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Abstract. The paper proposes the investigation of influence of doping with Ce ions 
to the phase stability and mechanical properties of zirconium dioxide used in medical 
prostheses. For this investigation, we used X-ray and neutron diffraction, electron 
microscopy and microstructure characterization, including resonant ultrasound 
spectroscopy (RUS) for nondestructive evaluation of physical-mechanical properties 
of ceramic made from zirconia. The RUS method has the advantage of being rapid, 
has a good accuracy and can be used in quality control of the object.  

1. Introduction  

Recent developments in advanced materials have drawn attention towards the remarkable 
structural properties of zirconia (ZrO2)-based ceramics. It is well known that three 
polymorphic forms of pure ZrO2 can be found: the monoclinic state, P21/c, stable at 
temperatures below 1170 °C; the tetragonal phase, P42/nmc stable in the temperature range 
between 1170 and 2370 °C; and the cubic, Fm-3m phase, appearing at a temperature above 
2370 °C [1]. These ceramics have good mechanical properties, promoting them to special 
applications. Under external stress, as grinding or impact, transition from the tetragonal (t) 
to monoclinic (m) phase can appear at normal temperatures, being followed by an increase 
of volume of at least 4%, causing compressive stress. This can cause material failure. Ceria 
(Ce2O3) or yttria (Y2O3) are used to stabilize these ceramics at room temperature and 
allowing t → m transformation to prevent crack propagation. The main method used for the 
stabilization of the ZrO2 t phase is the introduction of stabilization components in the zirconia 
lattice, such as Mg, Ce, Fe, Y, etc. At nanoscale level, the metastable phase formation in 
ZrO2 can be induced by including in the oxide structure some vacancy defects. Although, the 
stabilization effect of the oxygen vacancies in tetragonal ZrO2 is not yet well understood 
(contrary to cubic ZrO2) [2], the concentration of oxygen vacancies in the lattice required to 
stabilize the t phase is found in phases like ZrO1.97 and ZrO1.98 for t zirconia doped by rare-
earth elements, mainly cerium (Ce) and yttrium (Y). 
This paper present results obtained during the investigation in two cases: 

- Study of zirconia doped with ceria on metallic support (analogy to metallic 
prostheses) and mechanical properties analysis;  
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- Analysis of the influence of the phase change of ZrO2 ceramics following doping with 
Ce on the mechanical properties.  

We investigated the structure of these sandwich structures metallic/ceramics and ceramics, 
and the phase stabilization using X-ray and neutron diffraction, Scanning Electron 
Microscopy (SEM) as well as microstructure characterization methods including resonant 
ultrasound spectroscopy (RUS) for nondestructive evaluation (NDE) of physical-mechanical 
properties of ceramic made from zirconia. The RUS methods have the advantage of being 
fast, have a good accuracy and can be used in quality control of the object. 

2. Examined samples 

ZrO2 has high resistance to wear, abrasion and corrosion, it is a biocompatible material with 
high resistance at temperature and good adhesion to metallic surfaces. The presence of 
zirconium ions offers good properties of barrier, meanwhile the cerium ions have the ability 
to inhibit corrosion, efficiently by cathode protection. The cerium compounds have 
characteristics that recommend them for use in different domains [3],[4], as coating [5] or 
corrosion inhibitors [6], [7] due their cathode reaction obstruction. Embedding CeO2 
nanoparticles in metal matrix can significant improve the material properties (resistance to 
wear, corrosion, microhardness, etc). Two type of test specimens were used in the studies: 
a) zirconia doped with ceria on stainless steel  
The Zr1-xCexO2(x=0÷0.17) layers (nominal composition) were deposited on 316 stainless 
steel support based on a mixture of metal chlorides, CeCl3 *7H2O+ ZrCl4*87H2O with a 
Pluronic F-127 solution, with water addition [8]. The support was introduced in this solution 
for 10-30 s and the support with the film were heated at about 100oC to eliminate the water. 
The support and the film were subjected to a thermal treatment in air at temperatures lower 
than 900oC for one hour. The treatment was repeated until enough thick layer was obtained. 
In Figure 1 is presented the observed neutronograms of layer support and, separately, of the 
support. 

 
Fig. 1. Neutronograms of layer of Zr0.91Ce0.09O2+316 stainless steel (blue) and of 316 stainless steel 

support (red) 

The ND diffractograms indicated that the layer with nominal composition Zr0.91Ce0.09O2 
contains a mixture from a monoclinic phase P21/c (a=5.1961±0.0002Å; b=5.2161±0.0003Å; 
c=5.370±0.0002Å; =99.09o±0.0021) and a tetragonal phase P42/nmc (a=b=3.622±0.0002Å; 
c=5.214±0.0003 Å). A discussion concerning the crystallographic data concerning the 
structure type, lattice constants, cations and anions positions in unit cell, average size of 
crystalline blocks and microstrains will be published elsewhere. 
b) ceramic samples of zirconium dioxide Zr1-xCexO2(x=0÷0.17) 
The Ce doped zirconia samples have been obtained through the standard ceramic technology 
[9], a mixture of ceria and zirconia oxides (Zr1-xCexO2 (x = 0÷0.17)) being used in proportions 
established a priori. After grinding and pressing, the samples were shaped in form of 
cylinders. Finally we treated cylindrical samples at a temperature of 1500 °C for six hours in 
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air. The phase composition, the lattice constants, space group, average size of coherent 
blocks, microstrains, and positions of cations and anions in the unit cell have been determined 
using XRD and ND data. The structural analysis of the Zr1−xCexO2 (x = 0 ÷0.17) ceramic 
samples was performed also using the time-of-flight (TOF) High Resolution Fourier 
Diffractometer (HRFD) at the IBR-2 pulsed reactor in Joint Institute for Nuclear Research, 
Dubna, Russia [10]. The correlation technique of data acquisition provides very high 
resolution of Δd/d ~ 0.001, practically constant in a wide interval of dhkl spacings[10]. The 
high resolution diffraction patterns were collected using a detector placed at backscattering 
angles 2θ = ±152°, dhkl = 0.6–3.6 Å. Via X-ray diffraction, a layer of typically 10 μm thickness 
has been investigated, whereas in the case of neutron diffraction, a thickness of tens of 
centimeters of a sample has been investigated. Some crystallographic and mechanical 
features of the samples are presented in Table 1 according to [11]. 

Table 1. Some crystallographic and mechanical characteristics of Zr1-xCexO2 samples. 

Ce concentration 
(x) 

Molecular 
Mass 

Crystallographic 
Structure 

Relative 
Density 

(%) 

Elasticity 
Modulus 

(GPa) 

Shear 
Modulus 

(GPa) 

Poisson 
Ratio 

0.09 127.62 
Monoclinic + 

tetragonal 
88.9 145.85 56.49 0.291 

0.13 129.58 
Monoclinic + 

tetragonal 
94.7 168.53 64.47 0.307 

0.17 131.53 tetragonal 99.9 193.43 73.16 0.322 

An increase of the relative density with Ce concentration takes places (Table 1), showing 
pores concentration decreasing with the increasing of Ce concentration in the samples. 

3. Experimental set-up 

Sample geometry affects data acquisition. Only the ceramic cylinders is analysed with 
methods presented below, the sandwich metallic-ceramic sample rest for the future work and 
will be published elsewhere. 

3.1 Experimental set-up for RUS 

RUS is a complex method that allows the determination of elastic constant and the elements 
of elasticity matrix for samples with certain shapes [12], [13], [14]. For cylinders with a high 
ratio of length to diameter we have few excitation modes and the spectra are simple [14]. In 
the case of the studied samples the ratio is around the unit and the spectrum requires more 
analysis than a long bar. The increasing of spectral complexity supposes adjacent analyses 
before concluding about these samples. In order to determine a parameter, more resonance 
frequencies must be searched [13]. This requires a lot of computational calculation time and 
repeated tests. The same number of normal modes for a short cylinder compared with a long 
cylinder requires a narrower frequency range. In the case of cylindrical samples, having 
diameter approximately equal with height, the first mode is the fundamental torsional mode 
allowing the direct determination of shear modulus. RUS involves scanning the resonance 
structure of a compact specimen, in this case a ceramic cylinder, with the aim of determining 
its mechanical properties. In the classical RUS experiment, a sample is placed between two 
US transducers in order to accomplish the condition of stress free surface. The primary 
advantages of this contact technique are its relative simplicity and low cost. The 
measurements are carried out with transducers with contact. The coupling of the transducer 
with the specimen influences which modes are measured. When the sample is pinned on its 
edge, more modes are excited and the modes are better defined than when the transducers are 
placed on the ends of the cylinder (Fig. 2). 
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Fig. 2. Experimental set-up for RUS 

The equipment allows the setting so that for the established position of the cylindrical sample, 
the contact on the edge assures the excitation of a maximum number of possible resonances 
for the fixed geometry. A Network/Spectrum/Analyzer 4395A Agilent USA generates a 
sweep frequency between 80 kHz and 250 kHz in 1 kHz step. The signal is amplified into a 
Power amplifier AC 1012 AG&TC Power Inc. USA and applied to an US emission 
transducer P111.O.06P3.1 type, selected for the large bandwidth. The signal delivered by the 
reception transducer, identical to the emission one, is applied to the B port of the 4395A 
Agilent, the spectrum being acquired by a PC that is used also to program the functioning of 
the equipment with a numerical code developed in Matlab, via PCIB interface. The command 
of the power amplifier is made with the same PC via RS232 interface. 

3.2 Ultrasound characterization of samples 

In order to determinate the Young modulus, shear modulus and Poisson ratio for the samples, 
the propagation speed of ultrasound waves using transducer G5KB GE with 5 MHz central 
frequency for longitudinal waves and transducer MB4Y GE with 4 MHz central frequency 
for transversal  waves by transmission procedure. The PR 5073 Pulser Receiver Panametrics 
NDT USA is used for the emission impulses and the reception of the signals. The digitizing 
of the signals and the measurements of the time of flight was made with the digital 
oscilloscope Wave Runner 64Xi Le Croy USA. 

4. Results and discussion 

The experimental results obtained from X-ray and neutron data, the Zr1-xCexO2 (x=0 ÷0.17) 
samples are not homogeneous and the structure of investigated samples is dependent on the 
Zr/Ce concentration (see Figure 3 and Table 1). The sample containing pure ZrO2 has a 
monoclinic (P21/c) crystalline structure [1]. Once the concentration of Ce cations increases, 
the crystal structure changes, from monoclinic to tetragonal (P42/nmc) (see Figure 2) with 
two formula units (Z=2) per unit cell. The ND diffractograms indicated that the sintered 
Zr0.91Ce0.09O2 (x = 0.09) contains both monoclinic and tetragonal phases, whereas when x > 
0.09, the samples only contain tetragonal phases, with a unit cell volume increasing from 
69.2 Å3 (x = 0.13) to 69.7 Å3 (x = 0.17) (see Figure 3 and Table 2). The Rwp values indicate 
a good fit between the calculated and the experimental data (see Table 2). 
XRD data were obtained from the surface of the bulk samples and correspond to the structure 
of a thin layer [11]. The common phase for these samples has a tetragonal structure, P42/nmc. 

Table 2 Refined structural parameters of Zr1-xCexO2 (x = 0.0÷0.17) at room temperature, obtained by 
processing the data collected using the HRFD at the JINR, Dubna, Russia (x represents the nominal Ce 
concentration). 
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Parameters 

x 
x = 0 x = 0.09 x = 0.13 x = 0.17 

Monoclinic  
P21/c 

Monoclinic  
P21/c 

Tetragonal 
P42/nmc 

Tetragonal  
P42/nmc 

Tetragonal  
P42/nmc 

a, (Å) 5.1453 ± 0.0001 5.2046 ± 0.0003 3.6236 ± 0.0002 3.6358 ± 0.0001 3.6452 ± 0.0002 

b, (Å) 5.2091 ± 0.0001 5.2155 ± 0.0003 3.6236 ± 0.0002 3.6358 ± 0.0001 3.6452 ± 0.0002 

c, (Å) 5.3116 ± 0.0001 5.3776 ± 0.0002 5.2163 ± 0.0003 5.2378 ± 0.0001 5.2471 ± 0.0002 

β, (°) 99.225 ± 0.001 98.938 ± 0.0002 90.0 90.0 90.0 
Vcell/Z, (Å3) 35.130 36.05 34.247 34.619 34.860 
Volume fraction 1.0 0.378 ± 0.004 0.622 ± 0.006 1.00 1.00 

Rwp, % 9.5 14.3 10.4 10.4 

 

Fig. 3. Diffraction patterns for the Zr1-xCexO2 samples measured using HRFD at room temperature, the 
data were treated using a Fullprof program. The experimental and calculated diffractograms and difference 

between calculated and observed diffractograms are shown. The difference is weighted by the mean-
squares deviation for each point. Below each graph, ticks indicate the position of the calculate peaks for 

each phase. 1 – monoclinic structure (P21/c (SG 14)); 2 – tetragonal structure (P42/nmc (SG 137)). 

For a concentration x=0.09, we observed a mixture of tetragonal (P42/nmc, SG 137) and 
monoclinic (P21/c, GS 14) phases, (Table 2) Figure 4a.  
As observed, including for large Ce ion concentration, in the layer from the surface of the 
samples corresponding to x = 0.09 and x = 0.13 a tetragonal phase appears concomitantly 
with the monoclinic phase, (Table 2 and Figure 4). As shown in Figure 4, we can observe 
that the samples contain a small amount of unknown phases. The microstructure of the 
material is displayed in Figure 5. For all analysed samples, the composition consists in a 
combination of small and large crystalline grains. Taking account that the three samples have 
been subjected to an annealing temperature of 15000C for a duration of 6 hours, we 
considered as normally that the grains appear highly faceted. 
Figure 5 (a)-(b) emphasizes that the size of crystallites varies in all cases between 2-4 μm. 
Interestingly, the crystallites are characterized by highly faceted, but irregular shapes. The 
faceting process usually appears as a consequence of the heating procedure applied to the 
samples, minimizing the energy of the system and the aspect of the crystallites, as 
emphasized by SEM analysis is strongly linked to the chemical composition of the sample 
and the heating temperature [15]. 
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Fig. 4. X-ray diffractograms corresponding to (a) x = 0.09; (b) x = 0.13; (c) x = 0.17; (d) 
difractograms presenting the dependence of intensity (I) on interplanar distances (d) and Ce 

concentration (x). The vertical bars correspond to the monoclinic (M) and tetragonal (T) phases 
(FullProf program was used for determination of parameters). SP represents the foreign phase. 

  
a b 

Fig. 5. SEM analysis for the samples corresponding to (a) x=0.13; (b) x=0.17. 

In order to determine mechanical properties of a compact specimen (in our case a ceramic 
cylinder), the resonance structure is scanned by RUS. This analysis comes in completion and 
adds more information related to the structural analysis performed above. In comparison to 
other ultrasound methods, resonant techniques are particularly interesting because they allow 
for easy and inexpensive detection of both internal and surface defects with a single test and 
it has a suite of advantages; among them is its applicability to small volume specimens. RUS 
is based on the principle that the mechanical resonant response of solids depend strongly on its 
elastic moduli, shape, and density. Resonant (or natural) frequencies of a system can be either 
measured or calculated by solving equations of motion for the known shape [16]. The reverse 
is also true: if resonant frequencies of an object are known, its elastic properties can be 
determined [12], [16], [17]. 
Inhomogeneity in an object may be identified from a resonant frequency spectrum by 
resonant frequency shifts, peak splitting, increases in peak width, and changes in amplitude. 
The method is based on the estimation of resonant eigenfrequencies [18], based on an eigenvalue 
and eigenfunction method [14]. For these, we have used an equipment configuration as the 
one shown in Figure 2. The ceramic sample is supported by two piezoelectric ultrasound 
transducers, for emission and reception respectively, placed at opposite edges of the ceramic 
cylinders. The resonance spectra were traced for the cylindrical samples noted corresponding 
to x = 0.09, 0.13 and 0.17 Ce concentrations in the samples, whose properties have been 
presented in Table 4. Due to the fact that the samples are axisymmetric, isotropic, and 
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homogeneous [13], we can conclude that every mode observed on samples must fall into 
three categories described in [19]. 
Figure 6 shows the resonance spectra for the samples in the frequency range 80 kHz to 250 kHz. 
The RUS spectrum describes a large amplitude response detected when the frequency 
corresponds to one of the samples eigenfrequencies. Figure 7 describes the typical response 
of one samples with x=0.13 Ce concentration, in a frequency range comprised between          
80 and 250 kHz chosen based on our preliminary analysis performed  on similar materials.  
It is observed that for the three samples, there is a pronounced amplitude response in intervals 
of frequency corresponding to the samples eigenfrequency. The amplitude responses in the 
swept frequency range are in tight connection to the sample’s properties, especially the ones 
related to the density. The maximum displacements appear as red patches in the above 
representations (taking place at the edges of the cylinders in opposite directions, with a 
minima in the middle of the samples); the intermediate ones appear in yellow and green and 
the minimum ones appear in blue.  
The eigenfrequency intervals exhibit a slight shift towards smaller values as the density of 
the samples decrease (Figure 6). Resonant ultrasound spectroscopy is a reliable technique for 
monitoring structural modifications related to samples density [11]. 

 

  

   

Fig. 6. Resonance ultrasound spectra 
for samples studied. 

Fig. 7. Resonant modes for sample x=0.13: (a) extensional 
mode, f = 163 kHz; (b) extensional mode, f = 185 kHz; (c) 

flexural mode f = 208 kHz; (d) flexural mode f = 214 
kHz. 

In Figure 6, we are showing the simulation of deformations for two extensional modes (a,b) 
and two flexural modes (c,d) for sample with Ce concentration is x=0.13. The simulations 
have been made using the finite element method using SolidWorks 2011, Simulation-
Frequency toolbox using a solid mesh type, curvature based mesher, with a total number of 
13145 nodes and 8777 total elements. The optimization problem has been numerically 
computed in Matlab 2013a. Due to the fact that the number of peaks and the corresponding 
frequencies is relatively small, the inversion was only applied to determine the Elastic (E) 
and shear (G) moduli and not the geometrical dimensions and densities of the cylindrical 
samples made from zirconia. 

Conclusions 

The substitution of Zr with Ce in Zr1-xCexO2 leads to a change of the phase composition. We 
observed a difference of the phase composition between the surface layer of the sample and 
the phase composition of the bulk samples. For the sample with x=0.09 the investigations 
performed by means of neutron diffractometry, indicated two phases, a transition from the 
monoclinic to tetragonal phase. The unit cell volume of the tetragonal phase increases with 
the increase of Ce concentration, for the inner part of the samples. An important result is an 
increase of the observed density with the increase of the cerium concentration. The difference 
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of unit cell parameters corresponding to the surface layer and bulk as defined by X-ray and, 
respectively, neutron diffractions, could be attributed to the difference between its chemical 
compositions. A small amount of an unknown phase appears at the surface of the samples in 
connection with a change in chemical composition of the tetragonal phase. RUS can be used 
for real-time evaluation of change in elastic properties of ceramics elements. The initiation 
of fracture of ceramic elements can be due to the presence of low density zone-containing 
dispersed high density agglomerates in the volume and any deformation which will be 
immediately apparent through changes in the resonance modes, with deviations from the 
normal spectrum. RUS can be used for quality control of certain ceramic elements of hip 
prosthesis, such as femoral heads. 
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