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                The work deals with synthesis of zirconia (ZrO2) nanopowder from commercial micron sized ZrO2 powder 
using high energy ball mill and its characterization using scanning electron microscopy (SEM), X-ray diffraction 

(XRD) and laser particle size analyzer. SEM showed a decrease in particle size from more than few micrometers to 

less than 50 nm when the milling time increased from 0 to 20 h. The milled powder has almost spherical shaped 
morphology after milling time of 15 h. XRD also showed that milled ZrO2 powder has a mixture of monoclinic and 

tetragonal phases. XRD showed that the crystallite size decreases to 50 nm, 34 nm and 29 nm after milling for 10 h, 15 

h and 20 h, respectively which was confirmed by laser particle size analyzer. Final milled ZrO2 powders showed 
bimodal particle size distributions with mean particle size of 11 nm and 39 nm. 

 © 2016 JMSSE All rights reserved 

 

Introduction  
 

   Zirconium oxide (ZrO2) is one of the important ceramic because 

of its excellent electrical, thermal, mechanical and optical 

properties. These properties made it a good choice for applications 

such as thermal barrier coating, catalyst, structural solid oxide fuel 

cell electrolyte, semiconductor, and structural materials. Micro- 

and nanosized powders of ZrO2 have been synthesized by a 

number of methods such as precipitation [1], sol-gel method [2], 

combustion [3], inert gas condensation [4], and thermal 

decomposition of zirconium complexes [5]. The high energy ball 

milling (or planetary ball mill) has been successfully used for the 

synthesis of nanopowders of PbZr1-xTixO3, Sr0.8Bi2.2Ta2O9 [6,7], 

zinc oxide [8], iron [9], silicon carbide [10], Nd2Fe14B/Sm2Co17 

[11], LiNbO3[12] etc. This technique is known to be simple, cost-

effective and suitable for large scale production of nanopowders. 

Nevertheless, owing to high surface area to volume ratio 

nanoparticles provide good interface with the polymer matrices 

such as polystyrene [13], polymethylmethacrylate [14], 

polyvinylidene fluoride [15] and epoxy [16]. Recently, Zakeri et al. 

[17] reported a synthesis of nanostructure tetragonal ZrO2 using 

high energy ball milling for 80 h but particle size distribution 

(quantitative) was not reported. Moreover, it is true that such (i.e., 

80 h) prolonged milling time adds cost and introduces large 

quantity of impurity in the milled powder due to wear of balls and 

vials [18].  In view of this, this paper focuses on the synthesis of 

ZrO2 nanopowder using a planetary ball mill up to 20 h in dry 

condition followed by characterization of the synthesized powders 

for morphology and crystallite/particle size. The lowest particle 

size obtained by laser particle size analyzer is 11 nm which is 

interesting.   

 

Experimental  
 

   Commercial grade ZrO2 powder purchased from Riedel-De 

Haen, A.G. Seelze-Hannover was used for reducing its size to 

nanometer scale. Its ball milling was carried out in a planetary ball 

mill (PM 200, Retsch) using vials and balls made of ZrO2 in dry air 

atmosphere. The ball to powder ratio (BPR) of 10:1 and the 

rotational speed of 300 rpm were maintained. The milling time was 

varied from 5 h to 20 h and the milled powders were analysed after 

every 5 h. Ball milled ZrO2 powders were analysed using X-ray 

diffractometer (XRD, Philips X’Pert  PANalytical PW 3040/60) 

using monochromatic CuKα radiation over a 2θ angle from 10° to 

90°. Crystallite size was determined from the peak broadening 

using the Scherrer equation (1) after subtracting instrumental 

broadening. The strain broadening (due to lattice strain) has been 

ignored here, because we have interest in determining the trend of 

change of crystallite size with increasing milling time. 

 

𝑑 =
0.9𝜆

𝛽𝑐 𝑐𝑜𝑠 𝜃
                                        (1) 

𝑎𝑛𝑑 𝛽𝑐 =  𝛽𝑛
2 − 𝛽𝑚

2  

 

where,  β
𝑐
 is corrected peak broadening (in radian) from 

nanopowder,  β
𝑛

 is the peak broadening due to nanosized powder 

and β
𝑚

 the peak broadening from the bulk ZrO2 powder. The λ is 

the wavelength of X-ray and θ is the Bragg angle.  
 

   The morphology and qualitative particle size distribution of ZrO2 

powders were studied using field emission scanning electron 

microscope (FE-SEM, Hitachi- S4800). The differential particle 

size distribution of ZrO2 powders was obtained using laser particle 

size analyzer (LA-960, USA) using the standard test method as 

prescribed by manufacturer. For this, fraction of mg quantity of 

ZrO2 powder was suspended in an ethanol solvent using ultrasonic 

bath for 10 min. Suspended ZrO2/ethanol solution was filled in a 

standard sample holder and kept inside the instrument. The 

suspended sample is scanned with a laser beam using a rotating 
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wedge prism. Light scattering occurs when particles in a sample 

are bathed in the oscillating laser beam. 

 

Results and Discussion 
 

   Figure 1 shows XRD pattern of as received and milled ZrO2 

powders. The XRD pattern of the powder milled for 10 h, 15 h and 

20 h was shifted upwards by 1000, 2000 and 3000 a.u., 

respectively. Diffraction peak positions (2θ) of 0 h, 15 h, and 20 h 

milled powder were observed at 28.63o, 31.77o, 34.42o and 35.52o 

which corresponds to diffraction  planes of  (11Ī),  (111), (002) and 

(020), respectively [19].  A slight shift in the 2θ peak positions of 

the XRD pattern for the 10 h milled sample was observed, i.e., 2θ 

values were observed at 28.36o, 31.66o, 34.31o, 35.63o. By 

comparing with standard files of JCPDS, the milled ZrO2 powders 

were found a mixture of monoclinic and tetragonal phases. The 10 

h milled ZrO2 powder has higher content of tetragonal phase, 

compared to other samples. Moreover, there is a significant 

increase in peak broadening and a decrease in peak intensity with 

increasing milling time. From these peaks broadening, the 

grain/crystallite size of various powders was determined from the 

Scherrer equation (1). It was found that the average 

grain/crystallite size decreases to 50 nm, 34 nm and 29 nm after 

milling time of 10 h, 15 h and 20 h, respectively.  

 

 

Figure 1: XRD pattern of ZrO2 powders milled for various duration. 

 

    Figures 2(a)-(c) show SEM images of ZrO2 powder obtained 

after ball milling time of 0, 10 h, and 15 h, respectively. As shown 

in Figure 2a, as received ZrO2 powder shows particle size of 200-

500 nm which are agglomerates of primary particles with size of 

more than 100 nm. After 10 h milling time, the shape of the 

particles looks like cuboids with length of less than 500 nm and 

thickness less than 60 nm. After milling time of 15 h, particle 

shape is almost spherical with size less than 100 nm. However, for 

a sample milled for 20 h (image not shown) no significant 

difference in size was observed probably due to the formation of 

agglomerates. 
 

   Figures 3(a)-(d) show particle size distribution (intensity versus 

size) for as received, 10 h, 15 h and 20 h milled ZrO2 powder, 

respectively. Each histogram shows broader particle distribution 

and two peaks indicating bimodal particle size distribution. First 

peak indicates primary ZrO2 particles and the second peak 

indicates larger size particles or aggregates of primary crystallites. 

Mean particle size obtained from the second peak after 0 h, 10 h, 

15 h and 20 h milling time was approximately 281 nm, 65 nm, 44 

nm and 39 nm, respectively. This clearly indicates that particle size 

was decreased significantly by planetary ball milling. Similarly, 

the mean particle size obtained from the first peak of histogram 

after 0 h, 10 h, 15 h and 20 h milling time was 53 nm, 19 nm, 15 

nm and 13 nm respectively.  

 

 

Figure 2: SEM images of ZrO2 powder after milling time of (a) 0 h, (b) 10 
h, and (c) 15 h. 

   The variation of corresponding crystallite and particle size 

determined by XRD and laser particle size analyzer, respectively, 

as a function of the milling time is shown in Figure 4. As shown in 

this Figure, crystallite and particle size first decreases sharply and 

then gets saturation after 15 h.  In initial stage, high energy of 

planetary ball mill ruptures the interatomic bonds in the crystal and 

forms new surface. However, after a critical milling time (i.e., 15 h 

in present case) or when the size reached to a critical size the 

(a) 

(b) 

(c) 
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surface to volume ratio of the particles and hence their surface 

energy increases significantly which may lead to formation of 

agglomerates.  

 
Figure 3: Particle size distribution of ZrO2 powder after milling time of (a) 

0 h, (b) 10 h, (c) 15 h and (d) 20 h. 

   In other words both these factors, i.e., reducing particle’s sizes 

with increasing milling time due to high impact energy of balls and 

reducing surface energy by making agglomerate, competes each 

other and hence, particles get saturation after a critical particle size. 

The mean particle size obtained by the particle size analyzer is 

lower as well as higher than the average crystallite size obtained by 

XRD peak broadening. It is due to the fact that X-ray peak 

broadening method is most appropriate for the crystallite sizes in 

the range of 10-100 nm. Moreover, particle size analyzer measures 

the particle size whereas XRD measures crystallite size (i.e., 

primary particle size or single crystal). It is also well known that 

the particles may be made up of a number of crystallites. In present 

study, particle size obtained from first peak of histogram is smaller 

than that of crystallite size obtained by XRD. This discrepancy 

may probably be attributed to the less number of much smaller 

sized particles which are detected by laser particle size analyzer 

because the intensity of the diffracted laser beam is proportional to 
sixth power of the particle size. In contrast, x-ray beam is less 

sensitive for the smaller size crystallites (< 10 nm) due to the 

amorphous layer on the surface. 

 

 

Figure 4: Particle/crystallite size versus ball milling time for ZrO2 powder.  

Conclusions  
 

   ZrO2 nanopowders were successfully synthesized using a 

planetary ball mill in dry condition. The size of particle/crystallite 

decreases with increasing milling time under the similar 

conditions. The lowest crystallite particle size obtained was 13 nm 

but after milling time of 15 h there was no decrease in crystallite 

size. SEM indicated almost spherical shaped morphology of the 

milled powder. As received as well as milled ZrO2 powders 

showed bimodal particle size distributions and their peak positions 

of the histograms shifted towards lower size with increasing 

milling time.  
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