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Abstract: In advanced ceramics, improving toughness usually relies on the 

introduction of a soft metallic or polymeric ductile phase, which decreases the 

mechanical properties. Some natural materials are strong, stiff and tough due to 

a combination of mechanisms operating at different length scales. However, such 

structures have been extremely difficult to replicate into synthetic materials. Here 

we investigate the microstructure and the micromechanical properties of a 

bioinspired ceramic-ceramic composite. The micromechanical properties at room 

temperature show slight differences as a function of the platelet orientation. The 

hardness strongly decreases with increasing temperatures (up to 550 ºC) for all 

the investigated orientations. The plasticity index, defined as the H/E ratio, was 

used to estimate the fracture toughness of this material, measured in the 7.2 – 

9.9 MPa·√m range. 

 

Keywords: Bioinspired materials; ceramic/ceramic composites; mechanical 

anisotropy; nanoindentation; fracture mechanisms. 

 

1. Introduction 

In general, improving fracture toughness of a material decreases its hardness. In 

ceramic materials, improved fracture toughness can be achieved by the addition 
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of a soft ductile phase, which thus reduces the inherent brittleness of such 

materials. To improve the hardness and stiffness required for its final structural 

application, a large amount of inorganic and/or organic elements can be 

incorporated, even surpassing the 95% vol. [1,2]. 

Many natural materials are both strong and tough. The literature on bio-inspired 

materials is extensive in number of published papers dealing with multiple 

biological systems, including:  woodpecker [1], nacre [2,3], desert scorpion [4], 

arterial walls [5], elk antlers [6,7,8,9], porcupine quills [10], horse hooves [11,12], 

sea snail eggs [13,14], buriti palm [15], pomelo fruit [16], plant tissues [17], flax 

[18], kelp [19], among others. It is also broad in terms of the methodology 

employed to characterize these complex materials (i.e. mechanical 

characterization, numerical modeling, environmental assessment, composite 

fabrication and prototyping, among others) as well as the length scale at which 

the properties were evaluated. Bioinspired designs are thus promising to 

enhance the fracture toughness of engineering and structural materials. 

A commonly reported strategy to enhance the fracture toughness is to alternate 

layers of weak and ductile materials between brittle inorganic layers which delay 

crack propagation [2,3]. Nacre is a well-known example of such microstructure, 

with hard microscale mineral layers bonded together by soft organic layers. 

Accordingly, whenever a crack nucleates, it quickly encounters an organic layer, 

which provides avenues for crack deflection and energy dissipation. Cracks in 

such microstructures can thus be controlled and stopped before spreading 

through the whole shell, causing serious damage. However, ductile layers in such 

synthetic designs are either polymeric or metallic; and hence, the composite 

materials cannot thus be used at high temperature. 

Bioinspired brick-and-mortar ceramic/ceramic designs have recently proven able 

to combine high strength and high toughness up to reasonably high temperatures 

(600°C) [20,21,22,23]. They are made of anisotropic alumina platelets, bonded 

by a glassy interphase with various compositions.  

Despite the importance of the mechanical behavior of such structures at the 

micro-scale, there are very scarce studies of their micromechanical properties, 

which have mainly focused on macro-scale properties [24,25]. The role of the 

lamella orientation, for instance, is still unclear. A deeper knowledge of the 

deformation behavior of such materials as a function of lamellar orientation and 



temperature at the micro-scale is crucial in order to improve the performance of 

these materials and to enhance their lifetime under severe working conditions. 

Here, we conducted a systematic micro- and nanomechanical study of strong, 

tough and stiff bio-inspired ceramic samples made from brittle constituents. In 

order to correlate the mechanical properties at different length scales with the 

microstructure, we investigated three different platelet orientations. Special 

attention was paid to analyze the main damage and fracture mechanisms as a 

function of the platelet orientation by FESEM/FIB. 

 

2. Material and methods 

2.1. Material 

The ceramic/ceramic composite specimens were processed combining a freeze-

drying technique together with Field-Assisted Sintering Technology (FAST). 

Once the suspension with the Al2O3 platelets is frozen with liquid nitrogen, it is 

freeze-dired in order to avoid platelet agglomeration. The sintering, on the other 

side, allows the user to keep a fine microstructure of the material due to the short 

heating time. More information about the processing route is available in Refs. 

[26,27,28]. Three microstructurally different ceramic/ceramic composites or 

alumina/glassy phase composite materials with different platelet orientation were 

investigated. The glassy phase presents the following chemical composition (in 

wt.%); 10 % SiO2 + 65 % CaO + 25 % Al2O3. Samples were designated as “Si
”, 

where the subscript i denotes the platelet orientation from the indentation plane. 

We investigated three different orientations: S0, S45 and S90.   

A scanning electron microscopy (SEM) image for the ceramic/ceramic composite 

with a 45º platelet orientation (sample S45) is shown in Figure 1.  



 

Figure 1. SEM micrograph of the S45 composite. A few large platelets are observed labelled with 
* and the black areas corresponds to porosity heterogeneously distributed in the observed region. 

 

After the field assisted sintering process, the specimens’ density was measured 

with the Archimedes’ principle, using distilled water as the buoyant medium.  

Prior to the chemical, microstructural, and mechanical characterization, each 

surface to be tested was polished on an ordinary metallographic polisher with 

diamond paste down to 3 m grade size, with a final polishing step with colloidal 

silica. The quality of the finishing was checked by confocal laser scanning 

microscopy (CLSM) in order to avoid the presence of scratches on the surfaces. 

Finally, all specimens were cleaned by means of ultrasounds with acetone for 10 

min and dried with pure air. 

 

2.2. Microstructural characterization 

The chemical composition analysis through the sample thickness was carried out 

using a dual beam Workstation (Zeiss Neon 40) equipped with an energy-

dispersive X-ray detector (EDX). This device allows the detection of all elements 

between boron and uranium and the quantification of elements with 11 ≤ Z ≤ 92. 

EDX was used to perform a linear chemical profile through the alumina platelets 

to detect changes in the composition of Al, Si, Ca and Na components. The 

measurements were performed with an acceleration voltage of 15 kV and at a 

constant working distance of 35 mm. 

 

2.3. Mechanical properties: hardness and elastic modulus 

10 m

*

*



The mechanical response at the micro- and submicrometric length scale was 

evaluated as a function of the platelet orientation as depicted in Figure 2. The 

evaluation of hardness (H) and elastic modulus (E) was made at room 

temperature (RT) as well as at different increasing temperatures (up to 550 ºC) 

by using the nanoindentation technique.  

 

Figure 2. Schematic representation of the indentation axis as a function of the different platelet 

orientations for the different specimens investigated here: a) S0, b) S45 and c) S90 with respect to 

the indentation axis. 

Nanoindentation tests at RT were performed on a Nanoindenter XP (MTS) with 

a Berkovich diamond tip. This equipment worked with the continuous stiffness 

measurement mode (CSM) technique, allowing a dynamic determination of the 

mechanical properties during the indentation process. A homogeneous array of 

16 imprints (4 by 4) was conducted at 2000 nm of maximum displacement into 

the surface or until reaching the maximum applied load of the loading cell (650 

mN). The distance between imprints was kept at 50 m in order to avoid any 

overlapping effect between them. Such conditions guaranteed that each 

individual test could be treated as an independent statistical event. Moreover, the 

loading/unloading as well as the peak holding times were kept constant for all 



imprints. The strain rate was held constant at 0.05 s-1 and the tip indenter was 

carefully calibrated by indenting a fused silica standard of well-known Young’s 

modulus, 72 GPa.  

Moreover, different nanoindentation tests at RT and at high temperature were 

conducted using the TI 950 Triboindenter (Hysitron). For high temperature 

nanoindentation testing, a hot stage (Hysitron xSol) and a Berkovich diamond 

indenter fitted to a special long insulating shaft were used. In this configuration, 

the sample is placed between two resistive heating elements in order to eliminate 

temperature gradients across the sample thickness. Dry air and argon around the 

tip and sample surface were used to purge the testing area to prevent heated 

gases reaching the transducer and reduce possible oxidation. Once the sample 

reached the selected temperature (25, 100, 200, 300, 400, 500 and 550 ºC) and 

was stable at the target temperature to within ± 0.1 ºC, the tip was placed at 100 

m from the sample surface for 10-15 minutes, to ensure passive heating of the 

tip before the start of the test and minimize thermal drift. 

At least eight indents per temperature were performed at different positions under 

load control, using loading and unloading rates of 3.5 mN·s-1, with a maximum 

applied load of 13 mN and a holding time of 20 s. Reduced elastic modulus (Er) 

and hardness were determined form the recorded load-displacement curves 

using the Oliver and Pharr equations [29,30]. 

Five imprints per load and specimen were done at micrometric length scale in 

order to determine the average Vickers hardness of the ceramic/ceramic 

composite. Six different applied loads (0.5, 1, 5, 10, 30 and 50 kgf) were tested. 

In addition to obtaining the Vickers hardness (HV), this method was also used for 

measuring the resistance to cracking by sharp contact. The holding time was kept 

constant at 10 s. 

 

2.4. Microstructural characterization and damage by contact loading 

evaluation 

Microstructural and surface damage analyses of all the specimens were 

performed by scanning electron microscopy (SEM) using a Phenom XL Desktop 

SEM (Thermofisher) at an acceleration voltage of 5 kV.  

Microstructural changes and fracture mechanisms induced during the indentation 

process were characterized by micro-machining cross-sections below the 



indented surface by means of focused ion beam (FIB). Cross-sectioning and field 

emission scanning electron microscopy (FESEM) observations were conducted 

using a dual beam Workstation (Zeiss Neon 40). A thin platinum layer was 

deposited on the region of interest prior to FIB with the main aim of reducing ion-

beam damage. Then, a Ga+ ion source was used to mill the surface at a voltage 

of 30 kV. A final polishing of the cross-section was performed at a current of 500 

pA in order to get more details related to microstructural effects and the damage 

induced. 

 

3. Results and discussion 

3.1. Microstructural characterization 

After the sintering process, the ceramic/ceramic composites presented a 

heterogeneous microstructure composed of alumina (Al2O3) platelets and a minor 

secondary phase mainly based on silicon oxide (SiO2) and calcium carbonate 

(CaCO3), located between the platelets. Figure 3 shows the SEM micrographs 

of the ceramic/ceramic composites with 0 and 90º oriented platelets. The 45º 

oriented sample (not shown here) has a microstructure similar to the 90º sample. 

The spatial distribution of the main elements of the glassy phase (SiO2 + CaCO3) 

inside the heterogeneous microstructure was characterized by EDX performed 

on a FIB cross-section extracted from the selected area for S45 (Figure 4a).  

The EDX spectra (see Figure 4b) shows the spatial distribution of Al, Si, Ca and 

Na through several interfaces between the Al2O3 platelets of the sample of study. 

The Ca and Na profiles present a homogeneous distribution along the different 

interfaces. However, along the analyzed profiles, three different regions with a 

lower amount of Al and higher amount of Si (labelled by * in Figure 4b) were 

detected. This observation confirms that the glassy phase, mainly constituted by 

SiO2, is located at the interface between the Al2O3 platelets. A similar chemical 

distribution was observed for the other two specimens (S0 and S90), not shown 

here. 



 

Figure 3. SEM micrograph of the ceramic/ceramic composite with different platelet orientation: 
(a) S0 and (b) S90. 

 
Figure 4. (a) FIB cross-section micrograph and (b) EDX profile along the entire white line in 
Figure 4a for Al (red), Si (yellow), Ca (green) and Na (blue). 

 

3.2. Mechanical properties 

Vickers hardness values as a function of the applied load are is shown in Figure 

5 for samples S45 and S90. No results could be obtained for the S0 specimen due 

to the chipping effect caused by the indentation process, where a crack can 

sometimes be generated, which propagates along the basal plane until it reaches 

the surface, inducing chipping of the material. As a consequence of the loss of 

material, there are no imprints to be measured as shown in Figure 6. Moreover, 

for applied loads greater than 5 kgf, the Vickers hardness could not be evaluated 

for the S45 specimen because the activated fracture mechanisms did not allow to 

correctly measure the diagonals of the residual imprint, as detailed in section 

3.4. The Vickers hardness measured at 5 kgf in the S45 specimen (Figure 5) is 

slightly lower than that obtained for the S90. This reduction in hardness is related 

to the final 3D-microstructure and the higher pore density for S45 with respect to 



S90 sample, as visible in both FIB-cross sections for the S45 presented in Figure 

11. 

Two different regions were observed in the plot of hardness (H) versus applied 

load (P) presented in Figure 5. In the first region, which corresponds to low 

applied loads (P ≤ 5 kgf), the hardness increases, which may be associated to 

three different phenomena: i) indentation size effect (ISE) [31], ii) a scale effect 

phenomenon (i.e. surface topography due to the different in hardness between 

each constitutive phase and possible indenter tip defects), and iii) confinement of 

plastic deformation field inside of an Al2O3 platelet at low applied loads, so that 

hardness values presented in Figure 5 corresponds to the intrinsic hardness of 

the hardest component and not of the composite material. In the second region, 

corresponding to high applied loads (P > 5 kgf), hardness values fall within a 

stable regime for S90.  Vickers hardness obtained at 5 kgf are summarized in 

Table 1. 

 

Figure 5. Vickers hardness trend for each specimen as a function of the applied load. 

 



 

Figure 6. Chipping effect observed in the 0º oriented sample at a) 1 kgf and b) 10 kgf applied 

load. 

The S0 specimen exhibited a strong heterogeneity in terms of micromechanical 

properties, as observed in the plots of hardness as a function of the displacement 

into the surface acquired with CSM, for which two representative plots are 

depicted in Figure 7. All the curves present a drop of hardness for displacement 

into surface higher than 700 nm, which may be associated with the internal 

porosity present inside the material as depicted in Figure 4a.  

This heterogeneity in the composite’s mechanical response is associated with its 

chaotic microstructure (see Figure 3a). Because of the lack of consistent 

behavior, the S0 oriented sample was excluded in some of the comparison 

studies with the other S45 and S90 oriented samples.  



 

Figure 7. Hardness vs. displacement into surface (H vs. h) curves that belong to two different 

nanoindentations made in the S0 sample. 

The RT hardness and the elastic modulus as a function of the displacement into 

the surface for the S45 and S90 samples are plotted in Figures 8a and 8b 

respectively and summarized in Table 1. The variation and scatter associated 

with the hardness measurement at low indentation depths (h ≤ 500 nm) may be 

directly related to a scale effect phenomenon (i.e. surface topography and 

possible indenter tip defects). On the other hand, for penetration depths higher 

than 500 nm, the micromechanical properties for both composites were found to 

approach constant values, independent of the Al2O3-platelet orientation. It can be 

appreciated that the specimen with a platelet orientation perpendicular to the 

indentation axis presents a hardness value close to 24 GPa, while the Al2O3-

platelets oriented at 45º present a hardness reduction of around 8%.  

As observed in Figure 8b, and reported in Table 1, the elastic modulus remains 

constant at ~ 400 GPa for the S45 and S90. For penetration depths higher than 

250 nm, for which the elastic field spans at least 5 m (~ 20 times the 

displacement into surface), several Al2O3-platelets and glassy phase interfaces 

are probed by the indentation process, yielding as a result the elastic modulus for 



the ceramic/ceramic composite. Besides, the specimen with the Al2O3-platelets 

parallel to the indentation plane is slightly stiffer (~ 7%) than the other two 

orientations investigated here. This phenomenon may be associated with the 

existence of mechanical anisotropy in terms of elastic modulus and further 

studies will be required to verify this hypothesis. This confirms that the ISE is not 

an artifact due to the indenter shape calibration. Similar study has been already 

carried out at the macroscopic length scale by Bouville et al. [23] on alumina-

glass phase composite fabricated by using the ice templating methodology and 

reporting a flexural modulus of 290 GPa. This value is around 38% lower than 

those reported in Table 1 when the Al2O3 platelets are oriented at 45 and 90º 

from the indentation axis (see Figure 2) and the main difference behind this 

difference may be associated to: (1) anisotropic effect due to the Al2O3 platelets 

are randomly oriented and (2) flexural strength tests takes into consideration the 

different heterogeneities created during the processing route (i.e. porosity, etc.) 

while the nanoindentation data provide the elastic modulus locally, where the 

amount of defects available in the indentation zone are reduced yielding a higher 

elastic modulus. Recently, Le Ferrand et al. [32] and Pratyush Behera [33] 

reported a similar trend in terms of hardness and elastic modulus as the values 

reported here for Al2O3 platelets oriented at 0 and 90º.  

 

Figure 8. Micromechanical properties evolution as a function of the displacement into the surface 

for S45 and S90 ceramic/ceramic composites. (a) Hardness, and (b) Elastic modulus. 

 

Table 1. Vickers hardness, hardness and elastic modulus for the three specimens investigated, 
assessed in the stable region (displacement into surface higher than 500 and 250 nm for the 
hardness and the elastic modulus, respectively). 

Nomenclature Vickers hardness, HV5 Hardness, H (GPa) Elastic modulus, E (GPa) 

S0 - 23.2 ± 1.3 426 ± 4 

S45 1307 ± 63 21.6 ± 0.8 400 ± 5 

(a) (b)

Composite
Scale effect

Composite



S90 1424 ± 10 24.0 ± 1.4 400 ± 11 

 

As it is clear evident, the elastic modulus determined with the two 

nanoindentation set-ups at RT is different being the one determined under 

displacement control mode up to 2000 nm of maximum displacement into surface 

higher than those determined under loading control mode up to 13 mN of 

maximum applied load, which should be constant and independent of the applied 

load and the stress applied due to this is an intrinsic property of the material. This 

different may be associated to several factors: (1) the shallower imprints 

conducted at 13 mN can be affected by length scale effects (i.e. porosity near the 

surface as shown in Figure 1) and (2) also it may be attributed that one has been 

determined dynamically (by using the CSM modulus) yielding a higher elastic 

modulus compared with the one determined statically, similar trend has been 

reported on natural materials as reported in Ref. [34] when the material is tested 

under compression. A possible cause which explain this phenomenon could be 

the different strain rates involved in the nanoindentation tests. However, more 

studies in order to elucidate the strain effect is necessary to conduct.  

Furthermore, from the obtained results determined at different testing 

temperatures, it can be said that the specific microstructure of the studied 

composite materials leads to superior mechanical properties. In order to assess 

their use in harsh environments, with temperatures ranging from 300 ºC up to 

550 ºC, the micromechanical properties were measured as a function of 

temperature (see Figure 9). The hardness (Figure 9a) is temperature-dependent 

for both orientations (45° and 90°) while the elastic modulus (Figure 9b) does not 

change along the investigated temperature range. The hardness value when the 

Al2O3-platelet orientation is parallel and perpendicular to the indentation axis, S0 

and S90 respectively, remains practically stable up to an indentation temperature 

of around 300 ºC. A decrease from 26 ± 2 GPa at room temperature to 16 ± 3 

GPa at 550 ºC can be observed for sample S90. 

On the other hand, the hardness reduction for the S45 follows a different trend 

with temperature of that presented for the S90. For that matter, the hardness starts 

to decrease for temperatures above 100 ºC (22% decrease) and remains almost 

constant at ~14 GPa until 500 ºC. At 550 ºC, the hardness decreases slightly 

possibly due to a softening of the glassy phase.  



The elastic modulus of the S45 and S90 ceramic/ceramic composite (Figure 9b) 

samples remains approximately constant with increasing temperatures with 

values very much dependent on the orientation of the Al2O3-platelets with respect 

to the indentation axis. Sample S45, with Al2O3-platelets oriented at 45º, present 

low modulus values ranging from 120 to 140 GPa. In contrast, samples with 

Al2O3-platelets oriented near the basal plane (S0, not shown here due to the 

strong heterogeneity presented in Figure 7) and edge oriented (S90) are stiffer, 

presenting elastic modulus values around 275 and 325 GPa. This behavior may 

be associated with microstructural defects like porosity. The S45 sample has a 

microstructure with an easier path and more sensitive to the strain-hardening on 

the apparent stiffness, resulting in an elastic modulus which is almost 50% lower 

than for S0 and S90. The large scatter associated with the elastic modulus gives 

evidence of the strong anisotropic character of the elastic properties. 

Furthermore, the consistency of the results in Figure 9b, emphasizes the high 

thermal stability of the experiment performed on this ceramic composite since the 

range of elastic modulus values is similar for each tested temperature. 

Furthermore, the elastic modulus for the S90 specimen is in fair agreement with 

the flexural strength modulus in Ref. [23] at the macroscopic length scale.  

 
Figure 9. Micromechanical properties evolution as a function of the temperature. (a) Hardness, 
and (b) Elastic modulus. 

 

3.3. Damage events 

The surface damage induced at the macrometer length scale by the Vickers 

indenter at 1 and 10 kgf was visualized by FESEM (Figure 10a and 10b, 

respectively). For the residual imprints performed at 1kgf, only the one 

corresponding to the 0º oriented sample shows clear damage affecting the whole 

(b)(a)



imprint in the form of chipping as mentioned in section 3.2. In contrast, at 10 kgf, 

a decohesion mechanism can be clearly appreciated on the S45 sample at the 

edge of the two sides of the residual imprint (labeled as (1) in Figure 10b), while 

the S90 sample surface around the imprint does not show signs of damage. 

Regarding the S0 specimen, a similar catastrophic chipping behavior as with 

lower loads is observed. 

 
Figure 10. FESEM micrograph of the residual imprint performed under loading control mode at 
the macrometric length scale by using a Vickers tip indenter for each ceramic/ceramic system. 
(a) 1 kgf, and (b) 10 kgf. 

In Figure 11a, the Berkovich imprint performed at 2000 nm of maximum 

displacement into the surface can be observed. No fracture events (i.e. radial 

cracks, chipping, etc.) can be observed in the vicinity of the residual imprint.  

To better understand the fracture mechanisms induced at the nanometer length 

scale, the fractured samples were observed by FESEM though the FIB cross-

section image for each architecture (Figure 11). The principal damage 

mechanism —crack deflection— takes place mainly at the platelets’ interface. 

The FIB cross-sections were prepared at the center of the residual Berkovich 

impressions (white dashed line in Figure 11a) and a low and high fracture 



damage events could be seen (FESEM micrographs of Figure 11b and 11c, 

respectively). It is clear that the initiation and propagation of cracks occur during 

the loading and unloading processes, depending on the test material and also on 

the applied stress field [35]. Furthermore, it is possible to see that the cracks are 

confined inside the induced plastic field (Figure 11b), which ranges between 7 to 

10 times the maximum penetration depth. 

 
Figure 11. (a) FESEM micrographs of the ceramic/ceramic composite performed at 2000 nm of 
maximum displacement into surface of the S45 and S90 samples (the white dashed line shows the 
region were the milling process was done); (b) and (c) are the corresponding FIB cross-sectional 
images of the Berkovich indented surface at two different magnifications (white dash rectangle in 
Figure 11b denotes the zone observed at high magnification and presented in Figure 11c). Some 
fracture events (cracks though the interface) and glassy phase are indicated by arrows and * 
respectively in Figure 11c. 

Micrographs corresponding to the region near the center of the residual imprint 

are shown in Figure 11c. The induced microcracks run parallel to both types of 

interfaces: Al2O3-platelet/glassy and Al2O3-platelet/Al2O3-platelet. Moreover, all 

Al2O3-platelet/Al2O3-platelet interfaces are affected by compressive loading, 

pointing out that they are weak links in these ceramic/ceramic composites. In 

addition, for the S45 specimen the crack propagation is stopped when the crack 

interacts with a glassy phase pool, see * in Figure 11c. The cracks deflect 

through both types of interfaces (Al2O3-platelet/glass and Al2O3-platelet/Al2O3-

platelet). This phenomenon may be related to two different factors: i) mismatch 

of thermal expansion coefficients between both constitutive phases, which can 

produce a residual stress field and ii) interface adhesion strength. These factors 

are mainly responsible for inducing the debonding at the interface, as mentioned 

by Evans et al. [36]. The fracture along the ceramic/ceramic interface is governed 

5 m

(a) (b) (c)

S45

S90

5 m 1 m

*



mainly by the combination of the elastic mismatch, which can be modeled 

following the Dundurs equation, and plastic mismatch across it. The discrepancy 

between both constitutive phases can be estimated by considering isotropic 

layers and/or platelets, as follows [37]: 

 

𝐷∝ =
𝐸1
̅̅ ̅ − 𝐸2

̅̅ ̅

𝐸1
̅̅ ̅ + 𝐸2

̅̅ ̅
 

 

and 

𝐷𝛽 =
1

2

𝜇1(1 − 2 · 𝑣2) − 𝜇2(1 − 2 · 𝑣1)

𝜇1(1 − 2 · 𝑣2) + 𝜇2(1 − 2 · 𝑣1)
 

 

 

where �̅� and  are determined as: 

 

�̅� =
𝐸

(1 − 𝑣2)
             𝑎𝑛𝑑                  𝜇 =

𝐸

2 · (1 + 𝑣)
 

 

The indexes 1 and 2 are related to Al2O3-platelets and glassy phase respectively, 

E is the elastic modulus for the material of each constitutive phase. EAl2O3-platelets 

= 300 GPa [38] while Eglassy phase is obtained by using the rule of mixtures as 

follows: Eglassy phase = 0.52 · EAl2O3 + 0.44 · ESiO2 + 0.04 · ECaO = 256.48 GPa [29, 

38, 39]).  is the Poison’s ratio (0.21 [38] and 0.26 obtained by using the rule of 

mixtures as for the elastic modulus [29] for the Al2O3-platelets and for the glassy 

phase, respectively). Then, by using the equations presented above, the D and 

D parameters (also known as a mismatch factors) for the systems of interest are 

0.23 and 0.08, respectively. When D ≠ D, the nucleated crack will be expected 

to grow and propagate through the Al2O3-platelet until it reaches the interface. 

But, once there, it will propagate through the interface. This is in good agreement 

with the observation in Figure 11. 

Finally, from these results it is possible to elucidate how the interface plays a 

crucial role in improving the fracture toughness of these materials and to shed 

some light into the relationship between the platelets orientation and the 

mechanical properties under different stress fields. 



The assessment of fracture toughness via conventional indentation fracture 

toughness equations [40,41,42,43] is not possible in these materials as the 

Vickers residual imprints do not present well-developed radial cracks (Figure 10 

and Figure 11a). It should be highlighted that “hard systems”, where cracking 

has been discerned by similar nanoindentation testing (i.e. using cube-corner 

tips), involve materials whose indentation fracture toughness ranges from 1 to 9 

MPa·√m; such as titanium and chromium nitride films [44,45], alumina/mullite 

environmental barrier coatings [46], metal carbides [47], Zr-Si-N films [48], WC-

Co [49], among others. 

It is possible to estimate the fracture toughness from the H/E ratio, a parameter 

related to the elastic strain to failure and to toughness as reported in Refs. 

[50,51,52,53]. Several years ago, Oberle [54] recognized that this parameter is 

also in good agreement with the wear resistance. Furthermore, this ratio is widely 

quoted as a key measure to determine the limit of elastic behavior in a surface 

contact for the avoidance of wear [55] and can be used to estimate the fracture 

toughness and the wear resistance for different coatings systems. However, no 

information is available in the literature for the Al2O3-platelets/glassy phase as a 

function of the Al2O3-platelets orientation.  

In Figure 12, the H/E ratio for the composite material is plotted as a function of 

the Al2O3-platelets orientation by using the nanoindentation data obtained at 2000 

nm of maximum displacement into surface or maximum load of 650 mN and it is 

summarized in Table 1. The H/E ratio ranges between 5.4·10-2 and 6.0·10-2 for 

the S45 and S90, respectively. From these values it can be appreciated that the 

S90 system should present a slightly greater wear resistance than S45. However, 

this increase is not high enough to be significant. Ultimately, it can be seen that 

the H/E ratio of these ceramic/ceramic composite under consideration is in 

between TiN [56,57] (𝐻
𝐸⁄ = 21 𝐺𝑃𝑎

330 𝐺𝑃𝑎⁄ = 9.1 · 10−2) with a fracture 

toughness of 9.9 MPa·√m and WC particles with an orientation near the basal 

plane (𝐻
𝐸⁄ = 25.6 𝐺𝑃𝑎

532 𝐺𝑃𝑎⁄ = 4.8 · 10−2) with a fracture toughness of 7.2 

MPa·√m [58]. Since the H/E reported for the Al2O3-platelets/glassy phase is close 

to that reported for the WC particles, the fracture toughness of the system under 

study is estimated to be in the 7.2—9.9 MPa·√m range. The obtained result is in 

good agreement with that reported at the macroscopic length scale by Bouville et 



al. [23] obtained by means of Single-edged notched beam tests and obtaining a 

fracture toughness of around 6.2 MPa·√m. On the other hand, the reported value 

of fracture toughness of around 5 MPa·√m for an alumina-polymethyl 

methacrylate specimen processed by freeze-casted and subsequently pressed 

to form the “brick-and-mortar” structure [59].  

 
Figure 12. H/E ratio at room temperature (summarized in Table 1). 

 

Figure 13 represents the H/E ratio for the range of tested temperatures (from RT 

to 550 ºC). It is worth mentioning that, due to the fact that the experiment was 

carried out at different conditions to that at room temperature (the applied force 

is larger in the latter), the H/E at 25 ºC differs from the one showed on Figure 12 

as a consequence of the indentation size effect. In order to further investigate the 

anisotropy in the deformation of the composite, the plasticity for both platelets’ 

orientations (S45 and S90) was measured and compared over the whole range of 

temperatures, up to 550 ºC. As the temperature increases, the plasticity of S45 

becomes gradually more pronounced than that of S90 up to the maximum 

temperature investigated here. The plasticity index and as a consequence the 

fracture toughness reduces when the temperatures increases may be the result 

of changes in the Al2O3 strength and/or the glassy phase softening. A similar 

trend was observed for a ceramic/metallic composite when the temperature 

increases as found in Ref. [60].  



 

Figure 13. H/E ratio at increasing temperature for the a) S45 and b) S90. 

 

4. Conclusions 

In this study, the microstructure and the micro- and submicrometric properties, in 

terms of hardness and elastic modulus, from room temperature up to 550 ºC as 

well as the induced damage produced during the indentation process were 

investigated in detail as a function of the Al2O3-platelet orientation. The following 

conclusions can be drawn: 

(i) Hardness and elastic modulus values were assessed in the 21—24 

GPa and 400—426 GPa ranges respectively for the Al2O3-

platelets/glassy phase composite system determined by Berkovich 

nanoindentation at RT. The micromechanical properties at 

intermediate temperatures are strongly anisotropic. The Al2O3-platelets 

oriented at 90º are harder and stiffer than those oriented at 45º.  

(ii) The influence of the platelet microstructure leads to an enhancement 

of the fracture toughness, with crack deflection being the main 

deformation mechanism. This fracture mechanism is affected by the 

elastic mismatch between platelets and the non-linear stress 

distribution present along the ceramic/ceramic composite material. 



(iii) The experimental results point out a beneficial synergic effect 

associated with the multilayer configuration. 

(iv) The H/E ratio assessed for the Al2O3-platelets/glassy phase at RT is 

isotropic showing a value ranging between 5.4·10-2 and 6.0·10-2, which 

is comparable to that exhibited by WC particles with a crystallographic 

orientation near the basal plane. The fracture toughness for the Al2O3-

platelets/glassy phase could thus be estimated in the 7.2 – 9.9 MPa·√m 

range. Likewise, it would point out a comparable wear resistance for 

these two systems. 
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