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Abstract 
This study investigates the phase composition and structure of alumina-
zirconia ceramics containing varying amounts of LaAl11O18 plates. The re-

search addresses the significant influence of lanthanum hexaaluminate on 
the structural and physical properties of these ceramics, specifically focusing 

on its effects on crystal lattice parameters and phase volume content. Using 
synchrotron radiation and the Rietveld refinement method, the influence of 
lanthanum hexaaluminate content on the parameters of crystal lattices and 

phase content of the investigated materials were evaluated. Scanning elec-
tron microscopy was employed to analyze the grain size, morphology, and 
distribution within the material matrix. High-purity powders of α-Al2O3, 3Y-

ZrO2, and La2O3 were used as initial materials. The materials were obtained 
by the pressureless sintering techniques in two hours at 1520 °C. A series of 
materials comprising 50 wt.% ZrO2 and varying percentage (0–15 wt.%) of 

LaAl11O18 was obtained. The coherent scattering regions of the alumina and 
zirconia matrix phases remained relatively unchanged in the composites. The 

coherent scattering regions of lanthanum hexaaluminate increased signifi-
cantly with its concentration in the materials. The analysis revealed a de-
crease in alumina grain size with increasing LaAl11O18 content, while the size 

of the LaAl11O18 plates displayed a consistent increase. The best properties 
were observed for alumina-zirconia ceramics with the calculated content of 
lanthanum hexaaluminate of 12 wt.%. The relative density of this material is 

95.3±0.3%, the hardness is 1490 Hv, and the indentation fracture resistance 
is 7.2±0.3 MPam1/2. 
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Key findings 

● LaAl11O18 content of 12 wt% is most effective in increasing fracture toughness.

● The grain sizes of alumina decrease with the increase in the lanthanum hexaalumi-

nate content.

● The coherent scattering regions of lanthanum hexaaluminate increased significantly

with its concentration in the materials.
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1. Introduction

In recent years, there has been a steady growth of interest 

towards research into hexaaluminates of various chemical 

compositions [1–7]. This is largely due to the prospect of 

their application at high temperatures. Hexaaluminates are 

characterized by stable phase composition up to 1600 °C 

and resistance to thermal shocks [8]. Consequently, they 

are employed in the production of thermal barrier coatings 

[9]. In addition, the presence of hexaaluminates in the ma-

trix of alumina-zirconia ceramics contributes to the growth 

of fracture toughness [10, 11]. This is due to the fact that 

the formation of plate structures of hexaaluminates slows 

and changes the direction of crack propagation in the mate-

rial [12–15]. In paper [16], the authors studied Al2O3-

SrAl12O19-3Y/4Y/5Y-ZrO2 composite ceramics fabricated by 

the Pechini method. The material containing 8 vol% Al2O3 

and 8 vol% SrAl12O19 in 3Y-ZrO2 has the highest fracture 

toughness at 5.23±0.25 MPam1/2, and the m-ZrO2 content of 

48.35±5.70% after low temperature degradation for 64 h. 
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In paper [17] Shi et al. studied the effect of CeO2 on the 

structure and properties of Al2O3/Ti composites. The au-

thors found that after the addition of CeO2, the elongated 

phase CeAl11O18 was formed in the composites. The mate-

rial with 2 mol.% CeO2 is characterised by the highest 

bending strength and fracture toughness values of 576 

MPa and 5.15 MPam1/2, which increased by 21% and 20% 

compared to the Al2O3/Ti composite without CeO2 addi-

tion. Ismail and Mohamad in [18] analysed the effect of 

CaCO3 on the phase, physical, mechanical and microstruc-

tural properties of alumina-zirconia ceramics containing 

Nb2O5. The authors recorded the formation of elongated 

CaAl12O19 grains. At introduction of 1.0 wt.% CaCO3 the 

highest values of fracture toughness were recorded, which 

are 5.84 MPam1/2. 

The synthesis characteristics of various hexaaluminate 

powders were also examined. In the study conducted by 

the authors of [19], the synthesis of LaAl11O18 and BaAl12O19 

was explored utilizing various methods, including co-

precipitation, wet impregnation, and solid-state synthesis, 

alongside distinct sintering profiles and a carbon templat-

ing approach. The impact of these different synthesis 

techniques and associated process parameters on the for-

mation percentage of hexaaluminate phases was assessed, 

with phase identification corroborated through X-ray dif-

fraction using Rietveld refinement and surface area de-

terminations obtained via nitrogen physisorption. The co-

precipitation method yielded LaAl11O18 with a commendable 

purity of 95%, as confirmed by Rietveld analysis of XRD 

data, resulting in a BET surface area of 2 m²/g after sinter-

ing at 1600 °C. In contrast, the application of carbon tem-

plating effectively enhanced the surface area to 50 m²/g 

when sintered at a reduced temperature of 1200 °C, albeit 

with a decrease in LaAl11O18 content to 77%. Notably, it was 

determined that BaAl12O19 could be synthesized at a lower 

temperature of 1400 °C, demonstrating a comparative ad-

vantage over LaAl11O18 synthesis conditions. 

A special attention in a number of works was focused 

on lanthanum hexaaluminate (LaAl11O18, La-β-Al2O3), 

which has a defective magnetoplumbite structure. The 

crystal structure of lanthanum hexaaluminate is layered, 

consisting of blocks of aluminium oxide with spinel-like 

configuration, separated by monolayer mirror planes of 

symmetry, in which large La3+ cations are located [20, 21]. 

A number of papers reported different results on the ef-

fect of different lanthanum hexaaluminate content on the 

fracture toughness of alumina or alumina-zirconia ceramics.  

Tang et al. in [22] studied the effect of LaMgAl11O19 

content on the mechanical properties of Al2O3-LaMgAl11O19 

composites obtained by pressureless sintering. It was 

found that LaMgAl11O19 addition has a positive effect on 

strength and fracture toughness at room temperature. The 

maximum value of 4.88 MPam1/2 is observed at LaM-

gAl11O19 content of 9 wt.%, which is 13.4% higher than 

that of Al2O3 ceramics without additives (4.30 MPam1/2). 

In the article [23] the influence of La2O3 on the struc-

ture and properties of alumina-zirconia ceramics was 

evaluated. It was found that La2O3 can reduce the sintering 

temperature and increase the bending strength of the 

specimens. The bending strength and fracture toughness 

of composite ceramics with 1.5 wt.% La2O3 sintered at 

1480 °C are 299.17 MPa and 5.61 MPam1/2, respectively. 

Naga et al. in [24] studied Al2O3-LaAl11O18-ZrO2 composites 

obtained by in situ sintering reaction of different ratios of 

Al2O3 and La2Zr2O7. Only alumina, lanthanum hexaalumi-

nate and zirconia were observed to form in the materials 

sintered in the temperature range of 1600 °C to 1725 °C 

within 1 h. Lanthanum zirconate and other intermediate 

phases were not detected. With increasing lanthanum 

hexaaluminate and zirconia content, the authors observed 

an increase in fracture toughness by more than three 

times compared to alumina ceramics. 

Rivero-Antúnez et al. in [12] studied La-β-Al2O3/Al2O3 

composites obtained by sol-gel synthesis. The fracture 

toughness of such materials is 6.5 MPam1/2, which is 27% 

higher than that in the material without lanthanum hex-

aaluminate. The authors of this paper also focused consid-

erable attention on the evolution of the crystal structure of 

the composites. X-ray diffraction data were studied by 

means of Rietveld refinements and line profile analyses; 

special attention was paid to the formation of lanthanum 

hexaaluminate, changes in the volume fraction and crys-

tallite sizes of different phases at different temperatures. 

At the same time, in most studies, insufficient atten-

tion is paid to the X-ray phase analysis of materials con-

taining various hexaaluminates. It is of interest to evalu-

ate the influence of the content of lanthanum hexaalumi-

nate on the parameters of crystal lattice phases and the 

volume content of phases contained in the studied materi-

als. For this purpose, in this research the obtained materi-

als were investigated by synchrotron radiation, and the 

data were examined using the Rietveld method. 

2. Materials and Methods

Submicron powders of α-Al2O3 (Almatis CT 3000 SG, 

D50 = 0.5 μm, 99.8 % purity), 3Y-ZrO2 (Stanford Materi-

als, D50 = 0.5 μm, 93.5 wt.% Zr(Hf)O2; 5.5±0.2 wt.% Y2O3 

purity) and La2O3 (D50 = 0.5 μm, 99.2% purity) were em-

ployed as the initial materials in this study. La2O3 powder 

was obtained by decomposition of lanthanum nitrate at 

900 °С. The amount of zirconia in all investigated compo-

sitions was 50 wt.%, lanthana was introduced in the 

amount from 0.43 to 3.37 wt.%, and the rest was alumina. 

The content of lanthana was calculated to form 0 to 

15 wt.% LaAl11O18 in the sintered materials. The selection 

of the zirconia content in this study is based on our previ-

ous research findings. Specifically, alumina-zirconia ce-

ramics, composed of equal proportions of each component 

and synthesized through pressureless sintering, exhibited 

https://doi.org/10.15826/chimtech.2025.12.1.03
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optimal bending strength alongside enhanced fracture 

toughness and hardness [25].  

Aqueous suspensions (50% solid content) were pre-

pared, with 2 wt.% of Dolapix deflocculant added to en-

hance deagglomeration of the powders. Prior to granula-

tion, 1 wt.% of a 10 wt.% polyvinyl alcohol (PVA) solution 

(grade 16/1) and 1 wt.% of polyethylene glycol (PEG 400) 

powder were incorporated into the mixtures. 

The suspensions were dispersed in a ball mill for 24 h, 

utilizing zirconia grinding bodies with a diameter of 

0.8 mm. Following the evaporation of water from the sus-

pensions, the resulting dry mass was ground in a ceramic 

mortar with a ceramic pestle and subsequently sieved 

through mesh sizes ranging from 100 to 250 μm. Beam-

shaped specimens were produced by uniaxial pressing of 

the granulated powders at a pressure of 100 MPa using an 

Instron 3369 testing machine. Sintering was conducted in 

a tube furnace at a temperature of 1520 °C for 2 h under 

atmospheric conditions. 

The investigation of the formed phases included the de-

termination of lattice parameters through X-ray diffrac-

tion analysis. The diffraction patterns were obtained at 

the Siberian Centre for Synchrotron and Terahertz Radia-

tion at the VEPP-4 electron accelerator (Novosibirsk, Insti-

tute of Nuclear Physics SB RAS, channel 8-A, hard X-ray 

diffraction). The synchrotron X-ray radiation served as a 

photon source. The diffraction patterns were recorded in 

the ‘lumen’ mode utilizing a Mar354s two-axis detector 

with a pixel size of 100×100 μm2 and a scanning diameter 

of 345 mm. Monochromatic radiation was generated using 

a silicon butterfly-type crystal, resulting a beam size of 

200×200 μm, with a wavelength of 0.178 Å. 

The ring diffraction patterns were averaged via azi-

muthal integration using the PyFAI (Python Fast Azimuth-

al Integration) package. Initially, the diffraction profiles 

were refined using a pseudo-Voit function combined with 

a fifth-degree polynomial to estimate the background, fa-

cilitating the determination of the lattice parameters. Pro-

file analysis enabled the identification of the positions of 

the X-ray maxima corresponding to the desired phases. 

Subsequently, based on the Wolf-Bragg equation, a system 

of equations specific to the given phase was formulated 

and solved using the least squares method. 

{

2𝑑0 sin θ0 = λ
2𝑑1 sin θ1 = λ

…
2𝑑𝑛 sin θ𝑛 = λ

, (1) 

where 𝑑𝑖 – interplanar spacing; θ𝑖 – angle corresponding 

to the interplanar spacing 𝑑𝑖; λ – wavelenght; 𝑛 – number 

of analyzed reflections of the studied phase. 

Mathematical criterion of diffraction profiles approxi-

mation quality was evaluated using R-factor according to 

the formula: 

𝑅 =  ∑
|𝐼e − 𝐼c|

𝐼c
 

𝑖

, (2) 

where 𝐼e – experimental intensity values аnd 𝐼c – values 

obtained by calculation. 

The phases were identified using the ICDD PDF 4+ da-

tabase. Profex 5.2.0 programme was used to process the 

diffraction patterns by the Rietveld refinement method 

[26]. 

The apparent density and open porosity were deter-

mined for the sintered specimens by hydrostatic weigh-

ing. The AD-1653 density determination complex estab-

lished on AND GR-300 analytical scale was used. The 

theoretical density of the composites was calculated. The 

relative density of the sintered materials under study 

was estimated. 

Structural investigations of the specimens were per-

formed using a Carl Zeiss EVO 50 scanning electron micro-

scope at magnifications up to x20000. Preliminarily, 

slides were prepared according to standard technology 

using diamond suspensions. 

The specimens were etched with concentrated hydro-

fluoric acid for 10 seconds. The obtained images were pro-

cessed and analyzed using the JMicroVision software ver-

sion 1.2.7 [27]. At least 200 grains of each chemical com-

position were measured to estimate grain size. 

Vickers hardness and indentation fracture resistance 

(KIFR) was determined by the indentation method [28]. 

The tests were performed using an EMCO-TEST DuraScan 

50 testing machine. A diamond Vickers pyramid was used 

as the indenter. The load was 10 kg. At least 5 indents 

were obtained on each specimen. 

After the measurements, the values of the KIFR were 

calculated according to formula Niihara formula, in which 

the contribution of the Young’s modulus of materials is 

included [29]: 

𝐾Ic = 0. 048 ∙ (
с

𝑎
)

−0.5

∙ (
𝐻v

𝐸ȹ
)

−0.4

∙
𝐻v ∙ 𝑎0.5

ȹ
, MPa · 𝑚1/2 (3) 

where KIC is the fracture toughness, HV – hardness, GPa; 

E – Young’s modulus, GPa; с –crack length, µm; a – half-

diagonal length of an indentation, µm; ȹ – constraint fac-

tor (ȹ = 3). 

3. Results and Discussion

The changes in apparent density and apparent porosity of 

the investigated materials were evaluated by varying the 

lanthana content in the initial mixtures (Table 1). The rel-

ative density of alumina ceramics without additives was 

measured at 95.5±0.3%. The introduction of the minimal 

lanthana amounts into the composites resulted in a de-

crease in relative density compared to the initial material 

without additives. The lowest relative density value was 

90.5% for the samples with 9 wt.% LaAl11O18 in the sin-

tered material [30]. However, the materials containing 

calculated concentrations of lanthanum hexaaluminate at 

12 and 15 wt.% exhibited relative densities of 95.3±0.3% 

and 95.6±0.3%, respectively. 

https://doi.org/10.15826/chimtech.2025.12.1.03
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Table 1 Relative density and open porosity of the investigated 

materials. 

Calculated content of 

LaAl11O18, wt.% 

Relative 

density, % 
Open porosity, % 

0 95.5±0.3 1.2±0.2 

3 93.5±0.2 2.3±0.1 

6 92.0±0.3 2.5±0.2 

9 90.5±0.5 2.7±0.3 

12 95.3±0.3 2.2±0.3 

15 95.6±0.3 2.3±0.3 

This indicates that the presence of hexaaluminate pro-

motes the formation of denser and more homogeneous 

ceramics within the Al2O3-ZrO2 system. Similar phenome-

na were documented in the literature on similar topics. It 

is known that cations of hexaaluminate-forming additives 

can distribute along the boundaries of alumina grains, 

inhibiting grain growth and, consequently, enhancing den-

sification during the sintering process [31, 32]. Further-

more, the asymmetric morphology of the formed hexaalu-

minate plates significantly contributed to the observed 

decrease in density and porosity [22, 33, 34]. This plate 

shape promotes the development of microcracks and 

pores, which, in turn, alters the physical properties of the 

investigated materials. 

In this study, X-ray phase analysis was employed to 

identify the phases present in the materials (Figure 1). The 

analysis revealed that the primary phases were α-Al2O3 

and t-ZrO2, confirming their significant presence in the 

material structure. In addition, X-ray reflections corre-

sponding to the LaAl11O18 compound were detected during 

the analysis. The introduction of lanthana into the matrix 

facilitated the formation of lanthanum hexaaluminate 

across all compositions examined. 

Moreover, the presence of m-ZrO2 were identified in 

several materials, likely linked to increases in specimens 

porosity, which may induce the phase transition from te-

tragonal to monoclinic transformation in the 3Y-ZrO2 sys-

tem. This transformation is attributed to the lack of com-

pressive stresses on the matrix grains, allowing them to 

undergo free transformation in their crystal structure. 

Similar effects were reported in the previous research in-

volving materials with calcium hexaaluminate [35]. The 

research [36] also recorded the appearance of m-ZrO2 in 

materials containing LaAl11O18. The authors attributed this 

effect to the lower hardness and modulus of elasticity of 

LaAl11O18, which also led to a decrease in compressive 

stresses on ZrO2 and its t-m phase transformation. 

Rietveld analysis was conducted on the X-ray diffrac-

tion (XRD) data, allowing us to extract both qualitative 

and quantitative information regarding the material phas-

es present. Specifically, we calculated the mass content of 

each phase, the coherent scattering regions, and the crys-

tal lattice parameters. The results of the phase composi-

tion calculations, as determined by the Rietveld method, 

are summarized in Table 2. Overall, the measured phase 

content values are in close agreement with the expected 

values. Notably, minor deviations observed in the LaAl11O18 

content can be attributed to measurement error. Further-

more, the presence of monoclinic zirconia (m-ZrO2) in 

quantities not exceeding 1 wt.% does not adversely affect 

the mechanical properties of the materials. 

The lattice parameters of the primary phases present 

in the investigated materials are presented in Table 3. The 

data analysis reveals that the lattice parameters of tetrag-

onal zirconia (t-ZrO2) exhibit non-linear variations. The 

degree of tetragonality for all studied materials ranges 

from 1.433 to 1.435, indicating structural stability. The 

lack of significant changes in the degree of tetragonality 

suggests that La3+ cations do not dissolve into the crystal 

lattice of t-ZrO2 stabilized by 3 mol.% Y2O3. Additionally, it 

was observed that the c parameter for the LaAl11O18 com-

pound increases with an increase in its content within the 

material, while the a:c ratio shows a decreasing trend. 

Figure 1 X-ray phase analysis of investigated materials. 

Table 2 Phase content experimentally determined by the Rietveld method, wt.%. 

Calculated content of LaAl11O18, wt. % α-Al2O3 t-ZrO2 m-ZrO2 LaAl11O18 GOF 

0 49.7±0.8 50.3±0.8 – – 1.105 

3 48.1±0.6 48.1±0.5 1.1±0.4 3.7±0.7 1.115 

6 43.1±0.2 49.6±0.2 1.1±0.3 6.2±0.2 1.254 

9 41.2±0.6 49.2±0.5 0.8±0.2 8.8±0.5 1.285 

12 37.4±0.1 50.3±0.8 0.5±0.2 11.8±0.1 1.121 

15 33.7±0.1 52.3±0.9 – 14.0±0.8 1.262 

https://doi.org/10.15826/chimtech.2025.12.1.03
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Table 3 Crystal lattice parameters of the investigated materials. 

Calculated content of LaAl11O18, 

wt.% 
α-Al2O3 t-ZrO2 LaAl11O18 

LaAl11O18 aspect ratio 

a:с 

0 
a = b = 4.728 

c = 13.003 

a = b = 3.618 

c = 5.189 
- - 

3 
a = b = 4.730 

c = 13.005 

a = b = 3.616 

c = 5.183 

a = b = 5.589 

c = 21.558 
0.2593 

6 
a = b = 4.723 

c = 13.003 

a = b = 3.631 

c = 5.202 

a = b = 5.567 

c = 21.870 
0.2545 

9 
a = b = 4.727 

c = 13.006 

a = b = 3.626 

c = 5.210 

a = b = 5.579 

c = 21.961 
0.2540 

12 
a = b = 4.722 

c = 12.999 

a = b = 3.615 

c = 5.188 

a = b = 5.558 

c = 21.950 
0.2532 

15 
a = b = 4.689 

c = 12.975 

a = b = 3.618 

c = 5.190 

a = b = 5.554 

c = 22.010 
0.2523 

These changes may indicate interactions between 

phases in the studied system and warrant further detailed 

analyses to elucidate their impact on the properties and 

structure of the materials. 

Coherent scattering regions (SCRs) were also meas-

ured. For t-ZrO2 and α-Al2O3, the SCRs remain unchanged 

at 22.94 and 22.93 nm, respectively. In contrast, for the 

LaAl11O18, the SCRs increase with the content of this phase 

in the material, ranging from 26 nm to 80 nm. Further-

more, the microstresses associated with LaAl11O18 increase 

as its content rises from 0.00153 to 0.00373. 

In the course of the structural investigations of the 

Al2O3-ZrO2-LaAl11O18 composite system, the presence of 

characteristic plate-like grains was identified. By EDX 

analysis, it was found that the plate is composed of La, Al 

and O elements (Figure 3). Thus it is confirmed that the 

plate is LaAl11O18. The results presented in Figure 2 were 

obtained using a scanning electron microscope (SEM) op-

erating in the secondary electron emission mode. A pre-

dominantly uniform distribution of grains was observed in 

the structure of the materials investigated; however, local-

ized clusters of grains belonging to a single phase were 

also identified. Notably, in the specimen exhibiting the 

highest concentration of LaAl11O18, distinct clusters of 

plate-like grains were present. This phenomenon may be 

attributed to the dispersion mechanisms inherent to the 

material processing methods employed. Table 4 provides a 

summary of the grain sizes of materials analyzed. Notably, 

the length of the lanthanum hexaaluminate plates exhibit-

ed an increase, ranging from 1.12 to 1.49 μm, as the con-

tent of LaAl11O18 in the composites elevated from 3 to 

15 wt.%. The width of the plates remained consistent at 

0.2 μm for all compositions containing LaAl11O18 up to 

12 wt.%. In contrast, a material composition with 15 wt.% 

LaAl11O18 revealed an increase in plate width to 0.3 μm. 

Throughout all compositions examined, the aspect ratio of 

the plates was consistently 6:1. Furthermore, the observed 

increase in the dimensions of the lanthanum hexaalumi-

nate plates correlates positively with the rise in specific 

conductivity values (SCRs) as the LaAl11O18 content in the 

material increases. 

The influence of additive content on the grain size of 

alumina was systematically evaluated. It was observed 

that the addition of lanthanum hexaaluminate plates re-

sults in a decrease in alumina grain size, attributed to the 

interaction with the lanthanum-containing additive. At an 

additive concentration of 12 wt.%, the alumina grain size 

measures 0.65 μm. This reduction can be explained by the 

propensity of lanthanum to segregate along the bounda-

ries of the alumina grains, effectively hindering their mi-

gration and growth [37]. This phenomenon is consistent 

with findings reported in several studies [31, 38]. 

However, in the composite containing 15 wt.% 

LaAl11O18, the size of the alumina grains increases to 

0.75 μm. At the same time, a significant decrease in the 

volume fraction of alumina is observed. We hypothesize 

that this reduction is likely due to a considerable fraction 

of the alumina grains being consumed during the synthesis 

of lanthanum hexaaluminate. Interestingly, the sizes of 

zirconia grains remain unchanged, which is consistent 

with the measurements of crystal lattice parameters and 

coherent scattering regions of t-ZrO2. The stability of these 

structural parameters under the influence of oxide addi-

tives and the formation of new phases suggests a robust 

structural integrity of the zirconia component in the com-

posites. 

The hardness and indentation fracture resistance (KIFR) 

of the investigated materials were evaluated. The results 

are presented in Table 5. It was observed that the hard-

ness of materials decreases with increasing content of lan-

thanum hexaaluminate. These findings correlate with our 

previous research on hexaaluminates of different chemical 

composition [35, 39] and agree with the results reported 

by other research groups [40]. The observed decrease in 

hardness is attributed to the reduced content of the hard-

est phase, alumina, within the composite materials. 

https://doi.org/10.15826/chimtech.2025.12.1.03
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Figure 2 Structure of the investigated materials: alumina-zirconia ceramics without additives (a); with 3 wt.% LaAl11O18 (b), with 

6 wt.% LaAl11O18 (c), with 9 wt.% LaAl11O18 (d), with 12 wt.% LaAl11O18 (e), with 15 wt.% LaAl11O18 (f). 

Table 4 Grain sizes of investigated materials. 

Chemical composition 
Al2O3 average grain size 

(µm) 

The size of the LaAl11O18 plates 

Length (μm) Width (μm) Aspect ratio 

Without LaAl11O18 0.78±0.13 – – – 

3 wt.% LaAl11O18 0.67±0.08 1.12±0.07 0.20±0.01 6 

6 wt.% LaAl11O18 0.65±0.07 1.12±0.06 0.20±0.01 6 

9 wt.% LaAl11O18 0.65±0.06 1.13±0.05 0.21±0.01 6 

12 wt.% LaAl11O18 0.65±0.07 1.40±0.07 0.22±0.01 7 

15 wt.% LaAl11O18 0.75±0.04 1.49±0.08 0.26±0.02 6 

Figure 3 EDX analysis of the LaAl11O18 plate. 

The KIFR of all materials containing LaAl11O18 is higher 

than that of the material without additive. However, the KIFR 

indices of the investigated materials exhibit an uneven varia-

tion with increasing lanthanum hexaaluminate content. The 

lowest values of KIFR were recorded for the material with 

9 wt.% LaAl11O18, which also displayed the lowest density and 

a high porosity level. It is likely that the substantial presence 

of pores adversely affected the critical stress intensity factor 

in this material. In contrast, the most significant increase in 

indentation fracture resistance – by 45% compared to alumi-

na-zirconia ceramics without additives – was observed in the 

material containing 12 wt.% LaAl11O18.  
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Table 5 Hardness and indentation fracture resistance of the in-

vestigated materials. 

Calculated content of 

LaAl11O18, wt.% 

Hardness, 

Hv0,5 
KIFR, MPa·m1/2 

0 1650±70 5.0±0.2 

3 1600±60 6.2±0.3 

6 1550±60 6.0±0.2 

9 1490±35 5.5±0.1 

12 1490±40 7.2±0.3 

15 1480±40 6.5±0.2 

This particular sample exhibited an aspect ratio of 7, 

whereas the other materials had an aspect ratio of 6. This 

difference in aspect ratios is likely a contributing factor to 

the enhanced KIFR. The substantial effect of aspect ratios 

on toughness was previously discussed in [17], who noted 

that the role of CeAl11O18 in strengthening Al2O3/Ti compo-

sites was directly related to the aspect ratio of the elon-

gated particles, which in turn was associated with the 

CeO2 content. 

The observed decrease in the KIFR with increasing lan-

thanum hexaaluminate content is attributed to several 

factors: an increase in porosity and a reduction in material 

density. The observed changes in the character of the KIFR 

are likely influenced by variations in alumina grain size. A 

decrease in alumina grain size is associated with an in-

crease in the KIFR. However, it is essential to note that 

these changes are non-linear, as porosity also significantly 

contributes to the mechanical properties of the materials. 

The increase in alumina grain size in the material with 

maximum LaAl11O18 content probably also affected the de-

crease in KIFR. Similar results were reported in various 

studies.  

To further investigate the mechanisms underlying the 

observed increase in indentation fracture resistance, a 

detailed analysis of crack propagation trajectories was 

conducted (Figure 4). Different mechanisms of indentation 

fracture resistance enhancement were identified. For ex-

ample, plate fracture is observed, as well as crack stop-

ping on plate impact, as indicated by the ovals in the fig-

ure. Crack envelopment around Al2O3-grains is also en-

countered. In [41], the authors investigated Al2O3-ZrO2 

ceramics containing LaAl11O18 plates, which were obtained 

via vat photopolymerization based 3D printing techniques. 

Through a combination of theoretical modeling and exper-

imental observations, the authors concluded that the high 

elastic modulus of the matrix generates substantial com-

pressive stresses on the elongated LaAl11O18 grains, making 

them resistant to pull-out. Consequently, LaAl11O18 grains 

experience significant compressive stresses, influencing 

crack propagation to preferentially traverse through these 

grains. This behavior promotes transgranular fracture 

and, as the crack interacts with the LaAl11O18 plates, it dis-

sipates a considerable amount of energy, leading to crack 

arrest, which frequently occurs within the LaAl11O18 plates 

themselves. 

Figure 4 Crack propagation in the material with 12 wt.% 

LaAl11O18. 

4. Limitations

In this research, alumina-zirconia ceramics were obtained 

using pressureless sintering technology. This method re-

sulted in materials with relatively high porosity, which 

influences the mechanical properties, specifically, hard-

ness and fracture toughness. To improve the quality of the 

ceramics, it is recommended to explore load-assisted sin-

tering techniques, such as spark plasma sintering or hot 

pressing. These alternative methods have the potential to 

produce materials with minimal porosity and densities 

closer to their theoretical values, thereby mitigating the 

impact of porosity on the mechanical properties of the 

ceramics. Localized clusters of single-phase grains were 

observed during the investigation, potentially linked to the 

dispersion methods employed in the study. To achieve a 

more uniform distribution of phases within the material, 

it may be advantageous to utilize a high-energy bead mill 

for dispersion instead of a ball rolling mill. 

5. Conclusions

In all investigated materials, lanthanum hexaaluminate 

was formed when lanthana was introduced. The coherent 

scattering regions of matrix phases of α-Al2O3 and t-ZrO2 

practically do not change in the investigated composites, 

and the SCRs of lanthanum hexaaluminate significantly 

increases with the increase of its content in the materials. 

The Al2O3-grain sizes decrease with the increase in the 

lanthanum hexaaluminate content, and the size of plates, 

on the contrary, increases. 

The best properties were observed for alumina-

zirconia ceramics with calculated content of lanthanum 

hexaaluminate 12 wt.%. The material of this composition 

exhibits a highly rational combination of several key char-

acteristics: a substantial content of LaAl11O18 plates, a high 

aspect ratio of these plates, the smallest Al2O3-grain size 

measured at 0.65 μm, and a superior relative density 

compared to the other compositions studied. According to 

the data of X-ray phase analysis and Rietveld calculations, 

such material contains 37.4±0.1 wt.% Al2O3, 

50.3±0.8 wt.% t-ZrO2, 0.5±0.2 wt.% m-ZrO2 and 

11.8±0.1 wt.% LaAl11O18. The obtained values are close to 

the calculated values. The relative density of this material 

is 95.3±0.3 wt.%, the hardness is 1490 Hv, and the inden-

tation fracture resistance is 7.2±0.3 MPam1/2. 
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