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Abstract:

 The purpose of this paper is to emphasize the improvement of Zr-based ceramics properties as a function of addition of Ce ions in the structure of the original ceramics. The structural investigations proposed in this paper cover X-ray, and neutron diffraction offered the first indication of the variation of the phase composition and the structural parameters, micro-hardness measurements as well as non-destructive evaluations in order to analyze the structural properties of these materials with utmost importance in fields such as medicine, where these composite materials are used in hip-implants or dental implants/coatings. In combination of Resonant Ultrasound Spectroscopy, which makes use of the resonance frequencies corresponding to the normal vibrational modes of a solid in order to evaluate the elastic constants of the materials, we emphasize a unique approach on evaluating the physical properties of these ceramics, which could help in advancing the understanding of properties and applications in medical fields.
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1. Introduction

Recent developments in advanced dental materials [1,2], solid-oxide fuel-cell design to oxygen detection [3], nuclear waste confinement [4], optics [5], medical prosthesis [6,7], and catalytic [8] technologies have drawn attention towards the remarkable structural properties of zirconia (ZrO2)-based ceramics. In all the current technological applications, ZrO2-based ceramics are preferred due to their advanced mechanical properties such as high-fracture toughness and bulk modulus, corrosion resistance, chemical inertness, low chemical conductivity and biocompatibility [9]. 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 [10]. These ceramics have 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 tetragonal phase is the introduction of stabilization components in the zirconia lattice, such as Mg, Ce, Fe, Y, etc. [11,12,13,14]. At nanoscale level, the metastable phase formation in ZrO2 can be induced by including in the oxide structure some vacancy defects [11]. Although, the stabilization effect of the oxygen vacancies in tetragonal ZrO2 is not yet well understood (contrary to cubic ZrO2) [14], the concentration of oxygen vacancies in the lattice required to stabilize the tetragonal phase is found in phases like ZrO1.97 and ZrO1.98 for tetragonal zirconia doped by rare-earth elements, mainly cerium (Ce) and yttrium (Y).

Our aim is to investigate the influence of the phase change of ZrO2 ceramics following doping with Ce on the mechanical properties. We investigated the structure of these ceramics and the phase stabilization using X-ray and neutron diffraction, Scanning Electron Microscopy (SEM) as well as microstructure characterization methods, including micro-hardness measurements. Moreover, we employed Resonant Ultrasound Spectroscopy (RUS) as a non-destructive evaluation method in order to estimate the presence of low-density regions, state of sintering, and the presence and development of small cracks in the structure, by evaluating the complete elasticity matrix. RUS appears to be a feasible method for the inspection of zirconia ceramics based on the changes of the resonance frequencies, being easily applied for the quality control procedure of such ceramic samples; essentially monitoring of a single resonance peak within the frequency band included in experiment would be sufficient for this purpose. We emphasize the properties of zirconium-based ceramics for applications in the biomedical field, such as ceramic femoral heads used in hip implant procedures, which are very resistant to scratches resulting from debris caused by accumulation of bone parts, cement, or metal that occasionally fall between artificial joint surfaces, but are extremely fragile.



2. Materials and Methods

The Ce doped zirconia samples have been obtained through the standard ceramic technology [15], 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 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.

For XRD analysis the samples surface were prepared by a standard metallographic technique [16]. XRD data were acquired with a X’pert Pro MPD PANalytical diffractometer (PANalytical Inc., Westborough, MA, USA) and a BRUKER AXS D8—Advance diffractometer (Bragg—Brentano geometry, CuKα, 2θ range of 20°–80°) (BRUKER AXS Inc., Madison, WI, USA). A powder diffraction software package, which includes the standards of the Crystallography Open Database (COD) [17], was used in order to identify the phase composition of the samples. The microstrains and average size of crystalline blocks of the thin layer from the surface of the bulk samples were obtained using the XRD data, processed by the Rietveld method, PowderCell [18]. LaB6 was used as standard for XRD measurements (NIST SRM-660—a lanthanum hexaboride powder LaB6, for line position and line shape).

The structural analysis of the Zr1−xCexO2 (x = 0.0, 0.09, 0.13, 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 [19]. At the HFRD diffractometer, the correlation technique of data acquisition is used, providing a very high resolution of Δd/d ~ 0.001, practically constant in a wide interval of dhkl spacings [19]. We collected the high resolution diffraction patterns by using a detector placed at backscattering angles 2θ = ±152°, dhkl = 0.6–3.6 Å. It is important to mention that 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.

Information about microstructural parameters, such as crystalline size (average size of crystalline blocks) and microstrains were obtained from the lines broadening. From the dependence between the square of Full Width at Half Maximum (W) of neutron peaks and the square of the interplanar spacing, d2, described by the Equation (1) [20,21]
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(1)




we extracted the microstrain values (ε).
Here, C1, C2 are the refining constants of the resolution function of HRFD obtained from a standard Al2O3 (SRM-676 of NIST, USA); C3 ~ ε2, where ε is the microstrain; C4 ~ 1/L where L is the size of the coherently scattering blocks. The values of ε and L can be determined from the true physical characteristics of line broadening, whose value is defined as the difference between broadening of peaks of the experimental sample and the standard Al2O3.

RUS is a complex method that allows the determination of elastic constant and the elements of elasticity matrix for samples with certain shapes [22,23,24,25,26]. Sample geometry affects data acquisition [26]. For cylinders with a high ratio of length to diameter we have few excitation modes and the spectra are simple [26,27]. 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 [25]. 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 our case a ceramic cylinder) with the aim of determining its mechanical properties [28,29]. In principle, RUS is composed of three parts. Successful use of this method implies the obtaining of a resonant ultrasound spectrum, meaning obtaining the frequency answer for a certain excitation for the analyzed sample. It is necessary to develop a computing method which can help in predicting the resonant ultrasound spectrum for the estimated parameters. The third component represents the iterative refinement of the estimated parameters, in agreement with the measured spectrum. Each of the steps mentioned above have multiple solutions. In the classical RUS experiment, a sample is placed between two US transducers. The primary advantages of this contact technique are its relative simplicity and low cost.

For the RUS method, the samples have been supported by two identical piezoelectric ultrasonic transducers, for emission and reception respectively, placed at the opposite ends of the cylindrical sample (see Figure 1). The measurements are carried out via 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. The probe is fixed between the emission and reception transducers in order to accomplish the condition of a stress free surface. 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.

Figure 1. RUS Experimental setup schematic block diagram. Thin lines correspond to coaxial cable for sinusoidal wave transmission; thick lines are GPIB cable for digitalized data.
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A Network/Spectrum/Impedance Analyzer 4395A (Agilent Technologies, Santa Clara, CA, USA), generates a sweep frequency ranging between 80 and 250 kHz with a 1 kHz step. The signal is amplified using a Power amplifier AG 1012 (T&C Power Conversion Inc., Rochester, NY, USA) and applied to the US emission transducer is applied to the B port of the 4395 A Agilent, the spectrum being acquired by a PC used to program the functioning of the equipment as well with a numerical code developed in Matlab 2012b (The MathWorks Inc., Natick, MA, USA, 2012) via a PCIB interface (National Instruments, Mopac Expwy, Austin, TX, USA).

The command of the power amplifier is made using the same PC via a RS232 interface (National Instruments). For the determination of the elasticity and shear moduli of the samples, the propagation speed of the longitudinal and transversal ultrasound waves were measured using a transmission procedure. The emission transducer is applied at one base of the sample via a delay line from Perspex® (Perspex Acrylic Brand, Darwen, Lancashire, UK) 20 mm in length, while the reception transducer is applied on the other base.



A G5KB GE transducer (General Electric Measurement & Control, Boston, MA, USA) with a central frequency of 5 MHz has been used for the measurement of the propagation speed of the longitudinal waves, the coupling being made using a ZG-F Krautkramer (General Electric Measurement & Control, Boston, MA, USA), whereas for the transversal waves, a MB4Y GE transducer (General Electric Measurement & Control, Boston, MA, USA) was used, with a central frequency of 4 MHz, the coupling being made with honey. The generation of emission impulses and the reception of signals delivered by the reception transducer has been made using a PR 5073 Pulser Receiver former Panametrics NDT USA (Olympus Corporation Waltham, MA, USA).

The densities of the samples were obtained by means of Archimedes’ method, by using water as fluid. The measurements of microhardness were performed by Vickers method, with a load of 50 g and a dwell time of 20 s.



3. Results and Discussion


3.1. Structural Parameters

The experimental results obtained from X-ray and neutron data emphasize that the Zr1-xCexO2 (x = 0–0.17) samples do not have a homogeneous structure (see Figure 2). The sample containing pure ZrO2 has a monoclinic (P21/c) crystalline structure [10]. 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 2 and Table 1).

Figure 2. 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 the 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)).
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Table 1. Refined structural parameters of Zr1-xCexO2 (x = 0.0–0.17) at room temperature, obtained by processing the data collected using the High Resolution Fourier Diffractometer at the Joint Institute for Nuclear Research, Dubna, Russia (x represents the nominal Ce concentration).



	
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









Data were acquired at room temperature and refined using the Fullprof program [30,31], and shown in Figure 2. From the analysis of the neutron diffraction data, we were able to define with precision the phase composition, crystal lattice, and the atomic structure of each phase.

Lattice parameters and atomic fractional positions, as well as background parameters, scale factors, occupancy, and isotropic thermal parameters were refined in this case (see Table 1).





The Rwp values indicate a good fit between the calculated and the experimental data (see Table 1). The refined atomic positions are indicated in Table 2. Temperature corresponding to the ions oscillations have been taken into account in the isotropic approximation.


Table 2. Atomic positions and isotropic thermal parameters of Zr1-xCexO2(x = 0–0.17) calculated using the Rietveld method from neutron diffraction data. P21/c: Zr (4e) (xyz); O1 (4e) (x,y,z); O2 (4e) (x,y,z); P42/nmc: Zr (2a) (0.75, 0.25, 0.75); O (4d) (0.25, 0.25, z) (ND data).



	
Atomic Parameters

	
Ce Concentration




	
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






	
Zr/Ce

	
x

	
0.2752 ± 0.0001

	
0.2683 ± 0.0004

	
0.7500

	
0.75000

	
0.75000




	
y

	
0.0405 ± 0.0002

	
0.0364 ± 0.0003

	
0.2500

	
0.25000

	
0.25000




	
z

	
0.2084 ± 0.0001

	
0.2084 ± 0.0004

	
0.7500

	
0.75000

	
0.75000




	
Biso (Å2)

	
0.116 ± 0.000

	
0.287 ± 0.000

	
0.283 ± 0.00

	
0.143 ± 0.00

	
0.169 ± 0.00




	
Occupation

	
1.0

	
0.903/0.097

	
0.89/0.09

	
0.87/0.13

	
0.83/0.17




	
O1

	
x

	
0.0710 ± 0.0001

	
0.0533 ± 0.0005

	
0.2500

	
0.25000

	
0.25000




	
y

	
0.3341 ± 0.0002

	
0.3146 ± 0.0005

	
0.2500

	
0.25000

	
0.25000




	
z

	
0.3452 ± 0.0003

	
0.3604 ± 0.0004

	
0.0476 ± 0.0002

	
0.0474 ± 0.0001

	
0.0467 ± 0.0001




	
Biso (Å2)

	
0.096 ± 0.003

	
0.59 ± 0.04

	
0.37 ± 0.03

	
0.419 ± 0.001

	
0.521 ± 0.002




	
Occupation

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0




	
O2

	
x

	
0.4488 (1)

	
0.4500 ± 0.0004

	
-

	
-

	
-




	
y

	
0.7570 (3)

	
0.7513 ± 0.0005

	
-

	
-

	
-




	
z

	
0.4799 (2)

	
0.4735 ± 0.0004

	
-

	
-

	
-




	
Biso (Å2)

	
0.137 (3)

	
0.59 ± 0.04

	
-

	
-

	
-




	
Occupation

	
1.00

	
1.00

	
-

	
-

	
-











The neutron peaks broadening (W), related to the sample of ZrO2, decreases as the concentration of Ce ions is increasing (see Figure 3). It is observable that the experimental points can be fitted with linear functions and consequently, the size effect is absent (L > 3000 Å).

Figure 3. The dependency of the square of FWHM of diffraction peaks vs. the square of inter-planar spacing.
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As it can be clearly observed, the volume of the unit cell increases as the concentration of Ce cations is increased (see Figure 4). For x = 0.09 a change of the unit cell symmetry, from monoclinic to tetragonal, takes place. The change of the symmetry is associated with a sudden decrease of the volume associated (see Figure 4). The slope of the linear functions decreases as the concentration of Ce ions is increasing. This behavior signifies that microstrains in the investigated samples are decreasing with the concentration of Ce ions, as shown in Figure 5.

Figure 4. Variation of the unit cell volume of Zr1-xCexO2vs. Ce concentration (x). Z—the number of molecules in the unit cell.



[image: Applsci 05 01665 g004 1024]





Figure 5. The dependency of microstrain, ε, on the concentration of Ce ions (x).
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First sample, for which x = 0.0, have the baddeleyite structure [32]. The modification of the crystal structure due to the substitution of Zr ions with Ce ions is related to the variation of the observed distance between Zr–O ions (see Table 2 and Figure 6). Cerium cations have two possible valence: +3 and +4. On the same type of places Ce3+/Ce4+ have a larger ionic radius as Zr4+ cations (rCe3+ = 1.143 Å; rCe4+ = 0.97 Å; rZr4+ = 0.84 Å, for C.N. = 8, after Shannon [31]). The substitution of Zr4+ with Ce4+/Ce3+ should lead to an increase of the lattice constants, of the unit cell volume and of the microstrains. On other hand, the increase of the lattice energy can cause a change in crystal structure and can sit at the basis of the explanation related to the observed transition from monoclinic to tetragonal structure at room temperature. The transition is accompanied by a relaxation of energy part due to the microstrain. In the same time, the substitution of Zr4+ with Ce3+ leads to a corresponding decrease of oxygen concentration, implicitly to the appearance of anionic voids and/or other types of crystalline defaults, for example dislocations.

Figure 6. The dependence of Zr-O distances vs. the Ce concentration (x).
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XRD data were obtained from the surface of the bulk samples and correspond to the structure of a thin layer (see Table 3). The common phase for these samples has a tetragonal structure, P42/nmc. For a concentration x = 0.09, we observed a mixture of tetragonal (P42/nmc, SG 137) and monoclinic (P21/c, SG 14) phases (see Table 1).


Table 3. Lattice constants (a, b, c, β), unit cell volume (Vcell), average size of crystalline blocks (L), microstrains (ε), and calculated densities (ρcal,phase) and observed densities (ρcal,sample) of each phase and each Zr1-xCexO2 (x = 0.9–0.17) sample at room temperature, obtained by processing the data collected with the Bruker Advance diffractometer (XRD data).



	
Parameters

	
Ce Concentration x




	
x = 0.09

	
x = 0.13

	
x = 0.17




	
Monoclinic P21/c

	
Tetragonal P42/nmc

	
Tetragonal P21/c

	
Tetragonal P42/nmc

	
Tetragonal P42/nmc






	
a, (Å)

	
5.1959 ± 0.0001

	
3.6218 ± 0.0001

	
5.1933 ± 0.0001

	
3.6269 ± 0.0001

	
3.6442 ± 0.0001




	
b, (Å)

	
5.2161 ± 0.0001

	
3.6218 ± 0.0001

	
5.2247 ± 0.0001

	
3.6269 ± 0.0001

	
3.6442 ± 0.0001




	
c, (Å)

	
5.3698 ± 0.0001

	
5.2170 ± 0.0001

	
5.3803 ± 0.0001

	
5.2431 ± 0.0001

	
5.2440 ± 0.0001




	
β, °

	
98.93 ± 0.01

	
90.0

	
98.93 ± 0.01

	
90.0

	
90.0




	
Vcell/Z, (Å3)

	
35.940

	
34.217

	
36.054

	
34.417

	
34.824




	
L, (Å)

	
1320

	
354

	
1137

	
605

	
1606




	
ε, (%)

	
0.07

	
0.086

	
0.027

	
0.051

	
0.036




	
Rwp, %

	
10.5

	
11.4

	
9.2




	
ρcal,phase (kg/m3)

	
5693

	
7747

	
5675

	
7795

	
7798




	
Volume fraction

	
0.90 ± 0.03

	
0.10 ± 0.03

	
0.84 ± 0.02

	
0.16 ± 0.02

	
1.00




	
ρcal,sample (kg/m3)

	
5898

	
6014

	
7798











The distances Zr-O for each phase and Ce concentration were calculated by using the position of cations and anions in the unit cells (see Table 4). The average size of crystalline blocks and the microstrains were obtained by using the Williamson-Hall plot. For the calculated density of the samples (see Table 3) we take account of the monoclinic and tetragonal phase concentrations.


Table 4. Atomic positions, isotropic thermal parameters, and Zr-O distances of Zr1-xCexO2 (x = 0.9–0.17) calculated using the Rietveld method from XRD data. (P 21/c: Zr (4e) (xyz); O1 (4e) (x,y,z); O2 (4e) (x,y,z); P 42/nmc: Zr (2a) (0.75, 0.25, 0.75); O (4d) (0.25, 0.25, z).



	
Atomic Parameters

	
Ce Concentration x




	
x = 0.09

	
x = 0.13

	
x = 0.17




	
P21/c

	
P42/nmc

	
P21/c

	
P42/nmc

	
P42/nmc






	
Zr/Ce

	
x

	
0.2953 ± 0.0002

	
0.75000

	
0.2885 ± 0.0001

	
0.75000

	
0.75000




	
y

	
0.0287 ± 0.0001

	
0.25000

	
0.0227 ± 0.0001

	
0.25000

	
0.25000




	
z

	
0.2277 ± 0.0003

	
0.75000

	
0.2463 ± 0.0003

	
0.75000

	
0.25000




	
Biso (Å2)

	
0.400 ± 0.000

	
0.407 ± 0.000

	
0.412 ± 0.000

	
0.410(0)

	
0.433(0)




	
O1

	
x

	
0.0640 ± 0.0001

	
0.25000

	
0.0630 ± 0.0001

	
0.25000

	
0.25000




	
y

	
0.3291 ± 0.0003

	
0.25000

	
0.3301 ± 0.0003

	
0.25000

	
0.25000




	
z

	
0.3291 ± 0.0001

	
0.04654 ± 0.0001

	
0.3281 ± 0.0001

	
0.0467 ± 0.0001

	
0.0203 ± 0.0001




	
Biso (Å2)

	
0.704 ± 0.001

	
0.246 ± 0.003

	
0.860 ± 0.002)

	
0.419 ± 0.001

	
0.519 ± 0.001




	
O2

	
x

	
0.4251 ± 0.0001

	
-

	
0.4291 ± 0.0001

	
-

	
-




	
y

	
0.7561 ± 0.0002

	
-

	
0.7610 ± 0.0001

	
-

	
-




	
z

	
0.4844 ± 0.0003

	
-

	
0.4801 ± 0.0001

	
-

	
-




	
Biso (Å2)

	
0.800 ± 0.000

	
-

	
0.920 ± 0.000

	
-

	
-




	
dZr-O1(Å)

	
2.1946

	
-

	
2.2210

	
-

	
-




	
dZr-O2(Å)

	
2.2135

	
-

	
2.2387

	
-

	
-




	
dZr-O(Å)

	
-

	
2.1933

	
-

	
2.1987

	
2.2257











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 (see Table 3 and Figure 7). As shown in Figure 7, we can observe that the samples contain a small amount of unknown phases.

Figure 7. 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.
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The variation of the lattice constants and the unit cell volume, corresponding to the thin layer from the samples surface as a function of the substitution of Zr with Ce, is similar to the variation of the lattice constant observed for the entire sample volume (see Table 1 and Table 3). An investigation related to the difference between the chemical composition at the surface and inside the sample is ongoing.



3.2. Resonant Ultrasound Spectroscopy

In order to determine mechanical properties of a compact specimen (in our case a ceramic cylinder), the resonance structure is scanned by RUS [22,23,29,33]. 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 [34]. The reverse is also true: if resonant frequencies of an object are known, its elastic properties can be determined [23,34,35].



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 [27], based on an eigenvalue and eigenfunction method [26]. For these, we have used an equipment configuration as the one shown in Figure 1. 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 (π2, π3, π4), whose properties have been presented in Table 4. Due to the fact that the samples π2–π4 are axisymmetric, isotropic, and homogeneous [25], we can conclude that every mode observed on samples must fall into the following three categories [33]:


	Torsional axisymmetric pure share motion consisting of rigid rotation of rings of materials around the sample axis. The frequency of these modes depend strongly on the sample’s shear velocity


	Extensional axisymmetric mixtures of compression and shear modulus


	Flexural modes along paths that are tilted with respect to the cylinder axis. These modes occur in pairs named doublets, with the same resonance frequency.




Figure 8 shows the resonance spectra for the samples π2–π4 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 8. Resonance ultrasound spectra for samples π2–π4.
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Figure 9 describes the typical response of one from the three tested samples, namely π2, in a frequency range comprised between 80 and 250 kHz chosen based on our preliminary analysis performed on similar materials.

Figure 9. Resonant modes for sample π2: (a) extensional mode, f = 163 kHz; (b) extensional mode, f = 185 kHz; (c) flexural mode f = 208 kHz; (d) flexural mode f = 214 kHz.
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It is immediately 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, the intermediate ones appear in yellow and green and the minimum ones appear in blue. It is noticeable that for the analyzed frequencies, the maximum displacements take place at the edges of the cylinders in opposite directions, with a minima in the middle of the samples.

The eigenfrequency intervals exhibit a slight shift towards smaller values as the density of the samples decrease (see Table 3 and Figure 8). Resonant ultrasound spectroscopy is a reliable technique for monitoring structural modifications related to samples density.

In Figure 9, we are showing the simulation of deformations for two extensional modes (a,b) and two flexural modes (c,d) for sample π2. The simulations have been made using the finite element method using SolidWorks 2011 (Dassault Systèmes SolidWorks Corporation, Waltham, MA, USA), Simulation-Frequency toolbox [36] using a solid mesh type, curvature based mesher, with a total number of 13145 nodes and 8777 total elements.

The resonance frequencies obtained by simulations could give us information similarly to the ones experimentally obtained, that could be chosen at full width at half maximum of the amplitude [33]. It is important to specify that the simulated information is useful in order to determine which of the resonances are observables for an investigated spectrum. The inversion of data has been used in order to determine the elastic properties from the measured resonance spectra, using the conjugate gradient method with minimizing the objective function [33]:
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(2)




here, f(p) and f(m) are the computed and respective measured frequencies, respectively; wi are the measured weights, which describe the confidence in the performed measurements.
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.

An increase of the relative density with Ce concentration takes places (see Table 5). We considered that a decrease of the pores concentration takes place with the increase of the Ce concentration in the samples.

Table 5. 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












3.3. Microhardness Measurements

Microhardness measurements were performed on both natural (as sintered) faces of the samples and the resulting face after cutting with a diamond wire. The Vickers microhardnesses increase with the increase of the Ce concentration in the samples. On other hand, the micro-hardness of the sample corresponding to the natural face is smaller than those obtained from the cutting face, except those corresponding to the sample with x = 0.17 (see Table 6). The results are in agreement with the literature data.


Table 6. Results of microhard ness measurements (x—nominal Ce concentration in the samples; S—the surface area of the resulting indentation; h—indentation depth; HV—microhardness of the sample).



	
Results Corresponding to the Natural Face

	
Results Corresponding to the Face after Cutting with Diamond Wire




	
x

	
S (μm2)

	
H (μm)

	
HV (GPa)

	
x

	
S (μm2)

	
H (μm)

	
HV (GPa)






	
0.09

	
54.47

	
1.4

	
9.0 ± 0.7

	
0.09

	
53.39

	
1.4

	
9.2 ± 0.7




	
0.13

	
37.60

	
1.2

	
13.0 ± 0.1

	
0.13

	
34.51

	
1.1

	
14.2 ± 0.7




	
0.17

	
22.43

	
0.9

	
21.9 ± 0.6

	
0.17

	
27.18

	
1.0

	
18.0 ± 0.7











For the samples with x > 0.09 we observe a larger microhardness on the face after cutting as comparing with those corresponding to the natural face. It is observable that the results related to the hardness measurements from the sample having a concentration x = 0.17 are slightly different compared to the other two concentrations, before and after the mechanical cutting is made. A possible explanation can be that, once the cutting of the natural (original) phase is made, a micro-crack could have appeared on the surface of this sample, the measured hardness being lower on a damaged surface, a result in agreement with literature observations [37].

We performed the chemical analysis on the surface of the samples and on the surface of fractured samples (see Table 7). The results confirmed that the increase of the Ce concentration will produce an increase of unit cell volumes of monoclinic and the tetragonal phases, respectively (see Table 1 and Table 3), in agreement with the literature. On other side, we observed that for the same sample the unit cell volumes will increase from the surface to the inner part (see Table 1 and Table 3). It is not clear if we have a continuous decrease of Ce concentration from inner side to the surface of the sample or only the surface layer has another chemical composition as compared with the inner side.

Table 7. The chemical composition from EDX measurements (see Figure S1).


	Nominal Composition
	Chemical Composition at the Surface of the Samples
	Chemical Composition at the Surface Obtained after Fracture





	Zr0.91Ce0.09O2
	Zr0.88±0.03Ce0.12±0.03O1.82±0.03
	Zr0.84±0.03Ce0.16±0.03O2.00±0.03



	Zr0.87Ce0.13O2
	Zr0.85±0.03Ce0.15±0.03O2.00±0.03
	Zr0.79±0.03Ce0.21±0.03O2.00±0.03



	Zr0.83Ce0.17O2
	Zr0.79±0.03Ce0.21±0.03O2.00±0.03
	Zr0.75±0.03Ce0.25±0.03O2.00±0.03













4. Conclusions

The substitution of the Zr with Ce in Zr1-xCexO2 leads to a change of the phase composition, a gradual transition from the monoclinic to tetragonal structure. Concerning the substitution of Zr with Ce we observed a difference of the phase composition between the surface layer of the sample and the phase composition of the bulk samples. We attributed this difference to the various oxygen concentration in the surface layer and in the bulk sample. The investigations performed by means of neutron diffractometry, which “viewed” a large volume of the samples, indicated a transition from the monoclinic to tetragonal phase for x = 0.09. On other hand, XRD investigations, which “viewed” only a thin layer have shown that the phase composition of the samples corresponding to x = 0.09 and 0.13 represents a mixture between a monoclinic phase and a tetragonal phase, the tetragonal phase concentration increasing with the increase of Ce concentration. The unit cell volumes of the tetragonal and monoclinic phases and Zr-O distances increase with the increase of Ce concentration, for the inner part of the samples. The calculated and measured densities increase also with the increase of Ce concentration. A maximum of the average size of coherent blocks and of the microstrain appear in the tetragonal phase for the sample with x = 0.13. The increase of Ce concentration leads also to an increase of the volumes of both monoclinic and tetragonal unit cells. From the variation of unit cell volume of the surface layer, compared with those corresponding to the unit cell volume of the sample core, we conclude that a small but systematic decrease of the large radii cation concentration takes place at the surface layer. An increase of the relative density and of the mechanical parameters (elasticity and shear moduli) was obtained with the increase of Ce concentration.

RUS is a reliable technique, which emphasizes the eigenfrequency intervals which exhibit a slight change as a function of samples composition, for monitoring structural modifications related to sample density. Slight material anisotropy leads to splitting of the higher modes but not of the fundamental torsion mode. In the case of the studied samples, whose ratio is around the unit, the interpretation is favorable because the torsional mode is the lowest one, well separated from the others for ν > 0, allowing immediate extraction of the shear modulus and its damping. 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. If the elements are incorrectly sintered, with a density smaller than the prescribed value and the elastic and shear moduli smaller, important modifications appear in the shape of the spectrum and the resonance frequencies.

Future research in this area should concentrate on the SEM analysis concerning the ceramic samples, whose aspects change dramatically with increasing concentrations of Ce ions, an effect which needs to be further analyzed in a future study.
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