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Abstract 

Bulk (Zn Ni Si Zr) O2 were synthesized by the standard ceramic method, with solid state reaction . The 

effect of ZrO2 on physical, phase structure and dielectric properties were investigated .Phase 

quantification and compositional studies were performed using X-Ray Diffraction patterns, Scanning 

Electron microscopy  are discussed. The results show solid solution forms .Ni-rich phase. The SEM 

picture indicates the size of polycrystalline particles. The observation of some larger nano particles 

may be attributed to the fact that NiO nanoparticles have the tendency to agglomerate due to their high 

surface energy and high surface tension of the ultrafine nanoparticles. The decrease of capacitance in 

(pF) , dielectric constant ( ɛ- 
) and consequently increase (Ac) conductivity with increasing frequency 

was investigated .   

Introduction  

Zirconia-based materials are most interesting from a technological point of view, mainly as a 

consequence of their outstanding electrical, chemical, and mechanical properties that make them useful 

materials in the fields of ceramics, solid electrolytes, gas sensors, and catalysis [1-5]. Decreasing the 

size of the zirconia-based particles to nanometric levels provides changes in such properties due to the 

modifications produced at structural or electronic levels, as will be analyzed below. Thus, aspects such 

as the stabilization of the tetragonal structure (presenting higher ionic conductivity and strength with 

respect to the monoclinic polymorph), improved sintering characteristics, increased surface area, or 

modified mechanical properties (possibility of achieving  superplastic characteristics, decreased 

fracture toughness, etc.) are characteristic of the zirconia based nanoparticles and most relevant for 

their practical use [5- 12]. Pure bulk zirconia exhibits three structures in different ranges of temperature 

at atmospheric pressure (other different orthogonal-type structures can be stabilized at high pressure) 

[13]. The most stable thermodynamic form is monoclinic and transforms to unquenchable tetragonal 

and cubic (fluorite) structures at 1400 and 2700 K (up to the melting point of ca. 2950 K), respectively 

[14, 15]. The stability of the monoclinic phase in the extended material has been explained on the basis 
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of covalency effects since a simple ionic model is inadequate to explain the observed structures [16].  

A significant consequence of decreasing the size of pure zirconia is the possibility of stabilizing the 

tetragonal phase for particles of less than 30 nm [6, 7]. zirconia can be achieved upon introduction of 

cationic dopants[14,17,18,19].The amount of dopant required for the tetragonal stabilization in the 

nanoparticles generally depends on the nature of the dopant;  a comparative study employing different 

rare-earth M3+ dopants shows that it decreases with increasing the ionic size of the dopant.[14,17] . The 

nature of the dopant also affects the oxide ion conductivity in the nanoparticles, which, as observed for 

the extended systems  [18], increases with decreasing the ionic radius of the rare-earth dopant[19]. The 

use of zirconia nanoparticles as starting material in the preparation of dense oxygen permeation 

membranes presents advantages since they exhibit improved sintering behavior [14,18,20]. Transition 

metal-doped metal oxide nanocrystals have attracted considerable interest in the scientific community 

due to their unique optical and electro-optical properties. Among them, zinc oxide (ZnO) which has 

awide band gap (3.37 eV) and high exciton binding energy (60 meV) is a potential host material for 

doping transition metal ions [21]. Various theoretical and experimental studies on ZnO reveal a much 

wider scope in terms of nanocrystals shapes (wire, rod, cone and spherical),  lattice structures, doping, 

surface modifications as well as synthesis conditions for tailoring the physical and optical properties of 

these nanocrystals [22-25]. Various dopants such as transition metals, Mn, Fe, Co and Ni, and rare 

earth elements, Eu, Er and Tb, have successfully been incorporated into the colloidal semiconducting 

nanocrystals (ZnO) for tailoring their characteristic properties [26]. Silicon dioxide (silica) is an oxide 

of silicon with the chemical formula SiO2. It is known for its hardness and three crystalline forms 

(quartz, tridymite and cristobalite). Often it would occur as a non-crystalline oxidation product. Silica 

is one of the most abundant oxide materials in the earth’s crust and occurs commonly in nature as 

sandstone, silica sand quartzite. Silicate glasses and ceramics can exist in an amorphous form (vitreous 

silica) or in a variety of crystalline forms [27]. Silica generally has good abrasion resistance, electrical 

insulation and good thermal stability. It had been found that adsorption of water enhances the surface 

electrical conductivity of silica [28]. A fused silica is mainly used where good dielectric and insulating 

properties are required, though it may also be used as refractory materials or investment casting. Quartz 

is an insulator with band gaps in excess of 6 eV commonly used as substrates for supported catalysts. 

The electrical and optical properties of silica are strongly dependent on size, especially when formed 

into nanotubes, nanowires and nanoparticles due to their quantum confinement effect.  Their different 
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applications are also shape dependent.[29-31] . NiO is the most exhaustively investigated transition 

metal oxide. It is NaCl-type antiferromagnetic oxide semiconductor. It offers promising candidature for 

many applications such as solar thermal absorber, catalyst for oxygen evolution, photo electrolysis and 

electro chromic device. Nickel oxide is also a well-studied material as the positive electrode in 

batteries. NiO is a P-type semiconductor and its electrical conduction is almost entirely contributed 

from electron hole conduction.  NiO is preferred for high electro chromic efficiency, low cost and high 

dynamic dispersion. NiO on the other hand is a transition metal oxide that has several potential 

applications, such as solar thermal absorber, electrodes for battery and photoelectron-catalysts [32][15]. 

NiO thin films are promising materials with excellent electrochromic properties. Another important 

application of Nickel oxide films includes preparation of alkaline batteries (as cathode material), 

antiferromagnetic layers and P-type transparent conducting films [33][16]. The appealing electronic 

properties of NiO such as large band-gap energy of (≈ 4.00) EV, and high thermal stability, make it a 

favorable material for electronic device applications [34] .The study of composite material i.e. mixture 

consisting of at least two phases of different chemical composition has been of great interest from both 

fundamental and practical point of view. The physical properties of such materials can be combined to 

produce material of desired response. Composites have good potential for various industrial fields 

because of their excellent properties such as high hardness, high melting point, low density, low 

coefficient of thermal expansion, high thermal conductivity, good chemical stability and improved 

mechanical properties such as higher specific strength, better wear resistance and specific modulus. 

Composites are used in making solar cells, optoelectronic device elements, laser diodes and light 

emitting diodes (LED), industrial applications in aircraft, military and car industry. High-k gate 

dielectrics substituting for SiO2 gates in sub-100-nm metal-oxide-silicon field-effect transistors have 

been studied extensively recently because the conventional SiO2 dielectric faces scaling limits due to 

excessive gate tunneling current in the coming generations. One of the most promising candidates is 

ZrO2 [35- 39] due to its high dielectric constant, wide energy band gap [40], and thermodynamic 

stability in contact with Si [41]. However, pure amorphous ZrO2 crystallizes at around 500 0C, and so 

the deposited ZrO2 layer becomes crystalline after annealing in conventional integrated circuit 

processes. Composites are used in making solar cells, optoelectronic device elements, laser diodes and 

light emitting diodes (LED), industrial applications in aircraft, military and car industry. Besides this, 

the composites getting from the transition metal oxides are started to use as humidity and gas sensors. 
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Other work carried out in this area includes synthesis and characterization of ZnO-NiO composite nano 

particles by solution method[42] .While in this paper the influence of sintering temperature on the 

physical properties of ZnO – NiO- SiO2- ZrO2 composite  prepared by solid state  technique were 

characterized. 

Materials and methods  

Composite samples were fabricated by the conventional ceramic fabrication procedure. The starting 

materials selected were ZnO,SiO2 and ZrO2 in powder form and all materials were taken in the form 

of analytical grade . The mixes were   weighed in the suggested proportions,  

Batches were abbreviated as Z1, Z2, Z3, Z4, Z5, and Z6 ( see Table  1 ) , 

wet milled to ensure through mixing of the different compositions then dried at 200 oC. Green cylindric 

compacts were uniaxially pressed at 70 KN into discs with a diameter of 20 mm and a thickness of 2 

mm. The pellets were calcined at (1000 – 1300) °C for 2 h and cooled to room temperature freely, 

whereas the heating rate to the sintering temperature was typically 5°C/min. The sinterability of the 

different samples was determined in terms of   physical   properties. The phases developed during 

firing were identified by XRD utilizing an  equipment; Philips type 1700, copper radiation and a Ni 

filter. Microstructure developed was examined under SEM type Philips XL 30 provided with EDS after 

sputtering the surface with gold. The dielectric properties and conductivity as a function of frequency 

were measured in centered Gold electrode pellet with a typical Impedance analyzer (Agilent 4292) in 

the frequency range 50 Hz–5 MHz .The capacitance and resistance were measured at room temperature 

and the respective permittivity [ɛ\] and conductivity [ σ ] were calculated according to the following 

relations :  

𝛆-
  =    

Where   C = capacitance In farad.   d = thickness of specimen in m.   

ε o = dielectric constant of vacuum 8.85 ×10-12 F/m.        

    A = area of specimen in m2. 

Also from the values of resistance [R], the resistivity [ρ] and conductivity [σ] were calculated from the 

following relation:                               
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Resistivity [ ] =               Conductiviy ( σ ) =  

To investigate the sintering mechanisms, an as-received powder sample was analyzed by the thermo 

gravimetric method. Concerning DTA, 40µm powder specimens were placed in a refractory steel 

crucible and analyzed using a hybrid system with oven-drying at a heating rate of 5.8 oC/min up to  600 

oC. Sample masses ranged from 15 to 20 mg. In the case of TG, the specimen (40 µm  powder )  were 

introduced into a quartz crucible and analyzed using system at a heating rate of 7.5oC/min up to 600oC , 

under an atmospheric condition.  

Results and Discussion  

The relative density for the fired samples in the temperature range between 1000 and 1300 ◦C 

is illustrated in Fig. 1 . The relative density equals the theoretical density of a sample divided by its 

apparent density. The relative density for the samples decreased as the ZrO2 content increased. 

Although high densification rate in all samples took place at 1300 ◦C, it is interesting that only samples 

Z2, Z3, Z4 and Z6 have better sintering behavior.  At 1300 ◦C, the relative density of samples Z2 and 

Z6 have reached 95%, which indicates that samples Z2, Z4 and Z6 get to almost full densification. 

Such a high rate of densification for samples Z2 and Z6 is thought to be attributed to the lowest glass 

transition temperature and the viscous glass phase during the firing process . 

XRD patterns of samples sintered at 1200 0C are shown in Fig. 2. It is easy to identify the 

main phase willemite Zn2(SiO4) (PDF card no  01-070-1235) as the major phase, M: Baddeleyite ZrO2 

, Zircon(Zr2SiO4, PDF card no. 01-081-0588), B: Liebenbergite Ni2SiO4 and  Nickel zinc oxide , zinc 

silicate and nickel silicate by fitting d spacing data. Additional peaks are evident and their intensity 

increases with increasing ZrO2  . These additional peaks (Zr-rich phase) belong to two kinds of phases: 

one is Baddeleyite ZrO2 can be observed at about 2θ=28.391(d=3.14116)(07-0343) and Zircon, 

Zr(SiO4) , tetragonal structure, can be detected at about 2θ =20.026(d=4.43038), and 2θ 

=27.013(d=3.29813)(76-0865). The results show that Zn2SiO4 and Ni2SiO4 generate during sintering, 

but the d-spacing data do not exactly match with those of JCPDS card. 

Fig. 3 . shows the differential thermal analysis DTA thermo gram of sample Z6 which 

containing 30%wt ZnO, 30%wt NiO, 30%wt SiO2 and1%wt ZrO2.The thermo gram shows 
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endothermic effect in which, the onset of the peak at 36.2ºC , the offset at 298.3 ºC, the mix ∕ min at 

109.5 ºC is equal to -16.817μv, and heat change is equal to -1503.706 μVs ∕mg. Fig. 4 .shows the TG 

thermo gram of sample Z6 , in which, mass of the sample at 56.3 ºC is equal to 9.056 mg, mass of the 

sample at 207.5 ºC is equal to 8.493 mg, and mass change is equal to -0.56 mg. In addition, mass of the 

sample at 207.5 ºC is equal to 8.493 mg, mass of the sample at 268.9 ºC is equal to 7.975 mg, and mass 

change is equal to -0.52 mg. In addition, mass of the sample at 268.9 ºC is equal to 7.975 mg, mass of 

the sample at 344.2 ºC is equal to 7.758 mg, and mass change is equal to -0.22 mg.  

Figs.(5-13 ) Typical SEM photographs of the products synthesized through the stoichiometric 

and the Ni and Si -rich precursors: clusters of tiny particles and  thin flakes imaged at a higher 

magnification. Elementary composition analysis by EDS confirms that the Ni content is higher near the 

grain boundary than in the matrix (ZnO), indicating the formation of a Ni and Zr-rich phase along the 

ZnO grain boundaries. Also SEM images of the as-prepared ZnO-NiO-SiO2 based composite ceramics 

also confirmed the solubility of ZrO2 into ZnO lattice. The images reveal that, although amount with 

different amounts of ZrO2, the typical microstructure of the samples almost has no change: almost 

fully dense structure of ZnO grains without any obvious second phases. Both images show evidence of 

the presence of a liquid phase as well as relatively small grains, with an average size clearly below the 

micron (similar to the particles sizes of the starting materials. Fig. 8 shows the SEM micrograph of two 

systems considered in this study. Although no secondary phases were observed in SEM micrographs, 

Ni2SiO4 and Zr2SiO4 could be precipitated at the grain boundaries leading to a decrease in the grain 

size with the increase in ZnO concentration. SEM of sample Z4 which containing (36ZnO-30NiO-

30SiO2-4ZrO2) fired at 1000oC, 1100oC, 1200oC, and 1300oC,  for 2 hours present in Fig. 9. The SEM 

picture indicates the size of polycrystalline particles. The observation of some larger nano particles 

may be attributed to the fact that NiO nanoparticles have the tendency to agglomerate due to their high 

surface energy and high surface tension of the ultrafine nanoparticles. The fine particle size results in a 

large surface area that in turn, enhances the nanoparticles catalytic activity. So we can conclude that the 

prepared NiO particles are in nanometer range. The agglomeration of nanocrystalline particles could be 

attributed to their extremely small dimensions with high surface energy during firing. Fig .  12 .SEM of 

sample Z5 sintered at 1200 0C revealed the presence of uniform grains larger than 7μm, while energy 

dispersive spectroscopy (EDAX) indicated the presence of Zn, Ni and Zr distributed inside the grains. 
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The dielectric properties of ZnO-SiO2-NiO-ZrO2 composite ceramic system were studied in 

the frequency range from 50 Hz to 5 MHz at room temperature. Figs. (14-16  ) show the variation of 

the dielectric constant as a function of frequency for all samples. Obviously, the dielectric constant 

shows a decreasing trend for all the samples. The decrease is rapid at lower frequency and slower and 

stable at higher frequency. The decrease of dielectric constant with increasing frequency is a normal 

dielectric behavior which is also observed by other researchers [43-46]. A composite ceramic system is 

considered as heterogeneous material that can experience interfacial polarization as predicted by 

Maxwell and Wagner. The movement of charge carriers trapped at interfacial region which is caused 

by inhomogeneous dielectric structure. At high frequency, the dominant mechanism contributing to 

dielectric constant is the hopping mechanism in their respective interstice under the influence of 

alternating current. The frequency of hopping between ions could not follow the frequency of applied 

field and hence it lags behind, therefore the values of dielectric constant become reduced at higher 

frequency [47]. This behavior may be due to existence of interfacial polarization , which exists in non-

homogeneous dielectric . For samples sintered at 1200 for 2 hours , which containing  SiO2, NiO, ZnO 

and ZrO2 ,the measured data show that the dielectric constant decrease generally with increasing 

frequencies. The sample (Z5) which containing 35% mole ZnO, 30% mole SiO2, 30% mole NiO and 

5% mole ZrO2 represent the maximum values of dielectric constant. The results of dielectric loss as a 

function of frequency at room temperature of different mixes sintered at 1200 oC for 2hours are 

graphically plotted in Fig.  . It is evident that mixes of different mixes show clearly decrease behavior 

with increasing frequency. The dielectric loss decreases in the frequency range up to 10 KHz; after 10 

KHz becomes constant .This decreasing can be explained by Koop’s model. According to Koop’s 

model the decrease of dielectric loss (Ɛ--) is explained by the fact that at lower frequencies, where the 

resistivity is high and the grain boundary effect is dominant, thus more energy is required to for the 

exchange of electrons between the metal ions and dopants ions located at grains boundaries ,i.e. energy 

loss is high whereas, at high frequencies, the resistivity is comparatively lower and grains themselves 

play a dominant role, thus very small amount of energy is required for hopping of electrons between 

the ions located in a grain, and therefore dielectric loss (Ɛ--) is also small. 

The effect of frequency on the resistivity of different mixes which containing ZnO, SiO2, NiO 

and 1, 2, 3, 5, 10 %mole ZrO2 sintered at 1200 0C for 2hours are graphically plotted in Fig. 16 . , 

generally the resistivity deceases with increasing of frequency of all specimens. This may be attributed 
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to the increase in the number of dipoles. These effects are associated with polarization currents arising 

from trapping states of various kinds and densities. The increase in frequency raised the conductivity as 

a result of the increase in ionic response to the field again this is related to inter-granular material. 

Conclusions  

1) The relative density for the samples decreased as the ZrO2 content increased.  

2) The SEM picture indicates the size of polycrystalline particles. The observation of some larger 

nano particles may be attributed to the fact that NiO nanoparticles have the tendency to 

agglomerate due to their high surface energy and high surface tension of the ultrafine 

nanoparticles. 

3) (EDAX) indicated the presence of Zn, Ni and Zr distributed inside the grains. 

4) A composite ceramic system is considered as heterogeneous material that can experience 

interfacial polarization as predicted by Maxwell and Wagner. 

    5) The dielectric constant shows a decreasing trend for all the samples,                      the decrease is 

rapid at lower frequency and slower and stable at                higher frequency.  

       6) The AC resistivity decreases with increasing frequency at room                       temperature. This 

may be attributed to the increase in the number                 of dipoles and consequently increases the 

hopping probability.  
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Table 1: Composition of Different Mixes in mol% 

Oxides ZnO  mol% NiO  mole% SiO2 mole% ZrO2 mole%  

Z1 39 30 30 1 

Z2 38 30 30 2 

Z3   37 30 30 3 

Z4 36 30 30 4 

Z5 35 30 30 5 

Z6 30 30 30 10 
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Fig .1. Relative density as a function of temperature 

 

 

 

 

 

 

 

 

  

 

 

 

  

Fig.2. XRD of group (III) sintered at 1200
o
C 

Where A : willemite Zn2(SiO4),M: Baddeleyite ZrO2 ,L : Zircon Zr(SiO4), B: 

Liebenbergite Ni2SiO4,  D: Nickel zinc oxide 
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Fig. 3. shows the DTA thermogram of sample Z6 

 

 

Fig.4 . shows the TG thermogram of sample Z6 
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Fig.5 .  SEM of sample Z1 at 1100 
0
C , thermally etched surface,  showing crystal 

   growth of ZnO grains and the presence of liquid   phase X=10000   

 

  

 

 

 

 

 

 

Fig.6.SEM of sample Z1 at 1200
O

C for 2h , X= 5000 

 

 

  

 

 

 

 

Fig . 7. SEM of sample Z1 at 1300
O

C for 2h X=3000(crystalline phase) 
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Fig.8  .SEM of sample Z1 at 1300
O

C for 2h X=5000 (crystalline phase ) 

 

 

 

 

 

 

 

Fig.9 .SEM of sample Z4 at 1000
O

C for 2h  X=10000 

 

 

 

 

 

 

 

 

 

Fig.10.SEM of sample Z4 at 1100
O

C for 2h , X=10000 
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Fig.11. SEM of sample Z4 at 1200
O

C for 2h  X=10000 

 

 

 

 

 

 

 

 

 

 

 

Fig.12.SEM of sample Z5 at 1300
O

C for 2h (growth grains), the grain boundaries 

as well as the domain structure are visible after thermal etching , X=5000 
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Fig .13.   EDAX of sample  Z5 at 1300 shows distribution of elements. 

  

 

 

 

 

 

 

 

 

 

 

 

Fig. 14 . AC Dielectric constant as  a function of frequency for 

different mixes sintered at 1200
o
C. 
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Fig.  15 . AC Dielectric loss as a function of frequency for different mixes      

sintered at 1200
o
C 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.16 . Resistivity as a function of   frequency for different mixes sintered at 

1200
o
C 
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