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Cryo-milling was used to make calcia stabilized zirconia (CSZ) powders with 9 mol%, 12 mol%, 
and 15 mol% of calcia. Powder X-ray diffraction was done to examine the phase growth in prepared 
powders over the course of 80h of mechanical alloying (MA) in cryogenic environment at 300rpm. 
The calcined powders were hydraulically pressed into cylindrical shaped sensor elements in a 
uniaxial press and then sintered for 4h at 1400°C. The microstructure of sintered pellets were studied 
using Scanning Electron Microscope (SEM). Electrical Conductivity measurements of the prepared 
stabilized zirconia at various temperatures over a temperature range of 200°C to 500°C using a dual-
probe impedance analyzer is carried out and the effects of composition and temperature on the grain 
boundary impedance of CSZ were analyzed. Conductivity is discussed in terms of ionic vacancies 
in the bulk due to calcium ion substitution and available grain boundary paths. Ionic Conductivity of 
prepared CSZ is compared for suitability in oxygen sensing applications.
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1. Introduction
Zirconia, one of the most promising ceramics, has 

been extensively studied due to its favorable structural, 
biocompatibility and electrical properties that make it suitable 
for dental and oxygen sensing applications1,2. At normal 
temperature, pure zirconium dioxide exhibits a monoclinic 
crystal structure. However, as the temperature rises from 
ambient temperature to the melting point, its structure shifts 
from tetragonal to cubic3. Large stresses are created during 
the phase transition from cubic to tetragonal to monoclinic, 
causing purer zirconium dioxide to break when cooled from 
a high temperature4. Various oxides of Magnesia, yttria, 
calcia or ceria in variable proportions are added to stabilize 
the tetragonal and or cubic phases5. The tetragonal phase in 
zirconia can be metastable in some instances, and if enough 
of this metastable phase is present, the tetragonal phase can 
change to monoclinic phase, causing volume expansion. 
The crack can be compressed as a result of the phase change 
to monoclinic, which slows its growth and increases fracture 
toughness. The toughening due to transformation of stabilized 
zirconia boosts their reliability and longevity dramatically6. 
Tetragonal zirconia polycrystalline (TZP) is a unique type 
of zirconia with a polycrystalline structure made up entirely 
of the metastable tetragonal phase7.

The stabilised zirconia ceramics are utilized to find 
the content of oxygen using oxygen measuring devices in 
gases, combustion engine exhaust gases and in solid oxide 
fuel cells as it has high oxygen conductivity. They have long 

been applied as a sensor to boost combustion efficiency8. 
The extreme susceptibility of fully stabilized zirconia (FSZ) 
to thermal shock is a severe concern in electrochemical 
cells, which is resolved by using partially stabilized zirconia 
(PSZ) cells9. To utilize the potential of zirconia ceramics, 
its stabilization to retain the phase and enhanced properties 
due to transformation toughening many approaches to obtain 
stabilized zirconia powders have been researched10. Sol-gel11, 
spray pyrolysis12, precipitation routes13, and rapid combustion 
routes14 are the most effective chemical techniques.

A new cryochemical technique to produce nanosized 
CSZ precursor powders involving coprecipitation and 
freeze drying has been studied15. Though these techniques 
provide purest powders, effort involved is relatively higher 
than the solid state or mechanical alloying route, and with 
usage of calcia instead of yittria or ceria for stabilization, 
cost is reduced. Type of Sintering and sintering conditions of 
green pellets influence the properties16. Few properties like 
Vickers micro-hardness, fracture toughness are influenced 
by grain size. Hardness increases while fracture toughness 
decreases with a decreasing grain size17,18. When the grain 
size increases, stability of zirconia reduces and becomes 
more open to spontaneous tetragonal-to-monoclinic phase 
transformations ending with lesser strength gradually19. 
The composition of the stabilizers and grain boundaries 
affect the conductivity of zirconia stabilized with yttria and 
calcia and by adjusting the composition of the stabilizers 
and examining the microstructure of the grain boundaries, 
it could provide good ionic conductivity with low-cost 
stabilized zirconia20.*email: mkananm@gmail.com
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In this work, high-energy ball milling was carried out 
to produce submicron to nano-grained size, calcia stabilized 
zirconia powder by using commercial calcium oxide and 
zirconium oxide powders. The sintering of different mol 
fractions of calcia stabilized zirconia after mechanical alloying 
in a liquid nitrogen environment, i.e., cryo-milling, was 
carried out. Microstructural studies and resistivity behaviors 
of three compositions of calcia stabilized zirconia system 
are studied for suitability in oxygen sensing applications.

2. Experimental Procedure
Calcium oxide (CaO) (average particle size: 10 µm) 

and Zirconium oxide (ZrO2) (average particle size: 5 µm) 
powders obtained from Sigma Aldrich were mixed to make 
three distinct compositions. The powder proportions were 
weighed to get 9 mol percent calcia, 12 mol percent calcia, 
and 15 mol percent calcia, with zirconia as the matrix 
component. Before attaching to the planetary ball mill, the 
weighted powder mixtures of each constituent were loaded 
and sealed in zirconium steel jars of 500 mL, in addition 
with liquid nitrogen (Retsch Company) and grinding media. 
All studies employed about 40 zirconium steel balls weighing 
15 grams apiece, with a mass ratio of 10:1 steel balls to 
powder. The three components were placed in separate jars, 
with the powder and grinding medium occupying less than 
1/3 of overall volume and running at 300 rpm for 80 hrs 
with short interval gaps.

The milled samples were analyzed in the 2-θ range 20º-80º 
at a speed of 1° per minute utilising X-ray Diffraction (D8-
Advance, Bruker AXS) under Cu-Kα radiation. Scanning 
electron microscopy (SEM) was used to investigate the 
powder sample (SEM; Quanta 200 FEG, FEI). For sintering, 
green pellets were made from all the three compositions after 
80 hours of milling with liquid nitrogen. Before compacting 
with 13 tonnes of compaction pressure to make cylindrical 
pellets under the uniaxial pressing machine, about 20g of 
prepared powder was rigorously combined with Poly Vinyl 
Alcohol (PVA) binder 3 wt percent. Stearic acid was applied 
on the die as a lubricant. Green samples were sintered for 
4 hours in a muffle furnace at 1400°C. Cracking is avoided 
by maintaining constant heating, cooling speeds of 5°C/
min. The furnace was allowed to cool down naturally for 
24 hours, and then the sample was removed.

Apparent sintered density is calculated by liquid 
displacement technique and by mass volume relationship. 
Scanning electron microscope (SEM) studies are carried to 
know how the surface of the pellets looked, after sintering. 
Because the system is not conductive at ambient temperature, 
the samples were gold plated. Two surfaces of each sintered 
sample were polished using abrasive paper, and silver 
paste was spread to the samples on both surfaces before 
being thermally treated at 150°C for 30 minutes at a speed 
of 3°C/min. A 2- probe sample holder was employed for 
analyzing impedance, and the sample holder was kept in a 
tube furnace. At temperatures of 500 °C, 400 °C, 450 °C, 
300 °C, and 200 °C using impedance analyser, impedance 
is determined with air as a media in the range of 102 -106 Hz 
frequency from 150°C to 500°C. The HIOKI 3532-50 LCR 
HiTester gives the data by the help of software. At the 
tested temperatures, the ionic conductivity of each of the 
compositions was determined.

3. Result and Discussion
A planetary ball mill was used to mill the powders 

that were weighed for each composition and operated 
in a cryogenic environment. Cryo-milling is to decrease 
bigger particle sizes to nanoscale, resulting in improved 
conductivity and the two ingredient powders mechanically 
alloyed together. SEM and XRD studies are carried out to 
know the maximum size range of the grains (crystallite) in 
the powder sample prepared.

SEM micrographs and EDS map of calcia- stabilized 
zirconia powder are shown in Figures 1-3 taken at 5000X 
magnification for knowing the grain (crystallite) size and 
morphology of powder. Agglomeration in powders was 
seen in given figure. For all of the powders, the average 
agglomeration size was less than 1µm. The majority of the 
particles have a spherical shape, with only a small percentage 
having a hollow or irregular shape. The average grain size 
of powder created by this approach is about 22 nm in all 
circumstances, which is an important attribute.

Figurers (1-3) indicate the agglomerate size and composition 
of CaO, ZrO. The figures are the EDX photographs showing 
clearly the zirconia phase and calcia phase. This EDX 
have taken at various locations randomly for knowing the 
compositions of calcia and zirconia.

Figure 1. SEM and EDS analysis for 9 mol % CaO powder sample.
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After the 80h were completed, samples were collected 
and sent for XRD whose plots were used to determine grain 
size using Scherer’s Formula20 Table 1. Sums up the grain 
size calculated for all the samples.

Figure  4 shows XRD pattern of the ZrO2-15 mol% 
CaO. Peaks obtained in XRD pattern indicates phases of 
the powders obtained. The powder pattern, obtained for the 
9-15 mol% CaO solid solution composition, exhibits the main 
reflection due to the cubic phase. Because the XRD Method 
is studied at the crystal level and is based on the separation 
distance in a crystal between 2 planes, the size indicated 
by Scherer’s Formula correlates to the finer grains21. Also, 
the average grain size of all samples is ranging between 
21 and 22 nm. By comparing, the d values of the peaks in 
the XRD plots, the existence of the zirconia in cubic phase 
may be conclusively established which in turn confirms 
that some zirconia ions have been replaced with calcium 
ions, causing oxygen vacancies to develop. EDS testing 
reveals that all constituents are present and in all phases and 
since MA is done using ball milling presence of impurities 
is expected. Hence, smaller peaks are ignored as noise22. 
Density calculated using liquid displacement technique 
based on Archimedes principle is around 5.21g/cm3 and 
when compared with theoretical density from literature of 
5.52g/cm3 densification is significantly achieved with less 
porosity. Percentage change seen in the apparent values of 

density obtained from mass-volume relationship is around 
40% increase due to shrinkage during sintering as shown in 
Table 2. Average densification obtained is around 92% of 
theoretical density, which relates to presence of less porous 
and coarse grains in the microstructure23.

Figure 5-7 shows the SEM and EDS maps for the material 
sintered at 1400°C for 4 hours with 9-15 mol% CaO. According 
to the EDS map, all of the samples possessed consistent Zr and 
Ca component distribution in microstructure. A tiny fraction 

Figure 2. SEM and EDS analysis for 12 mol % CaO powder sample.

Figure 3. SEM and EDS analysis for 15 mol % CaO powder sample.

Figure 4. Calcia-stabilized zirconia powder XRD with 15 Mol% 
CaO for 80 hours.

Table 1. XRD measurements of grain size in nanometers for samples.

CaO μm ZrO2 μm 9mol% (80hrs) nm 12mol% (80hrs) nm 15mol% (80hrs) nm
10 5 21.07 21.69 22.15
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of pores maybe seen in the matrix (Figure 6). The sample 
has a significant quantity of CaO dispersed inside the matrix, 
mostly at the grain boundaries, as seen in the EDS maps. 
The solubility limits of calcia in cubic zirconia have been 
determined to be 9-15 mol percent when sintered at 1400°C. 
This explains why zirconia powder containing 15 mol% CaO 

in the raw powder has a better defined microstructure and a 
more uniform element distribution24,25.

Figures 8-10 show the results of impedance experiments 
at various temperatures for samples containing 12 mol % 
CaO, 15 mol% CaO, and 9 mol% CaO. The results are 
determined using the basic Rs (C-Rp) model. Table 3 shows 
that when testing temperatures rise, the low frequency 
intersection of the semicircle, which reflects the total of 
bulk (i.e. grain interiors, Rb) and internal interface resistance 
(pores and grain-boundary resistance, Rgb) decreases for 
all materials26,27.

For studying the electrical characteristics of solid electrolytes, 
the complex impedance approach is highly useful. In comparison 
to the Rs (C-Rp) model, this is a simple method. When AC data 
is displayed on complex impedance charts, the results are Z’ 

Table 2. Density measurements.

Mol % Density before 
sintering (g/cm3)

Density after 
sintering(g/cm3) % change

9 3.55 5.21 46
12 3.51 5.11 45
15 3.68 5.19 41

Figure 5. SEM and EDS analysis of CSZ with 9 mol% CaO.

Figure 6. SEM and EDS analysis of CSZ with 12 mol% CaO.

Figure 7. SEM and EDS analysis of CSZ with 15 mol% CaO.
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versus Z”, where Z’ and Z” are the complex impedance’s real 
and virtual components. The electrode effect, grain-boundary 
effect, and lattice effect, in that sequence, cause arcs 1, 2, and 
3 with increased frequency28.

Conductivity mechanism is studied by separating 
the effects of bulk and grain boundary resistivity. From 
Figure 11, we see that total (bulk and grain-boundary) 
resistance:

( ) b gbR R R= + 	 (1)

with the arcs referring to lattice (bulk) behavior and grain 
boundary effect. Figure suggests that with increase in calcia 
content, conductivity increases29,30.

The conductivity was measured using the 2- probe 
method. The silver paste applied at both the surfaces 
acted as contact points for the surfaces. The impedance 
was measured at temperatures of 200°C, 300°C, 400°C, 
450°C, and 500°C, and the equipment gave the reading. 
With the help of given Equation 1, resistance is calculated. 
Table 3 enlists the pellet dimensions used for conductivity 
testing. Total resistance (Rb + Rgb) and resistivity of the 9, 
12, and 15 mol % CSZ as shown in Table 4 and Table 5 are 
given below-

The conductivity obtained for different compositions 
was plotted with inverse of temperature (in degree Kelvin). 
The slope of this as explained in the literature survey 
gives the value of Ea/k. Hence, multiplying the slope by k, 
Boltzman constant, the value of Activation Energy, Ea in 
eV for different temperatures is obtained as well.

Table 6 illustrates the resistivity determined using the two 
probe approach for the various compositions. The change 
in log resistivity with composition in Table 6 confirms that 
the conductivity increases as the concentration of calcia 
ions in calcia stabilized zirconia increases24,27. As a result, 
it is possible that increasing doping enhances conductivity. 
However, this is based on the expectation that all ions are 
mobile and contribute to conductivity. This is also dependent 
on the temperature. Arrhenius plots were used to investigate 
this effect. Figure  12 illustrates a linear trend in the ln 
(conductivity) vs. 1/T graph for calcia stabilized zirconia. 
This suggests that the ions’ mobility in the temperature range 
investigated, 573°K to 773°K, is governed by a consistent 
mechanism.

The activation energy in eV was estimated for the 
various compositions, as shown in Table 7. 0.4 -0.59 eV was 
calculated for 9-15 mol percent calcia stabilized zirconia in 
the range of 300°C to 500°C. This is lower than the value 
calculated in the range of 0.75 eV to 1.1 eV at temperatures 
ranging from 800°C to 1200°C26.

The quantity of stabilizing cation in zirconia solid 
solutions is related to the electrical conductivity28,31. Despite 
the fact that oxygen vacancy concentration rises with doping 
level, conductivity of zirconia solid solution increases with 
concentration regardless of cation charge until stability of 
cubic zirconia is achieved fully. Vacancy interactions or 
the creation of vacancy clusters, vacancy ordering, or the 

Figure 8. Complex impedance measured at 200,300,400,450 and 
5000C in air of CSZ specimen containing 12 mol% CaO.

Figure 9. Complex impedance measured at 200,300,400,450 and 
5000C in air of CSZ specimen containing 15 mol % CaO.

Figure 10. Complex impedance measured at 400,450 and 5000C 
in air of CSZ specimen containing 9 mol% CaO.

Table 3. Pellet area and length of CSZ.

Composition 9 mol% 12mol% 15 mol%
Pellet area 0.8996 cm2 0.89285cm2 0.77321cm2

Pellet length 0.208 cm 0.19466 cm 0.18 cm
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emergence of a second phase are all possible causes for 
this behavior29,32.

A possible inference from the above results could be 
that the conductivity in calcia stabilized zirconia at lower 
temperatures is governed by the grain boundary diffusion. 
This has lower activation energy, since the compact lattice 
organization is absent at the grain boundaries. Hence, 
resulting in easier diffusion paths and subsequently higher 
conductivity. In bulk/lattice diffusion, the atoms are tightly 
bonded to each other due to attractive forces and there is a 
very narrow gap for the ions to diffuse across. This causes 
the activation energy to be higher and conductivity suffers28. 
Response characteristics to the oxygen environment by the 
CSZ samples with different compositions studied by Zhou 
and Ahmad 8 shows that ion conductivity is related to oxygen 
sensing capabilities. For 15 mol% CaO composition prepared 
by Sol-Gel route at 700°C response was noted as quick and 
stable at various oxygen concentrations33. Conductivity 
measured in CSZ sample prepared by MA route is comparably 
lesser but significant enough for sensing applications for 
analyzing content of oxygen in exhaust gases of engines23. 
With increase in CaO content, oxide ion conductivity 
increases initially and then it gets lowered. Deviation from 
theoretical values is larger for higher concentration of CaO 
because of lower ion conductivity values indicated by the 
impedance analysis8.

Table 4. Total (bulk and grain-boundary) resistance of the 9, 12, 15 mol% CSZ.

Temperature 0C 2000C 3000C 4000C 4500C 5000C

9 mol% CaO
- 2.06 ×106 1.30 ×106 2.95 ×105 1.10 ×105

Rb+ Rgb (Ω )

12 mol% CaO
2.48 ×106 2.21 ×104 9.09 ×103 5.03 ×103 3.20 ×103

Rb+ Rgb (Ω )

15 mol%
2.19×106 1.51 ×105 3.50 ×104 1.00 ×104 8.42 ×103

Rb+ Rgb (Ω )

Table 5. Resistivity of 3 compositions vs Temperature by Two 
Probe Method.

Temperature 
(° C)

9 mol%  
(ohm cm)

12 mol%  
( ohm cm)

15mol%  
( ohm cm)

200 - 1.14 ×106 9.40 ×106

300 8.89 ×106 1.02 ×105 6.50 ×105

400 5.65 ×106 4.17 ×104 1.50 ×105

450 1.27 ×106 2.31 ×104 4.32 ×104

500 4.79 ×105 1.47 ×104 3.62 ×104

Table 6. Log Resistivity of 3 compositions vs Temperature by 
Two Probe Method.

Temperature 
(° C)

9 mol%  
( ohm cm)

12 mol%  
( ohm cm)

15 mol%  
( ohm cm)

200 - 6.06 6.97
300 6.95 5.01 5.81
400 6.75 4.62 5.18
450 6.11 4.44 4.64
500 5.68 4.17 4.56

Figure 11. Complex impedance plots at 500oC for three samples with CaO a) 9 Mol % b) 12 mol % c) 15 mol%.

Table 7. Activation Energy measured from slope of above graphs in Ev.

9 mol% 12 mol% 15 mol%
0.55 eV 0.377 eV 0.593 eV
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4. Conclusion
In cryogenic circumstances, mechanical alloying using High 

Energy Ball Mill was employed to manufacture calcia-stabilized 
zirconia (CSZ) powders. Calcia-stabilized zirconia powders 
with cubic or tetragonal phase and 9, 12, and 15 mol% CaO 
composition was prepared. Sintering the green bodies at 1400°C 
for 4 hours generated a dense and well-defined microstructure. 
X-ray diffraction patterns confirmed the existence of the cubic 
phase and a very feeble trace of an undetermined phase in the 
12 mol% CaO sample. Scanning of Field Emissions Electron 
microscopy demonstrates that along the matrix grain boundaries, 
a particular percentage of small grains with CaO in higher 
amounts was generated and dispersed. According to impedance 
study, the sensor cell with 9, 12 mol% CaO has much lower 
resistance than the one with 15 mol% CSZ

The Arrhenius curves were plotted for different compositions 
and activation energy, in eV compared with literature, was 
calculated at these temperatures.

The important results can be summarized as follows:
•	 XRD validates the grain size of powders in the 

range 21 nm using Scherer’s Formula.
•	 Linear relation between log resistivity and composition 

validates that as concentration of calcia ions in calcia 
stabilized zirconia increases, the conductivity increases.

•	 From 12-15 mol% calcia stabilized zirconia show 
a linear trend indicating a consistent mechanism 
governing the mobility of the ions in the temperature 
range being studied i.e. 573K to 773 K

•	 The value of activation energy for 12-15 mol% calcia 
stabilized zirconia was calculated ~0.4-.59 eV.

•	 Sensor elements prepared from powders obtained 
by MA route can be utilized for oxygen sensing 
applications and thus, reducing cost.
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