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Ceria-doped tetragonal zirconia polycrystals (Ce-TZP) exhibit exceptional physical 

and mechanical properties, making them promising for various applications. This 

research introduces a novel methodology using XRD analysis on the cut and fracture 

surfaces of Ce-TZP ceramics, to gain deeper insights into the toughening mechanisms. 

The sintered ceramic samples have been prepared from powders synthesized via the wet 

chemical coprecipitation technique with varying ceria content (12-18 mol %).  The 

influence of ceria contents on the tetragonal phase stability of zirconia was investigated as 

well. X-ray diffraction (XRD), scanning electron microscopy (SEM) and Vickers 

indentation techniques were used to evaluate the tetragonal phase stability, 

microstructure, fracture toughness and hardness of the sintered samples, respectively. 

The results indicated that a stable tetragonal phase predominates at ceria content from 

12-18 mol %, whereas below 12 mol %, the tetragonal phase undergoes transformation to 

the monoclinic phase upon cooling from the sintering temperature. Dense ceramics with 

high   strength   and   fracture   toughness were achieved for sintered zirconia containing 

12-18 mol % ceria, with strengths ranging from 430 up to 560 MPa depending on ceria 

contents. Samples containing 12 mol % ceria, sintered at 1500 °C, exhibited a high 

toughness (KIC) of 22 MPa√m. XRD analysis on cut samples’ surfaces, which represents 

the novelty of the present study, elucidates stress-induced transformation and/or domain 

reorientation as key toughening mechanisms in Ce-TZP zirconia ceramics. 
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1. INTRODUCTION 

   Advanced ceramics, commonly known as engineering 

or high-performance ceramics, play an integral role across 

a spectrum of technological sectors, including electronics, 

telecommunications, automotive, aerospace, industrial 

machinery, and healthcare. These ceramics exhibit 

extraordinary properties such as high strength, hardness, 

elastic modulus, temperature resistance, wear resistance 

and thermal shock resistance [1, 2].  

   Among advanced ceramics,  Zirconia toughened 

ceramics, particularly tetragonal zirconia polycrystal 

ceramics (TZP), achieved through the doping of 

zirconium oxide with either yttria (Y-TZP) or ceria (Ce-

TZP), occupy a prominent position owing to their 

remarkable strength and toughness, as well as their shape-

memorylike-behavior [3-5], and  transformation plasticity 

[6].  Ce-TZP, renowned for its  chemical stability and 

catalytic activity for gas purification [7] offers distinct 

advantages. Furthermore, Ce-TZP ceramic materials can 

be fabricated with a high degree of metastability [8], and 

demonstrate superior stability compared to Y-TZP under 

conditions of low temperature aging [9-11], and in moist 

environments [2, 10].  However, challenges arise at 

relatively high temperatures (around 1200 °C), where  Ce-

TZP may undergo reduction  to Zr2Ce2O7
 resulting in the 

appearance of a separate phase in a hydrogen-reducing 

atmosphere [12]. Ce-TZP consistently maintains a 

singular tetragonal phase within a wide composition range 

of 12-20 mol % CeO2, providing ample scope for further 

exploration [1, 2]. In contrast,  the tetragonal phase in Y-

TZP is limited to a narrower composition range of 2-3 

mol % Y2O3 [8]. The physical and mechanical properties 

of Ce-TZP ceramics, like any ceramic material, are 

heavily influenced by factors such as; composition, grain 

size [13-15], impurity content in starting materials [1,16, 
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17], preparation method [13, 15, 18, 19], heterogeneity, 

and testing methods [20]. Variations in any of these 

factors, which have been the subject of numerous 

investigations, could potentially lead to discrepancies in 

published results.   

    This study aims primarily to determine the operational 

toughening mechanisms in Ce-TZP ceramics with 

different ceria contents employing a novel technique 

utilizing XRD analysis on samples’ cut surfaces. 

Additionally, the study aims to comprehensively 

investigate the impact of composition on the physical and 

mechanical properties of sintered Ce-TZP ceramics. To 

achieve this, various compositions of Ce-TZP powders 

were prepared using the coprecipitation technique. 

2. MATERIALS AND METHODS 

   Zirconium oxychloride (purchased from BDH 

chemicals) and Cerous nitrate (obtained from Rare Earth 

Corporation), served as the starting materials for 

producing zirconia powders with varying ceria contents, 

having the chemical formula Zr(1-x) CexO2, where x equals 

5, 10, 12, 14, 18 mol % of CeO2.  These compositions 

were denoted as: 5Ce-TZP, 10Ce-TZP, 12Ce-TZP, 14Ce-

TZP and 18Ce-TZP, respectively. For each composition, 

a solution containing 0.2 mole per liter of the calculated 

proportions of each salt was prepared. Subsequently, an 

ammonia solution was slowly added to the vigorously 

stirred mixture, maintaining a pH at 9 during 

precipitation. The coprecipitation process can be broken 

down into the following reactions: mixed salt solutions 

hydrolysis, precipitation (washing, filtration), and 

calcination. 

Hydrolysis:  

(1-x) ZrOCl2.8H2O + xCe(NO3)3.6H2O → Zr1-xCexO2+ + 

2(1-x)Cl- + 3x(NO3) -  + (8-2x)H2O 

Precipitation at pH 9: 

(1-x)ZrOCl2.8H2O+xCe(NO3)3.6H2O+2NH4OH→        

Zr1-xCexO(OH)2+2(1-x)NH4Cl+3xNH4NO3 +(8-2x)H2O 

   The resulting precipitated gel (Zr1-xCexO(OH)2) was 

then filtered and washed multiple times with distilled 

water until complete removal of ammonium salts 

was attained. Following this, the gel was washed with 

ethyl alcohol and dried at room temperature. Thermal 

analysis was conducted on the dried gel using a 

differential thermal analyzer (DTA-50; Shimadzu) and 

thermogravimetric analyzer (TGA-50; Shimadzu). Based 

on the thermal analysis results, the dried gel underwent 

calcination at 600 °C for 3 hours: 

 Zr1-xCexO(OH)2 → Zr1-xCexO2 + 2H2O  

   The resulting calcined powder was subsequently 

subjected to ball milling and sieving. Rectangular samples 

were prepared from the different calcined powders using a 

rectangular steel die with dimensions 35 x 6 mm2. These 

samples were pressed at a pressure of 100 MPa, using a 

compact-type hydraulic press. The geometrically 

determined average green density was approximately 40 

% of the theoretical density (TD). The samples underwent 

pressureless sintering in air at various temperatures 

ranging from 1400-1600 °C for one hour. Sintered 

densities were determined using Archimedes’ method. 

Microstructural features were examined using SEM 

(Zeiss-Evo10). Prior to SEM examinations, the samples 

were ground and polished using an Abramine automatic 

grinding and polishing machine (Struers), followed by 

thermal etching at 1350 °C for 30 minutes. The average 

grain size of the sintered samples was computed from 

SEM micrographs using the linear intercept method [21]. 

Phase analyses and determination of monoclinic content 

on the samples’ surfaces (as sintered, ground, and cut 

surfaces) were conducted using X-Ray diffraction (XRD-

3A machine with Cu-Ni filter, from Shimadzu). The 

weight fraction (Xm) and the volume fraction (Vm) of the 

monoclinic phase were calculated, using Toraya’s formula 

[22], from the integrated peak areas of the lines [111]t, 

[111]m and [1
_

11]m of the sintered samples. 

𝑋𝑚 =
𝐼𝑚[111]+𝐼𝑚[1

_
11] 

𝐼𝑚[111]+𝐼𝑚[1
_
11]+𝐼𝑡[111]

                    (1)      

𝑉𝑚  =
𝒫𝑋𝑚 

1 +[𝒫−1]𝑋𝑚
                                    (2) 

Where: Im is the intensity of the monoclinic peak, It is 

the intensity of the tetragonal peak, and 𝒫
 
is a constant 

equal to 1.333. 

   Vickers hardness HV in gigapascals (GPa) and fracture 

toughness stress intensity factor KIC in megapascals 

square root meter (MPa√m) were calculated from the 

dimensions of the indentation diagonals and the crack 

lengths resulting from a Vickers indentation performed 

on each sample surface, using Zwick Hardness Tester.  

Measurements of the indentation diagonals and crack 

lengths were taken at a load of 100 Newton (N) and a 10 

seconds dwell time, using an optical microscope 

equipped with Nomarski interference contrast (EHz-

Olympus). For each sample, an average of six 

indentations measurements was taken. Hardness (HV) 

and Fracture toughness (KIC) were calculated using the 

following equations:  
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HV = 1.854 P/d2                              (3) 

KIC = 0.0725 Pc−3/2         (4)  Half penny median crack [23] 

KIC = 0.028(HV)1/2. (P/T)1/2           (5) Palmqvist crack [23] 

Where:  

P is the load, in Newton.  

d is the mean indentation diagonal, in meters (in Equation-3).  

c is the crack length from the centre of the indentation to 

the crack tip (in Equation-4). 

T is the total crack length (in Equation-5).  

   Fracture strength was determined using a four-point 

bending test conducted on a universal testing machine 

(LLOYED LR-10 kN). The test employed loading and 

supporting spans of 10/20 and a crosshead speed of 0.22 

mm/min. The average of strength values of four samples 

for each composition tested was recorded. 

3. RESULTS AND DISCUSSION 

3.1 Thermal analysis 

   Figure 1 depicts the results of the differential thermal 

analysis (DTA) and thermogravimetric analysis (TGA) 

conducted on the 12Ce-TZP dried gel. The DTA curve 

exhibits a broad endothermic peak at 119°C, attributed to 

the removal of adsorbed water and thermal decomposition 

of zirconium hydroxide into zirconium oxide. Additionally, 

a sharp exothermic peak at 448 °C corresponds to the 

crystallization of the amorphous phase of 12Ce-TZP. The 

TGA curve illustrates significant weight loss occurring 

between room temperature and 500 °C, indicative of the 

removal of adsorbed water and the thermal decomposition 

of zirconium hydroxide. Similar behaviors were observed 

for the 14Ce-TZP and 18Ce-TZP ceramics. Based on these 

findings, a calcination temperature of 600 °C was 

determined to be optimal for producing finely crystallized 

powders suitable for cold pressing and subsequent sintering 

after grinding and sieving.  

 

Fig. )1:( Differential thermal analysis (DTA) and 

Thermogravimetric analysis (TGA) of the 

12Ce-TZP dried gel 

3.1.2. Density 

   The sintered samples of Ce-TZP with ceria contents 

ranging from 12 to 18 mol % exhibited exceptional 

sintering characteristics. When sintered at 1400 ºC, the 

samples achieved densities of approximately 97% of 

theoretical density (TD), while those sintered at both 

1500 and 1600 °C reached densities of around 99 % TD. 

These results align well with findings reported in prior 

studies [13, 18]. In contrast, a separate study [17] 

documented low sintered density in a zirconia ceramic 

containing 17.5 mol % ceria, which was prepared via 

sol-gel method and sintered at 1600 °C. This discrepancy 

may be attributed to differences in the specific 

preparation technique employed in the latter. Similarly, 

another investigation[19], reported inadequate 

densification in ceria-zirconia ceramics prepared under 

industrial condition and sintered at 1710 °C. 

   Notably, the sintered samples of 5Ce-TZP exhibited 

cracks induced by the tetragonal to monoclinic (t→m) 

phase transformation during cooling from the sintering 

temperature, resulting in very weak mechanical 

strength. The sintered samples containing 10 mol % 

ceria (10Ce-TZP) displayed sound surfaces without 

visible cracks, but with a relatively low density of 

about 87 % TD and very low strength, indicating an 

unstable high-temperature tetragonal phase that 

transformed to a monoclinic phase during cooling from 

the sintering temperature. Consequently, both the 5Ce-

TZP and 10Ce-TZP materials were excluded from 

further investigation. Previous research [24] suggests 

that 14 mol % ceria is the minimum amount required 

for complete stabilization of the tetragonal phase in 

sintered zirconia ceramics at room temperature. 

3.1.3. X-ray diffraction of Ce-TZP sintered ceramics 

   The X-ray diffraction (XRD) patterns, Fig. 2(a-c), 

obtained from the surfaces of 12Ce-TZP, 14Ce-TZP, 

18Ce-TZP samples sintered at 1500 °C/1 hour, 

revealed a single tetragonal phase retained at room 

temperature after cooling from the sintering 

temperature. This indicates a high degree of stability 

within the composition range of 12 -18 mol % ceria. 

The XRD pattern of the as sintered sample containing 

12 mol % Ceria is consistent with published data for 

Ce-TZP ceramics [1, 7, 13, 15], highlighting the 

prevalence of the tetragonal phase. In contrast, 

monoclinic phases existed in sintered ceramics 

containing less than 12 mol % Ceria.  
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(a) 

 

 
(b) 

 

 
(c) 

 

Fig.  )2 :( XRD patterns made on the as sintered surfaces of:  

                a) 12Ce-TZP, b) 14Ce-TZP, and c) 18Ce-TZP. 
 

3.2 Microstructure 

   SEM images of thermally etched surfaces of samples 

sintered at 1500 °C for 1 hour, containing 12, 14, and 18 

mol % Ceria, are presented in Fig. 3(a-c). These 

microstructures exhibited dense polygonal grain 

matrices with corresponding grain sizes of 2.3, 1.67 and 

1.02 m, respectively. Notably, the 18Ce-TZP samples 

displayed relatively smaller grain sizes compared to the 

other compositions. The average grain size of 2.3 m 

observed for 12Ce-TZP was consistent with findings 

reported in previous studies [13, 25, 26], conducted on 

similar materials sintered at comparable temperatures. 

 

(a) 

 

(b) 

 
(c) 

Fig. (3): SEM micrographs of the thermally etched 

sintered surfaces of:  a) 12Ce-TZP, b) 14Ce-

TZP, and c) 18Ce-TZP. 
 

3.3 Mechanical properties 

   Figure 4 illustrates the variation of the bend strength 

(MPa), Vickers hardness HV (GPa) and fracture 

toughness KIC (MPa√m) with ceria content for samples 

sintered in air at 1500 °C for one hour. It is evident from 

the figure that the 14Ce-TZP material exhibited the 

maximum bend strength of 560 MPa, while the maximum 

fracture toughness KIC of 22 MPa√m was obtained for the 
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12Ce-TZP. The latter is consistent with published data on 

fracture toughness measured using Single Edge Notched 

Beam (SENB) tests of Ce- TZP ceramics containing ceria 

in the range between 6-16 mol %, which also showed a 

maximum of KIC value for the material containing 12 

mol% ceria [15]. Additionally, the fracture toughness 

(KIC) was observed to decrease with increasing ceria 

content, while Vickers hardness demonstrated an increase. 

These trends align with published findings on Ce-TZP 

ceramics [1, 12, 15].  

 

Fig. (4): Vickers hardness, fracture toughness and bend 

strength as functions of ceria content in Ce-TZP 

ceramics. 

   The composition with 12 mol % ceria has been noted to 

exhibit an increase in fracture toughness with rising 

sintering temperatures, while Vickers hardness tends to 

decrease [18]. It is essential to consider that values of 

fracture toughness, hardness and bend strength are 

generally influenced by factors such as grain size, sample 

surface characteristics, and the testing method employed.  

   Although indentation fracture, which is a non-destructive 

and easily conducted test, may yield relatively 

overestimated values of toughness (KIC) compared to other 

methods for measuring ceramic toughness, it has been 

utilized in this study solely for the purpose of comparison 

between the Ce-TZP ceramics with varying ceria contents. 

Methods like Single Edge Notched Beam (SENB), Single 

Edge V-notched Beam (SEVNB), Double Cantilever Beam 

(DCB), and Indentation Strength in Bending (ISB), while 

reliable, are all destructive techniques.  

   Figure 5 illustrates the XRD pattern of the fracture 

surface of the 12Ce-TZP sample alongside those of samples 

containing 14 and 18 mol % ceria. On the fracture surface 

of the 12Ce-TZP sample, a considerable amount of 

monoclinic phase was observed (Fig.5-a), indicating a high-

volume percentage (about 80%) resulting from stress-

induced transformation of the metastable tetragonal phase. 

This finding aligns with previously reported data indicating 

81 vol % monoclinic phase measured around Vickers 

indentation, for  zirconia ceramic containing 12mol % ceria 

[25]. In contrast, XRD analysis of the fracture surfaces of 

the 14Ce-TZP and 18Ce-TZP samples (Fig.5 b, 5-c) 

revealed only a stable non-transformable tetragonal phase. 

These results could also be related to grain size, with 

tetragonal phase stability increasing as grain size decreases 

and decreasing with a reduction in stabilizer content, 

consistent with previous investigations on Ce-TZP ceramics 

[1, 7, 13]. Santos et al., [14] reported that, the higher ceria 

content in Ce-TZP causes difference in shear stress and 

alteration in energy necessary for t→m transformation. 

 

(a) 

 

(b) 

 

(c) 

Fig. (5): XRD patterns of the fracture surfaces of:  

            a)12Ce-TZP, b)14Ce-TZP, and c)18Ce-TZP. 
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3.3.1 Indentation fracture 

   Optical micrographs of Vickers indentations on the 

polished surfaces of 12Ce-TZP and 18Ce-TZP sintered 

samples (Figures 6 & 7) displayed distinct fracture 

patterns. The 12Ce-TZP sample exhibited a rosette-like 

shape obtained using Nomarski interference contrast 

technique [20, 27], indicative of shear band formation 

due to significant tetragonal to monoclinic phase 

transformation which contributes to high fracture 

toughness. These shear bands result from stress 

relaxation network of nano-cracks or grain-boundary 

microcracking associated with transformation plasticity 

[28]. This explains the non-linear stress-strain behavior 

observed in the zirconia ceramic containing 12 mol % 

ceria [9]. These shear bands are designated as 

transformation bands [29] or deformation bands [14].  In 

contrast, the 14Ce-TZP and 18Ce-TZP samples showed 

lateral cracks characteristic of brittle indentation fracture 

in a Palmqvist crack system.  

 

Fig. (6): Optical micrograph of Vickers indentation on the 

polished surface of 12Ce-TZP sintered sample. 

 

 
 

Fig. (7): Optical micrograph of Vickers indentation on the 

polished surface of 18Ce-TZP sintered sample. 

3.3.2 Toughening mechanisms  

   Regarding toughening mechanisms, XRD patterns 

performed on the cut surfaces of 12Ce-TZP and 18Ce-

TZP samples (Fig. 8-a, 8-b) shed light on the 

mechanisms acting in each composition. The 12Ce-TZP 

pattern exhibited appreciable monoclinic phase resulting 

from stress-induced transformation of the metastable 

tetragonal phase, alongside the reversal of tetragonal 

peak intensities of the (002) and (200) lines, which 

suggests potential simultaneous occurrence of tetragonal 

to monoclinic phase transformation or transformation 

toughening and domain switching. This implies that both 

mechanisms contribute to the high toughness of 12Ce-

TZP material [25]. Meanwhile, the X-ray diffraction 

(XRD) patterns made on both the cut and ground 

surfaces of samples with higher ceria content (18Ce-

TZP) (Fig. 8-b, 8-c) showed no tetragonal to monoclinic 

transformation, consistent with previous studies  [7, 30].  

However, there was only a reversal of the intensities of 

the tetragonal peaks (002) and (200), aligning with prior 

research [31]. This behavior, also observed in shear-

stressed sintered samples of 14Ce-TZP [15], suggests the 

alternative toughening mechanism called ferro-elastic 

domain reorientation or switching [26, 32]. The 

mechanism of transformation toughening in 12Ce-TZP 

can be elucidated as follows: When the stress around the 

crack tip reaches a critical point, a phase transformation 

from tetragonal to monoclinic occurs. This transformed 

phase, constrained by the surrounding untransformed 

tetragonal phase, generates a compressive stress in the 

process zone. This stress effectively opposes             

crack propagation, thereby increasing the material’s 

toughness.  

 

(a) 
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(b) 

 

(c) 

Fig. (8): XRD patterns of:  a) Cut surface of 12Ce-TZP, 

b) Cut surface of 18Ce-TZP and c) Ground 

surface of 18Ce-TZP. 

   Ce-TZP containing ceria from 14 mol % and higher 

exhibit ferroelastic materials’ behavior. The toughness 

enhancement attributed to domain switching ranges from 5-

7 MPa√m for certain compositions of tetravalent oversize 

ceria-doped zirconia [8]. 

    It’s important to distinguish between transformation 

toughening and domain switching. While both are stress-

induced responses, they operate differently. Transformation 

toughening involves a significant phase change from 

metastable tetragonal to monoclinic phase, while domain 

switching entails reorientation of phases within the process 

zone, absorbing and dissipating crack energy to impede 

crack propagation and enhance fracture resistance.  

Ferroelastic reorientation involves transitioning between 

two equilibrium configurations or tetragonal variants. 

Additionally, the energy required for domain nucleation or 

conversion in small grains is lower compared to large 

grains [33]. This discussion underscores the utility of the X-

ray diffraction as a valuable tool in investigating 

toughening mechanisms in tetragonal zirconia ceramics. 

CONCLUSIONS 

   In this study, homogeneous Ce-TZP ceramic materials 

with varying ceria contents were prepared using the wet 

chemical coprecipitation technique. The sintered 

products exhibited favorable physical and mechanical 

characteristics. The stability of the tetragonal phase in 

the sintered Ce-TZP ceramics varied based on the ceria 

content, ranging from unstable to metastable or stable. 

Notably, the composition containing 12 mol % ceria 

demonstrated a metastable transformable tetragonal 

phase, resulting in a high fracture toughness KIC of 22 

MPa√m. Conversely, the material containing 18 mol % 

ceria displayed a stable tetragonal phase but with lower 

fracture toughness of 4.6 MPa√m. During indentation, 

the ceramics with 12 mol % ceria exhibited shear bands 

around the indentation with a half-penny median crack 

configuration, while those with 18 mol % ceria displayed 

lateral cracks with Palmqvist crack configuration. XRD 

analysis conducted on fracture, cut, and ground samples’ 

surfaces represents the novelty of the present study. It 

proved to be instrumental in identifying the toughening 

mechanisms. Overall, this comprehensive investigation 

underscores the pivotal role of ceria content in 

modulating the tetragonal stability, as well as the 

physical and mechanical properties of zirconia ceramics. 

Furthermore, it emphasizes the significance of both 

tetragonal to monoclinic phase transformation and 

domain switching as toughening mechanisms in Ce-TZP 

ceramics. These findings offer valuable insights for the 

development of advanced ceramics with enhanced 

performance. 
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