of dielectric materials.
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1. Introduction 

Partially Stabilised Zirconia (PSZ) with considerable characteristics is a suitable alternative for applications that 

require high-quality dielectric materials, especially at high temperatures [1]. The material's crystal structure, 

chemical composition, and electrical conductivity all work together to make it a good dielectric [2]. The different 
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amounts of partial stabilisation in zirconia change its electrical properties, and this is a big part of what makes 

them better. Zirconia's crystal structure becomes more stable when you add Y2O3 (Y-PSZ) or another oxide to it. 

This addition stops phase fluctuations that affect how well electrical insulation works. Partial stabilisation also 

changes the electrical polarisation of the material, which slows down the passage of charge and raises the dielectric 

constant. This makes zirconia a better insulator [3]. Fig. 1 shows the empty spaces that form in the structure when 

the yttrium ion replaces the zirconium ion. When the electric field is turned on, the positive ions move toward the 

field and the negative ions move away from it. This movement creates dipoles, which then cause electrical 

polarisation. Space charge polarisation happens when there are empty spaces, especially at low frequencies [4]. 

 
Figure 1: Mechanism of electrical polarisation in Y-PSZ ceramics. 

Surface doping of partially stabilised zirconia is especially important for making zirconia's dielectric 

characteristics better. Adding particular metals or minerals to the surface of zirconia is called "surface doping." 

This changes how the charges in the materials interact with each other, which changes how well they work 

electrically. For instance, doping can change the dielectric constant of zirconia by changing how much energy it 

absorbs and how charges travel through it. This makes the material better for use in electronics and electricity. In 

general, surface doping of zirconia does the following [5]: 

• Enhancing the dielectric properties of zirconia to provide a better electrical insulator.  

• Changing the quantity of charges in the material and how they move, which changes how well it 

conducts electricity and how polarised it is.  

• Keep the material stable when it is used in different situations, such as when it is hot or in strong electric 

fields.  

Doping partly stabilised zirconia (Y-PSZ) with barium titanate (BaTiO3) modifies the dielectric characteristics in 

intricate manners. When heavier ions, such as zirconium in BaTiO3, take the place of Zr⁴⁺ sites, the crystal lattice 

parameters get bigger and the cubic phase stability is better. On the other hand, adding Ba²⁺ and Ti⁴⁺ to the zirconia 

lattice could change the Y-PSZ structure. It depends on how much is added whether the tetragonal or cubic phases 

are more stable [6]. In Y-PSZ, BaTiO3 additions may separate at grain boundaries, which slows down grain growth 

and improves the microstructure, like in systems with zirconium oxide-doped BaTiO3. Adding zirconia to BaTiO3 

- ZrO2 composites lowers the dielectric constant, but it makes the material more stable at high temperatures. Y-

PSZ has zirconium oxide in it; therefore, it might have the same trade-offs. For example, employing Ti⁴⁺ instead 

of ZrO2 may lower the electrical permittivity since Ti⁴⁺ is less polar than Zr⁴⁺. On the other hand, charge imbalance, 

like when Ba⁺ takes the place of Zr⁴⁺, could generate oxygen vacancies that make electrical loss worse [7]. 

Depending on the Ti/Zr ratio, the dielectric constant of Y-PSZ with BaTiO3 added may be lower than that of pure 

Y-PSZ. This also keeps the dielectric's properties stable at high temperatures, which is what happens in BaTiO3 - 

ZrO2 systems [8, 9]. 
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In addition, the high concentrations of oxygen vacancies cause larger dielectric loss, which reveals the necessity 

of compensatory doping (such as donor-acceptor co-doping) [10]. Adding tungsten oxide (WO3) to zirconia makes 

it more stable and has a big effect on its dielectric characteristics. Adding tungsten oxide to zirconia usually 

improves its structure and physical properties, resulting in increasing its resistance to electricity and improving its 

insulating electrical properties [11]. Doping enlarges the granules on the surface of the material and uniformly 

distributes them, thereby enhancing insulating electrical [12]. Adding tungsten oxide also makes the crystalline 

structure of zirconia less defective, which lowers unwanted electrical conductivity and raises the material's 

electrical resistance. Researchers have demonstrated that doping zirconia with tungsten oxide partially stabilises 

it and enhances its dielectric characteristics through many mechanisms, including increasing crystal stability, 

minimising flaws, and promoting grain growth. The modifications to the microstructure improve the material's 

insulating properties and make it less likely to conduct electricity [11, 13]. 

2. Dielectric Properties 

2.1. Dielectric Constant 

The internal electric field of a substance can tell you how well it can store electrical energy. This feature, which 

depends on the material's atomic structure and composition, is shown by the symbol (ε'). The device used operates 

at a maximum frequency of 1 MHz. While the results might differ at higher frequencies, the test was conducted 

within the operating limits of the available laboratory equipment. Ceramics are characterised by an atomic structure 

of ionic or covalent bonds that prevent the movement of free electrons, making them poor electrical conductors 

and excellent insulators. The dielectric constant of ceramics is affected by several factors, including temperature. 

Ceramics can maintain their dielectric constant at higher temperatures than other materials. The thickness of the 

dielectric (d) plays a role in the charge distribution within the material, as optimal thickness promotes uniform 

charge distribution and reduces electric field heterogeneity. The dielectric constant is described by Eq. (1): 

𝜺′ =
𝑪𝒑 . 𝒅

𝝐𝒐 . 𝑨
                                                                                                                                                                                (𝟏) 

Where: Cp is the capacitance with dielectric materials, ϵo is the space permittivity (8.85×10-12 F/m)  

A: is the area of the specimen surface [14]. 

2.2. Dielectric Loss: or Loss Factor (tan δ) 

A measure of the energy lost in an insulating material when exposed to an alternating electric field. It expresses 

the ratio of the energy lost to the stored energy. Dielectric loss is affected by frequency, temperature, humidity, 

the presence of impurities or defects in the material, and changes in thickness [15]. Increased temperature and 

humidity lead to increased dielectric loss due to increased movement of ions or impurities within the ceramic [16]. 

High frequency leads to a change in the polarisation properties within the material, affecting dielectric loss [15]. 

2.3. Alternating Conductivity (AC) 

A measure of the insulator's ability to transmit alternating electrical current. It differs from direct conductivity 

(DC) since it is strongly influenced by the frequency of the applied electrical current. The AC electrical 

conductivity (AC) of ceramic insulators is described by Eq. (2) [17]: 

𝜸𝑨𝑪(𝒇) = 𝟐𝝅𝒇𝝐𝒐 𝝐
′ 𝒕𝒂𝒏𝜹                                                                                                                                                       (𝟐) 

AC conductivity represents the power lost in a material due to the movement of charges or the rotation of dipoles 

within the insulator when the direction of an alternating electric field changes. It is therefore related to the amount 

of heat generated in the insulator [18]. Low AC conductivity in ceramic insulators indicates high dielectric quality 

and effective current suppression. Measuring AC conductivity can also reveal defects or changes in the internal 

structure of the insulator, such as gaps or heterogeneities, which affect the insulator's performance. AC 

conductivity is also important in insulator design because alternating currents are the most common in electrical 

power systems. The presence of gaps, impurities, or inhomogeneity in the material increases the AC conductivity 

due to facilitating the movement of charges or the presence of conductive paths within the insulator [19]. As the 

frequency increases, consequently, because charges can move freely, the AC conductivity of insulating materials 
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goes up [20]. Sintering at high temperatures makes the material denser and less porous, which in turn increases 

the AC conductivity of interfacial polarisation. Understanding how these things affect the materials makes sure 

they will last and work well [21]. 

2.4. Electrical Breakdown 

Y-PSZ is used in a lot of different items that need strong mechanical and dielectric properties, such as making 

power tools and electrical insulators. Electrical breakdown strength is the ability of a material to stop the flow of 

electricity until the substance breaks down and shows conductivity. This happens when the material is exposed to 

high voltage. This feature is important for keeping zirconia's electrical performance steady and preventing surprise 

failures in real life, especially when the voltage or temperature is constantly changing [22]. Adding yttrium oxide 

or other stabilisers to zirconia changes the way the crystals are arranged, which makes it less likely to break down 

when electricity flows through it. This means that fewer crystallographic and internal flaws let the current leak out 

[23]. The electrical breakdown voltage is lower because of impurities and minor flaws in the materials. This makes 

the material weaker and makes it easier for the current to flow through it at high voltage. When the temperature is 

high, atoms move and vibrate a lot more, which makes it easier for current to flow and decreases the breakdown 

voltage [24]. Water or moisture on or in the material can lower the electrical breakdown voltage by creating 

conductive bridges between the electrodes. These bridges make it easier for current to pass and make the insulator 

weaker [25]. The breakdown voltage is affected by the geometry of the conducting electrode and the strength of 

the electric field [26]. Localised voltage concentrations induced by uneven field distribution can cause the early 

breakdown [27]. You may find the electrical breakdown strength (Ebr in kV/mm) by looking at the highest voltage 

(Vmax) that was applied to the insulator when it broke down as shown in Eq. (3) [19]. 

𝑬𝒃𝒓 =
𝑽𝒎𝒂𝒙

𝒅
                                                                                                                                                                              (𝟑) 

3. Weibull statistical analysis 

The electrical robustness of ceramics comes from the fact that they can handle high voltages without breaking. 

The samples have different resistance abilities because of variances in surface and crystalline defects and phase 

distribution. Applying Statistical analysis is necessary for a full knowledge of how insulating strength is spread 

out. The Weibull statistical model can be used to figure out how long an insulator is likely to last and how likely 

it is to break down in different operating situations. This is because the model evaluates the chance of an insulator 

failing at different voltage levels. This study offers significant insights into dependable ceramic insulators in 

practical applications [28]. Figuring out how likely it is that an insulator will fail at various voltages and in certain 

situations helps make insulation systems that are safer and work better. 

Eq. (4) tells us how likely it is that a sample will survive without failing (Ps): 

𝑷𝒔 = 𝟏 −
𝑱

𝑵+𝟏
                                                                                                                                                                           (𝟒)             

Hence, J: rank of the sample and N: the total number of samples. 

When studying electrical breakdown, the exponential equation Eq. (5) of the Weibull distribution is used to 

determine the probability of breakdown occurring at a given voltage. The most common form of the equation is: 

𝑷𝒔(𝑬) = 𝒆𝒙𝒑 (−
𝑬𝒃𝒓

𝑬𝒃𝒓𝒐
)

𝜷

                                                                                                                                                       (𝟓) 

Where: Ps(E) is the probability that electrical breakdown will occur at or before a breakdown of E, Ebr: the 

breakdown strength of applied voltage (or the value of the random variable), Ebro: the characteristic breakdown 

strength or Weibull scale parameter (the voltage at which a probability of breakdown of approximately 63.2% is 

achieved), and : is Weibull modulus, which is a measure of data dispersion; a higher modulus indicates lower 

data dispersion [29]. Fig. 2 shows the plot of the Weibull function for the statistical distribution according to Eq. 



L. Abd Al-Hakeem et al. Journal of Applied Sciences and Nanotechnology, Vol. 5, No. 4 (2025) 

 

61 

(5) for different values of the Weibull modulus. The best case for the data distribution is when the Weibull modulus 

is   5. The Weibull statistical method eliminates the need for the standard deviation, as it represents the extent 

of deviation from a specific value that characterises the material. 

 
Figure 2: Statistical Weibull distribution for different Weibull modulus 

Eq. (6) is the linear form of Eq. (5): 

𝒍𝒏 (𝒍𝒏 |
𝟏

𝑷𝒔(𝑬)
|) = 𝜷 𝒍𝒏 𝑬𝒃𝒓 − 𝜷 𝒍𝒏 𝑬𝒃𝒓𝒐                                                                                                                      (𝟔) 

This figure allows you to plot the relationship between the X-axis: ln Ebr and the Y-axis: 𝑙𝑛 (𝑙𝑛 |
1

𝑃𝑠(𝐸)
|). 

The resulting line will have a slope of  (the Weibull modulus), and the Y-intercept will give  lnEbro. 

4. Energy Storage 

The concept of energy storage in electrical insulators, such as (Y-PSZ), relates to the ability of these materials to 

store electrical energy in the form of an electric field within the material when subjected to an electrical voltage. 

In general, electrical insulators store energy through electrical polarization, where electrical charges store potential 

energy that can be later released. Partially stabilized zirconia is an effective material in this field due to its physical 

and chemical properties that support its stability and efficiency in storing electrical energy. The basic relationship 

describing energy storage (E.S) per unit volume (J/m3) in dielectrics comes from the physics of dielectric 

capacitors shown in Eq. (7) [30]: 

𝑬. 𝑺(𝑱/𝒎𝟑) =
𝟏

𝟐
 𝜺𝒐 𝜺

′ 𝑬𝒃𝒓
𝟐 … . . (𝟕) 

5. Materials and Methods 

Chemical composition by weight of the pre-sintering Y-PSZ block used to prepare partially yttria-stabilized 

zirconia samples from (radiantprolab zirconia) is: ZrO2 + HfO2 + Y2O3 ≥ 99 wt.%, where Y2O3 (yttria)  4.5 – 6.0 

wt.%, Al2O3 (aluminum oxide): less than 0.25 wt.% % and other oxides (such as SiO2, Fe2O3, CaO, etc.): less than 

0.15 wt%. The specimens were designed and manufactured in the form of discs with a diameter of 20 mm and a 

thickness of 2 mm using CAD/CAM design software and a CNC milling machine. 
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Barium titanate (BaTiO3: Cubic, SkySpring Nanomaterials USA, 99.9 %, 50-70 nm) and tungsten oxide (WO3: 

Hongwunew material China 99.9% – 50nm) nanoparticles were used as the doping material, and the doping 

material- alcohol solution was prepared, and then the doping was performed by spin-coating method (2000 rpm 

for 30 s) on the Y-PSZ surface with 14 % Apparent Porosity. 

After doping the surface of the Y-PSZ samples, the sintering process was completed at 1300 °C with a soaking 

time of 5 hours. Fig. 3 shows the three stages of the doped sample preparation process. The first stage includes 

preparing the pre-sintered Y-PSZ samples, the second stage is the doping stage and finally the sintering stage. 

 
Figure 3: Three stages of the doped sample process. 

The prepared samples were subjected to electrical insulation tests. The RLC device (micro test/LCR meter, model 

6377 (0-1MHz) Taiwan) was used to perform the dielectric constant and dielectric loss tests. The dielectric strength 

was measured using the device (high-voltage supply, BAUR-PGO-S-3, German), with different voltage increasing 

rates (VIR) (0.5 and 5 kV/s). 

6. Results and Discussion 

6.1. Structural Properties 

6.1.1. Field Emission-Scanning Electron Microscope (FE-SEM) 

Surface morphology was studied using the FE-SEM technique. Fig. 4a shows the powder grain distribution before 

sintering (pre-sintered Y-PSZ samples). This indicates strong powder convergence and uniformity in the 

distribution of the pressed powder. This convergence helps achieve the powder particle coalescence process during 

the sintering process in a short time and at a low temperature. The average powder particle size can be estimated 

mathematically to be 125 nm. Fig. 4b shows the surface of the sample after sintering, demonstrating the 

coalescence of the grains and the formation of grain boundaries. The average grain size can be estimated by 200 

nm. 

Fig. 4c shows the increase in grain size and, consequently, the increase in grain size resulting from the BaTiO3 

doping of Y-PSZ, while simultaneously increasing the grain coalescence. BaTiO3 doping can be described as 

accelerating sintering and grain growth. The average grain size is estimated to be 300 nm. Fig. 4d shows the 

WO3 doping of Y-PSZ, demonstrating a higher uniformity in the grain distribution than with BaTiO3 doping. In 

addition to the discontinuity of grain growth (without changing the average grain size  200 nm), this condition 

may be beneficial in terms of taking advantage of the intergranular boundaries to increase the interfacial electrical 

polarization [31]. 
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Figure 4: FE-SEM images of samples: (a) After sintering without additives, (b) before sintering without 

additives (c) BaTiO3 - doped Y-PSZ and (d) WO3 - doped Y-PSZ. 

6.2. Dielectric Properties 

6.2.1. Dielectric Constants 

The dielectric constants were measured in the frequency range between 100 and 1000 kHz for BaTiO3 and WO3-

doped Y-PSZ. Fig. 5 shows the variation of the dielectric constant as a function of frequency for each dopant 

material. This result shows that all the samples exhibited the expected decline of the dielectric constant with 

increasing frequency, which is due to the decreasing contribution of some types of electric polarization in this 

frequency range, most notably space charge polarization. All sintered samples exhibit a higher dielectric constant 

compared to their presented sample; This may be related to decreased porosity and improvements in 

microstructural homogeneity that allow the material to polarize more effectively when an applied electric field 

[32]. Among those, BaTiO3 and WO3 have the highest dielectric constant at the lower frequency [33]; BaTiO3 at 

the higher frequency maintains relatively high values, making it suitable for applications that require stable 

dielectric properties.  Notably, above 400 kHz, a sharp decrease in the dielectric constant for all samples was 

observed; however, the presented samples depict a higher drop and therefore higher polarization losses due to 

defects and grain boundaries [34]. 
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Figure 5: Dependence of dielectric constant on frequency for samples: Y-PSZ after and before sintering, 

BaTiO3-doped Y-PSZ, WO3-doped Y-PSZ. 

These effects are minimized after sintering. While there is certainly a drop in the dielectric constant for all materials 

with the increasing frequency, sintering certainly improves the dielectric properties of all the studied materials, as 

these could be ideal for applications requiring high and stable dielectric constants over a wide frequency range 

[35]. Investigating the behavior of dielectric properties at elevated temperatures requires a specialized system, 

which is currently unavailable. Work will be conducted on this in the future. 

6.2.2. Dielectric Loss (tan δ) 

Dielectric loss (tan δ) in the frequency ranges from 100 to 1000 kHz for samples with various dielectric substances 

like BaTiO3 -doped Y-PSZ, WO3-doped Y-PSZ, as shown in Fig. 6. At low frequencies, BaTiO3 has huge dielectric 

loss with a peak about 300 kHz, though this loss rapidly decreases as the frequency increases, indicating a very 

stable performance at higher frequencies. WO3, though with a lower dielectric loss than BaTiO3, has a linear 

dissipation trend throughout the frequency range and hence should be suitable for a wide frequency range with 

moderate energy retention, offering moderate energy retention and reliable applications, particularly at high 

frequencies. The sintering process and the type of dielectric material have great effects on the energy-dissipation 

behavior [36, 37]. 

 
Figure 6: Dependence of Dielectric Loss (tan δ) on frequency for samples: Y-PSZ after and before sintering, 

BaTiO3-doped Y-PSZ, WO3-doped Y-PSZ. 
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The dielectric loss of Y-PSZ increases after sintering due to microstructural changes, particularly grain growth 

and reduced porosity. Grain coarsening decreases intergranular spacing, altering the material’s response to electric 

fields and increasing energy dissipation. Additionally, reduced porosity enhances grain connectivity and leakage 

pathways, further contributing to dielectric loss [34]. However, after sintering, this decreasing porosity strengthens 

the structural bonding between the grains and enhances leakage current pathways, thus increasing the dielectric 

loss [38]. The increase in mobile ions resulting from sintering may lead to the release or increased concentration 

of ions such as O-2 or stabilized ions such as Y+3 in the crystal lattice. These ions may contribute to excessive 

polarization or small electric currents within the insulator, increasing dielectric loss. As for phase transformations 

in partially stabilized zirconia (monocline, tetragonal and cubic), sintering leads to greater stability of the 

tetragonal or cubic phases. These phases have different dielectric constants and may have higher losses compared 

to the monocline phase that prevailed before sintering [7]. Interfacial polarization (Maxwell-Wagner effect) after 

sintering also results in the appearance of more pronounced and coherent grain boundaries, which increase 

polarization effects at grain boundaries, especially at low frequencies, thus increasing dielectric loss [39]. 

6.2.3. AC Conductivity 

AC conductivity for some obtained materials, like BaTiO3, WO3-doped Y-PSZ, was measured within the 

frequency range from 100 to 1000 kHz and shown in Fig. 7. In most cases, the AC conductivity with sintered 

materials displayed a high rise, but the most significant rises were observed in BaTiO3 and WO3-doped Y-PSZ. 

This enhancement could be attributed to crystallinity improving and reducing defect density after sintering, thus 

allowing easier movement of charge carriers. This could be due to resonance effects or proper alignment of dipoles 

within the materials at specific frequencies, especially for ferroelectric materials such as BaTiO3 -doped Y-PSZ. 

In general, sintering increases the dielectric properties of all the materials studied here, but the conductivity of 

BaTiO3-doped Y-PSZ was enhanced most of all, followed by that of WO3-doped Y-PSZ. These findings underline 

that treatment techniques of materials are very important in their optimization concerning dielectric features, 

especially when aiming to use them in electronic devices as media that exhibit high conductivity at specific 

frequencies [40, 41]. 

 
Figure 7: Dependence of AC Conductivity on frequency for samples: Y-PSZ after and before sintering, BaTiO3-

doped Y-PSZ, WO3-doped Y-PSZ. 
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Increasing the AC electrical conductivity of dielectrics has some advantages, which include improving some 

operational properties at certain frequencies: Increasing AC conductivity may indicate the insulator's ability to 

adjust alternating currents, which can be useful in some electrical applications that rely on variable frequencies 

[42]. It is also an indicator of dipole polarization, as AC conductivity reflects the rotation of dipoles or the vibration 

of charges with the changing direction of an alternating field. This can help understand and improve dielectric 

properties. The disadvantages of increasing AC conductivity include increased leakage current through the 

insulator, leading to energy loss and increased heat generated within the insulator. It also accelerates insulator 

deterioration, as leakage currents and the resulting heat degrade the insulator over time, reducing its lifespan and 

increasing the likelihood of electrical faults. Furthermore, increasing conductivity leads to a decrease in the 

insulator's resistance, making the insulator less effective at preventing the passage of unwanted electrical current. 

High conductivity means greater electrical loss, resulting in lower electrical system efficiency and increased 

energy consumption. Generally, increased AC electrical conductivity of insulators means deterioration in electrical 

insulation performance, increased heat loss, and reduced service life, despite some limited benefits in special 

applications that rely on variable frequencies [43]. 

Electrical breakdown testing assesses a dielectric’s tolerance to electric fields before energy gap failure. Electrical 

strength can be adopted as a criterion for the homogeneity of the distribution of Tungsten Oxide nano powder in 

the polyester matrix.  

This can be evaluated using the Weibull statistical distribution, by which the Weibull modulus is determined, 

which expresses the convergence or divergence of the test results [28, 44]. Fig. 8a and b show that the sintered 

Y-PSZ sample exhibited a high Weibull modulus of 7.12 at VIR of 0.5 kV/s, which means a high homogeneity of 

the grain distribution of the Y-PSZ material during the forming processes. But it decreased to 4.37 at a VIR of 5 

kV/s. Fig. 8c and d illustrate the changes in the survival probability of electrical breakdown strength for Y-PSZ 

after sintering with doping BaTiO3 at a low VIR of 0.5 kV/s. This indicates that the electrical breakdown is related 

to the electrothermal changes that are associated with the breakdown that occurs as a result of the higher 

temperature that is associated with the applied voltage [45]. The Weibull modulus was calculated based on the 

slope of the straight line, with a value of 5.43. As the VIR continues to increase at 5 kV/s, the Weibull modulus 

decreases to 5.12. Fig. 8 e and f shows the alteration in the survival probability of electrical breakdown strength 

for WO3 doped - Y-PSZ at VIR 0.5 kV/s. The Weibull modulus was determined from the slope of the straight line, 

with a value of 5.39, and the Weibull modulus decreases to 5.03 at VIR 5 kV/s. The Weibull modulus in dielectric 

strength testing decreases at high voltage due to the concentration of the electric field on small defects (such as 

impurities or microscopic voids), which leads to random and inconsistent activation. This also prevents the 

reorganization of electrical charges within the dielectric, increasing the likelihood of sudden and unexpected 

breakdowns. 

6.3. Weibull Modulus 

All Weibull modulus values and the typical strength value of the electrical field (Ebro: the characteristic 

breakdown strength) are listed in Table 1. Generally, dielectric strength decreases at low VIR due to increased 

leakage currents and heat generation from the dielectric, leading to premature electrical breakdown. The dielectric 

strength is also improved with BaTiO3 and WO3 doping due to the filling of interfacial voids and treatment of 

surface defects, in addition to the doping materials having good insulating properties. 
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Figure 8: Weibull Distribution of Electrical Breakdown Strength for: (a, b) after sintering without additives at 

0.5 kV/s and 5 kV/s, (c, d) BaTiO3-doped Y-PSZ at 0.5 kV/s and 5 kV/s, (e, f) WO3-doped Y-PSZ at 0.5 kV/s 

and 5 kV/s. 

Table 1: Weibull Modulus  and Characteristic breakdown strength (Ebro) kV/mm of samples with different 

VIR. 

Specimen At 0.5 kV/s At 5 kV/s 

 (Ebro) kV/mm  (Ebro) kV/mm 

Y-PSZ After sintering without additives 7.12 7.94 4.37 9.40 

BaTiO3 - doped Y-PSZ 5.43 10.78 5.12 11.51 

WO3 – doped Y-PSZ 5.39 9.55 5.03 10.06 
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Eq. (7) is used to calculate the ability of an insulator to store energy per unit volume. It shows that the two main 

factors affecting the amount of stored energy are the dielectric constant (ε) and the characteristic breakdown 

strength (Ebro) applied to the dielectric. 

The results shown in Fig. 9 illustrate the maximum values of the stored energy, calculated from the maximum 

field condition (dielectric strength) at a high voltage rate rise of 5 kV/s, and calculating the dielectric constant at 

low frequencies (100 kHz). Most of the electrical insulators, including those presented in the research, behave in 

a contradictory manner between electrical breakdown and dielectric constant. 

 
Figure 9: Energy Storage Density of samples. 

In other words, an increase in the dielectric constant associated with the response of the dielectric material to the 

applied field, through electrical polarisation, is matched by a decrease in the dielectric strength, and vice versa. 

Therefore, a state of competition occurs: which factor has a stronger influence on changing the amount of stored 

energy, is it (ε) or (Ebr). According to Eq. (2), the field strength is quadratic (E2) and therefore will prevail, unless 

the dielectric constant reaches very high values. The stored energy value of the Y-PSZ sample after sintering is 

(14.24 kJ/m3), due to the low values of (ε) and (Ebro). While the stored energy value of the samples' sintering 

increased significantly up to (15.22 kJ/m3) for BaTiO3–doped Y-PSZ due to the dielectric strength increase. 

However, doping Y-PSZ with the addition of tungsten oxide (WO3) showed the maximum value of the stored 

energy density (22.86 kJ/m3), as a result of the effect of the increase in the dielectric constant (Table 2). 

Generally, a decrease in the stored energy density in a doped dielectric material means a decrease in the insulator's 

ability to retain electrical energy for a longer period of time. So, the ability to dissipate electrical energy is 

represented by the dielectric loss coefficient (tan ), an increase in which leads to a decrease in the dielectric 

strength and, consequently, a decrease in the stored energy density [46]. 

Table 2: Compared with your gas sensing zirconia study. 

Aspect Dielectric Properties Study Your Gas Sensing Study 

Material Base Yttria-partially stabilized zirconia (Y-PSZ) 
Pure ZrO2, MoO3-doped ZrO2, PZT-

doped ZrO2 

Purpose 
Improve dielectric performance & energy 

storage 

Improve sensitivity/selectivity for toxic 

gas detection 

Dopants BaTiO3, WO3 MoO3, PZT 

Key Characterizations 
FE-SEM, dielectric constant/loss, AC 

conductivity, Weibull analysis, energy storage 

AFM, gas sensing response, sensitivity 
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Performance Metrics 
Dielectric constant (ε), breakdown strength 

(Ebr), energy density (kJ/m3) 

Sensitivity %, response/recovery time, 

gas selectivity 

Findings 

WO3 improved dielectric constant & energy 

density (22.86 kJ/m3), BaTiO3 improved 

breakdown strength 

PZT best for H2S (S%=151.7), MoO3 

best for NO2 (S%=24.2) 

7. Conclusions 

This study highlighted the effects of sintering and doping on the microstructure and dielectric performance of Y-

PSZ ceramics. Sintering improved grain coalescence, reduced porosity, and enhanced crystallinity, leading to 

better dielectric behavior but also increased dielectric loss due to grain growth and leakage paths. Doping with 

BaTiO3 promoted grain growth and increased breakdown strength, while WO3 maintained uniform grain 

distribution and enhanced the dielectric constant without significant grain enlargement. All doped and sintered 

samples exhibited higher dielectric constants at low frequencies and improved AC conductivity, especially with 

BaTiO3, due to better dipole alignment. However, dielectric loss and conductivity must be carefully controlled, as 

excessive values can degrade insulation performance and reduce energy storage capability. Weibull analysis 

confirmed improved grain uniformity at lower voltage rise rates, with a decline in dielectric strength at higher rates 

due to field concentration on defects. Energy storage density was highest in WO3-doped Y-PSZ, driven by a high 

dielectric constant, while BaTiO3-doped samples benefited from greater breakdown strength. In summary, both 

sintering and selective doping enhance the electrical performance of Y-PSZ ceramics, but optimization requires 

balancing dielectric constant, breakdown strength, and dielectric loss for targeted applications in electronic and 

energy storage systems. One of the advantages of ceramic materials is their low sensitivity to environmental 

conditions; therefore, this aspect was not a major focus of our study, despite the possibility of some minor changes. 
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