
Dependence of Lattice Distortion and Dielectric Response  
of Zinc Aluminate on Milling Frequency 

HADIA Noora*, SAIRA Riazb, MALIK Maryyam Iramc,  
AMNA Siddiqid and SHAHZAD Naseeme 

Centre of Excellence in Solid State Physics, University of Punjab, Lahore 54590, Pakistan 
a*hadia.cssp@pu.edu.pk, b saira.cssp@yahoo.com, cmerium_iram@hotmail.com,       

d asiddiqi93@yahoo.co.uk, e shahzad_naseem@yahoo.com 

Keywords: ZnAl2O4, Milling Frequency, XRD, Grain Size, Dielectric Constant, Polarization.   

Abstract. Zinc aluminate (ZnAl2O4) samples were prepared using nano-milling based solid state 
reaction method for several potential applications. Effect of milling frequency on structural and 
dielectric behavior of ZnAl2O4 has been explored systematically. Investigation of crystal structure 
reveals that change in lattice parameter by milling does not alter the cubic lattice of ZnAl2O4. This 
milling frequency at the nano size resulted in a gradual decrease in the particle size, which can be 
attributed to the inhomogeneous defects. Grain size in nanometers has been calculated by XRD 
using Debye-Scherrer formula. Dielectric measurements performed in the range of 20 Hz - 20 MHz 
confirms the Maxwell –Wagner two-layer model which is consistent with the Koop’s theory. High 
value of ac conductivity indicates that milling blocked the ionic transport. As a result of Nyquist 
plots, a single semicircle was obtained which indicated the leading role of grain (bulk). The 
variation in the semicircle radii for different samples is due to the influence of milling frequency. 

Introduction 
In the ceramics, spinal family is an ideal material to form the ternary oxides because of its 

significant electrical, mechanical, magnetic and optical properties. The common chemical formula 
of spinal structure oxides is AB2O4. The compounds which possess spinal structure are capable to 
host extensively divalent, trivalent, and tetravalent cations. It is observed that such kind of 
compounds have wide band gaps which make these compounds attractive for photoelectronic and 
optical applications [1]. High melting temperature, high strength, and high resistance to chemical 
attack are exceptional properties of these compounds. Among the spinal family compounds, zinc 
aluminate (ZnAl2O4) has motivated attention because of its unique properties such as high thermal 
and chemical stability, low acidity, a hydrophobic nature high mechanical resistance and high 
quantum yields [2-5]. Therefore, it can be used as a catalyst for the fabrication of 
polymethylbenzenes, preparation of styrene initiation from acetophenons, double bond 
isomerisation of alkenes, dehydration of saturated alcohols to olefins, methanol and higher alcohol 
preparation [6, 7]. The wear resistance and mechanical properties of white ceramic tiles can be 
enhanced by introducing ZnAl2O4 as a second level in glaze sheets [8]. Furthermore, ZnAl2O4 is 
appropriate for UV optoelectronic application because it is transparent beyond 320 nm wavelength 
[9]. It is necessary to consider the microstructure of material to achieve the desired targets/objects 
because electrical, mechanical, magnetic and optical properties are determined by particle size. 

Several methods such as solid state reaction [10-12], co-precipitation [13, 14], sol-gel [15, 16] 
and hydrothermal [17, 18] have been employed to prepare ZnAl2O4 powders. Every method has 
some merits and demerits. However, milling based solid state reaction is an easy way to prepare 
composites material due to its specific features such as low cost, small energy consumption and 
time saving. In milling process, milling balls rotating with high speed in closed vessel create 
variation in the material properties. Hard materials like steel and tungsten carbide are used to 
fabricate the milling balls. Milling balls crush the materials into small size from millimeter to 
nanometers. The crystal defects such as dislocation density, vacancies, deformation network are 
induced by milling. The quantity of interfaces increases and particle size reduces in the range of 
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nanometers due to the fracturing process [19]. Milling frequency and time are important parameters 
of the milling materials. The required energy and concentration of the milling materials are directly 
related to these parameters. In the present study, ZnAl2O4 samples were prepared by nano-milling 
based solid state reaction method. Effect of milling frequency on the crystal structure and the 
dielectric properties of ZnAl2O4 specimens were explored.   

Experimental Details 
Zinc aluminate was prepared by solid state reaction. Mixture of ZnO (99.99% pure) and Al2O3 

(99.99%) was prepared at room temperature. The following reaction is straightforward to attain 
AB2O4 type compounds.  

ZnO + Al2O3 → ZnAl2O4.                                                                           (1) 
Five balls at frequency of 20 Hz ground the mixture in the ceramic container for two hours. 

After milling, pellet was formed by hydraulic press. 27.58 MPa pressure was applied for 2 minutes 
to prepare pellet. The milling frequency, area and thickness of pellets are given in Table 1. After 
this, all samples were heated at 1000 oC in oxidizing environment for two hours. The prepared 
samples were characterized by X-Ray Diffraction (Bruker D8) and impedance analyzer (Wayne 
Kerr 6500 B) to determine the crystal structure and frequency dependent dielectric parameters, 
respectively. 

Table 1. Details of the samples prepared by nano-milling. 

Sample ID Milling frequency [Hz] Thickness [cm] Area [cm2] 
A 0 0.05 0.82 
B 20 0.13 0.90 
C 25 0.12 0.92 
D 30 0.21 0.89 
E 35 0.12 0.99 
F 40 0.12 0.88 

Results and Discussion 
Fig. 1 shows the x-ray diffraction patterns of samples A-F. The diffraction peaks corresponding 

to (220), (311), (422), (511) and (440) indices reveal the cubic structure of ZnAl2O4 as reported in 
previous studies [20, 21]. The presence of shoulder peaks located at 31.65° and 36.55° in unmilled 
sample (A) indicates that reactants are not completely incorporated with each other without milling 
because ZnAl2O4 as well as ZnO and Al2O3 have characteristic peaks at the same level of 2θ [22, 
23].  

The plots of crystallite size and dislocation density as a function of milling frequency are 
illustrated in Fig. 2. Variation of crystallite size from 23 to 31 nm was observed with increase in 
milling frequency from 0 to 40 Hz. The values of crystallite size decreased with increase in 
dislocation density [24]. This observation clearly points out the relationship between crystallite size 
and dislocation density because of substitution of various anion and/or cation by milling. During 
milling, the crystallite size depends upon the induction of defects. Therefore, inhomogeneous 
defects are produced that change the crystallite size. In addition, neighboring grains have different 
energies and these neighboring grains define the grain size. It is possibility that milling induces such 
defects in polycrystalline material by continuous crushing which break up the crystals into small 
crystallites thus going towards nano size. In the beginning, lattice deformation due to milling is 
tolerable then continuous milling produced plastic deformation in the lattice. As a result of it, 
surface diffusion barrier and grain boundary diffusion energy increased which produced delay in 
grain boundary diffusion. Therefore, crystallite size reduced at high milling frequency. 
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Fig. 1. Indexed XRD patterns 
 of samples A-F. 

 

 

Fig. 2. Crystallite size and 
dislocation density as a function of 

milling frequency. 
 

Frequency dependent dielectric constant of samples A-F are displayed in Fig. 3. Dielectric 
constant decreases with increase in frequency and becomes almost constant at high frequency. It is 
clear that dispersion behavior is independent of applied field at higher frequency. Several research 
groups [21, 25, 26] have reported same results in ceramic materials. Such a dielectric dispersion 
trend can be explained on the basis of Maxwell Wagner polarization theory [27]. According to it, 
two layers of grains and grain boundary form an inhomogeneous dielectric specimen. Grain 
boundaries have low conductivity whereas the grains are more conductive. Initially at low 
frequency region, resistive grain boundaries play a leading role as compared to polarization in 
describing the dielectric properties. Space charge carriers associated with dielectric specimen need 
finite time to align their axes according to the alternating electric field resulting in decreased 
dielectric constant at high frequency. It was found that sample D milled at 30 Hz possessed high 
dielectric constant values as shown in Fig 4. Initially dielectric value increases with increase in 
milling frequency. It is possible that milling increases ions which polarize to the maximum extent 
causing to increase the dielectric values. Later on, milling reduced ions concentration that was 
obstructing the interaction between ions. High value of dielectric constant correlated with structural 
changes induced by milling reveals large values of dislocation density. The factors involved in 
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determining high dielectric constant are not only the grain and grain boundaries but also some 
intrinsic factors such as chemical substitution which modify the electronic structure showing a 
significant role. This chemical substitution may be produced due to milling. Dielectric results are in 
good agreement with XRD findings. Lattice is deformed by milling.  
 

Fig. 3. Variation in dielectric constant 
versus frequency of samples A-F. 

 

Fig. 5 illustrates the tangent loss (tanδ) as a function of frequency of samples A-F at room 
temperature. Variation in dielectric constant and tangent loss with frequency of applied electric field 
exhibits the same trends. In a low frequency regime, role of grain boundaries is dominated. 
Therefore, high energy is required for electrons to move from one ion to other present at different 
sites. As frequency is increased to the higher values, low energy is required for hopping of electrons 
due to low resistivity of grains resulting the tan loss become minimum. AC conductivity is plotted 
against frequency as shown in Fig. 6. AC conductivity is increased with an increase in frequency. In 
general, dielectric material does not possess any conductivity due to movements of free charges. 
Conductivity in dielectric material is only due to the hopping of bound charges. In hopping 
mechanism, charges move between bound states at different sites. This hopping mechanism speeds 
up at high frequency resulting in an increase in conductivity. 

 

Fig. 4. Variation in dielectric 
constant versus milling frequency 
at different frequency of applied 

field. 
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Fig.7 represents the Nyquist plots of samples A-F. Impedance spectrum can be explained by 
Nyquist plots. It contains different mechanisms related to grains, grain boundaries and electrode 
contribution. When a straight line is formed from impedance data, it indicates the insulating nature 
of material. Formation of semicircle points out the conducting nature of specimen having 
contribution of grains, grain boundaries and electrode [28]. It is found that an arc of sample D has 
minimum radius which shows the more conducting nature of sample as compared to others. This 
observation is consistent with dielectric results.  However, in present study, spectrum contains a 
single semicircle which represents the contribution of grain interior (bulk) [29]. An equivalent 
circuit consisting of resistance of grains (Rg), resistance of grain boundary (Rgb), capacitance of 
grains (Cg) and capacitance of grain boundary (Cgb) were suggested and values of Rg, Rgb, Cg and 
Cgb, were determined as listed in Table II. Samples A-F show different center of semicircles to 
indicate the variation in grain resistance by milling. Consequently, it confirms the non-Debye 
behavior of material. It is recommended that different relaxation time exist due to lattice distortion. 
This observation is consistent with XRD and dielectric results.  
 

Fig. 6. Variation in ac conductivity as 
a function of frequency. 

  

 

Fig. 5. Variation in tan loss versus 
frequency of samples A-F. 
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Fig. 7. Nyquist plots of samples A-F. 

Table 2. Summary of electrical parameter determined from fitted model  
in association with experimental data. 

Sample ID Rg (ohm) Rgb (ohm) Cg (F) Cgb (F) 
A 4.317×108 42409 1.413×10-6 5.6917×10-8 
B 2.532×1015 4.713×107 3.953×10-9 4.904×10-12 
C 6.384×107 1.062×1017 3.913×10-12 5.271×10-9 
D 7.938×107 1.002×107 8.458×10-12 0.00441 
E 5.622×1022 1.542×108 9037 1.388×10-12 
F 9.50×107 2.205×1020 3.11×10-12 4822 

Fig.8 represents a complex impedance data of sample D at different temperatures varying from 
30 to 260 °C. The values of Rg, Rgb, Cg and Cgb have been evaluated by fitting the suggested 
circuits. The specimen is more resistive at room temperature. It is observed that arc of semicircle 
decreases as temperature increases which indicates the bulk resistance decrease at high temperature 
[29].  It gives the clue that resistance of grains is the main barrier for movement of ions. 
Furthermore, effective concentration of acceptor and oxygen vacancy is increased with temperature 
which is confirmed by thermally stimulated polarization. 
 

Fig. 8. Nyquist plots of sample 
D having the highest value of 

dielectric at different 
temperature. 
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ConclusionS 
ZnAl2O4 samples were prepared by solid state reaction technique based on nano ball milling. 

Milling frequency was changed 0 to 40 Hz. X-ray diffraction studies revealed cubic structure. The 
structural parameters such as crystallite size, dislocation density, lattice constant and unit cell 
volume were calculated. XRD analysis explained lattice distortion due to milling. The dielectric 
constant, tangent loss and ac conductivity exhibited increasing behavior with increasing frequency 
well explained with the help of Koop’s theory. Impedance spectroscopy highlighted the grain 
effects using equivalent circuit to describe electrical mechanism inside the material resulting in non-
Debye type relaxation existing in the material. Nyquist plots at different temperature suggested that 
conduction mechanism in material was due to the increase in number of grains and thus the 
resistance. 
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