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In this work the instrumented indentation response of polycrystalline alumina and 

alumina-based ceramic multilayers with well known residual stresses have been 

investigated. Young’s modulus and hardness were evaluated as a function of penetration 

depth with Berkovich and spherical indenters by continuous stiffness measurements. A 

size effect was observed due to the length scale of the microstructure. Values of 

hardness and Young’s modulus obtained were in good agreement with previous works. 

No significant differences in the P-h curves were observed for materials with and 

without residual stress, making, then, difficult to employ the different methodologies 

derived for estimation of residual stress or crack length evaluation existing in the 

literature. Crack length had threfore to be measured by direct observation. In this 

respect, cube corner indentations did not produce well-developed radial cracks but 

chipping of the material, whereas indentations with Berkovich indenters produce radial 

cracks suitable for apparent fracture toughness estimation, and, consequently, residual 

stress. 

1 Introduction 

Recently, ceramic multilayered composites have received much attention due to their 

superior mechanical properties and reliability compared to monolithic ceramics [1, 2, 3]. 

This increase in mechanical properties in multilayers can be achieved through different 

strategies such as weak interfaces [4], containment of martensitic transformation [5], 

existence of porous layers [6] or introduction of compressive stresses [7,8]. This latter 

approach is one of the most usual ones, and it is normally achieved by stacking 

alternating layers of materials with different thermal expansion coefficients that will 

translate in residual stresses during cooling in the sintering stage.  

Among the ceramic multilayered composites that can be produced, one of the most 

preferred material combinations is alumina and zirconia. Usually, at least one of the 

layers of the composite is made of an alumina/zirconia composite, in order to tailor the 

coefficient of thermal expansion (CTE) and, consequently, the residual stresses. In this 

way, the channel cracking produced during sintering can be avoided. The reason for 

choosing alumina and zirconia as the constituent materials of ceramic laminates is 

generally because of the excellent bonding between the layers in the absence of 

excessive diffusion between components, their good thermo-mechanical properties and 

their relatively ease of processing. In addition, alumina layers are generally placed on 
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the surface, because are the ones to have compressive residual stresses and higher 

hardness (H).  

These ceramic multilayers have shown improved fracture toughness [9], reliability [10], 

wear behaviour [11] and contact resistance [12, 13] than their monolithic counterparts, 

due, principally, to their residual stress. Correct assessment of this residual stress is, 

therefore, a key factor in these materials. Calculation of the residual stress can be done 

by modelling the different shrinkage behaviour of the layers and observed by different 

spectroscopic techniques, such as micro-Raman [14] or X-ray diffraction. However, 

during utilization in thermo-mechanical demanding applications, the surface will be 

damaged in different ways (such as microcracking, deformation, wear, …) that can alter 

the local distribution of residual stresses. These residual stresses should be correctly 

evaluated in order to estimate the life time of the component. 

Instrumented indentation is, a priori, a good technique for local evaluation of the 

residual stresses , and, for that purpose, several methods have been developed, specially 

for metals with relatively low yield stress and that do not work harden appreciably when 

indented with sharp indenters. Most of these methods are based in the change in contact 

areas with and without residual stress, such as in the works of Suresh and 

Giannakopoulos [15], Tsui et al [16] or the change in the elastic penetration depth, as 

the work of Xu and Li [17]. Swadener et al. [18] used spherical indenters instead of 

sharp indenters, and showed that blunt indentation is more sensitive to residual stress 

than sharp indentation. 

However, for the case of hard and brittle materials the residual stress is normally 

estimated by indentation fracture methods, which imply that the crack length produced 

by a sharp probe has to be visualized [19]. In this case, the use of a cube-corner indenter 

instead of a Berkovich indenter is preferred, because the fracture threshold can be 

lowered several orders of magnitude [20, 21]. Recently several methods for fracture 

toughness estimation without visualization of the crack length have been proposed, for 

example the works of Field et al. [22], where they relate the crack length produced to 

the pop-in behaviour during loading or the work of Dahami et al. [23] where they 

related the crack length with the total penetration depth for fused silica.  

Despite the fact that alumina is a relatively widespread technical ceramic, there are only 

few studies on indentation on polycrystalline alumina. In one of the first systematic 

studies, Krell and Schädlich [24] reported a size effect on the hardness measurement. 

Recently, Gong et al [25] studied the effect of the microstructural inhomogeneity on the 

reproducibility of data in fine-grained alumina, observing a size effect on hardness and a 

large scatter of values on both hardness and Young’s modulus (E), specially when the 

indentation dimensions were comparable to the characteristic microstructural 

dimensions. Similar trends where observed in studies using Vickers indenters by Ullner 

and co-workers [26], and using cube-corner indenters by Twigg et al. [27], though 

without reporting values of hardness for different loads. In this last case a certain 

amount of pop in was observed which was attributed to radial cracking, though not 

direct proof of this was given. In all previous studies in polycrystalline alumina it has 

always been observed a higher Young modulus than the one for bulk materials (380 – 

400 GPa) and a strong size effect. There are also few data on the continuous value of E, 

H as a function of penetration depth, although there are some attempts to obtain such a 

relationship by analysis of the loading curve [24]. 
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The objective of this work is then twofold: first, to analyze the values of E, H as a 

function of the indentation depth for both Berkovich and spherical indenters on alumina 

and, second, to compare different methods for evaluation of the residual stress in 

alumina-alumina/zirconia laminated composites. 

2 Experimental 

2.1 Material preparation 

To obtain the ceramic sheets suitable for the preparation of laminated composites, two 

powders were used: high purity ( 99.7%) alumina (Alcoa A16 -SG, Alcoa Aluminium 

Co., New York, USA) with an average particle size of 0.3 µm, and tetragonal zirconia 

polycrystals (TZ3Y-S, Tosho Corp. Japan)  containing 94.7 % of ZrO2 and 3 mol% of 

Y2O3 (usually referred to as 3Y-TZP) with an average particle size of 0.3 µm. 

The different powders were mixed with organic binders, dispersant, plasticizers and 

solvents to obtain suitable slips for tape casting. After mixing with organic components, 

the slurry containing the ceramic powders was tape casted onto a mylar sheet moved at 

a constant speed of 200 mm/min. Details on this technique can be found elsewhere [28]. 

Sheets of pure alumina as well as of the composite alumina-zirconia in the volume ratio 

60/40 were prepared. The thickness of the green tapes were selected in order to obtain, 

after sintering, layers of about 200 µm (alumina) and 250 µm (alumina-zirconia). After 

drying, laminae of 50 x 34 mm were cut from the different ceramic sheets. Hybrid 

laminates were prepared by stacking and warm pressing the green sheets at 75 °C at a 

pressure of 30 MPa for 30 minutes. Different samples were obtained by alternately 

superimposing one layer of alumina and one layer of alumina-zirconia (this structure is 

hereinafter designated A/AZ) or one layer of alumina and two layer of alumina-zirconia 

(hereinafter designated A/2AZ). The structures were designed in order to have always 

an alumina layer in both outer surfaces. Debonding was carried out with a very slow 

heating rate up to 600 °C, followed by sintering at 1550 °C for 1 h. We thus obtained 

dense samples (97% of theoretical density) with a thickness of about 3.0 mm, 

containing layers with a thickness ratio of about 1/1.3 (A/AZ) and 1/2.6 (A/2AZ). In the 

hybrid samples, due to lower thermal expansion coefficient and shrinkage during 

sintering, the external alumina layers undergo residual compressive stresses. As 

reference material (i.e. nominally stress free), pure monolithic alumina (A) was 

prepared by cold isostatic pressing and sintering at 1550 °C for 1 h. A view of the 

samples obtained and the interface is presented in figure 1 (a) and (b), respectively. 

Residual stresses on A/AZ composites were estimated by different methods: a) finite 

element analysis gives a value of 240 MPa; b) fluorescence measurements on these 

materials give values of about 150 MPa [29]; c) comparison of apparent fracture 

toughness by Vickers indentation [12] gives a value of 180 MPa. 

Samples were cut into prismatic samples of 5 by 10 mm and lightly polished with 

diamond suspension up to 3 µm with a low applied force in order to avoid excessive 
loss of material, with a final polishing of colloidal silica. 
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2.2 Instrumented indentation 

Instrumented indentation tests were performed in a fully calibrated MTS Nanoindenter 

XP (Nanoinstruments Innovation Center, MTS systems, TN, USA) equipped with CSM 

(continuous stiffness measurement). Three diamond indenters, Berkovich, spherical 

(25µm radius) and cube-corner were used. Indentations were done in the top alumina 

layer of the A/AZ multilayered composites far from the edge in order to assure a 

constant residual stress for all three indenter types and in A/2AZ with the Berkovich 

indenter. Some tests were also done in the lateral face of the sample in the middle of 

alumina layers. Figure 1(c) presents schematically the location of the different 

indentation places. At least nine indentations were done for each condition and the 
results were averaged.  

Results obtained with the Berkovich indenter were analysed with the well-known Oliver 

and Pharr method [30]. However, the factor β (which takes into account the lateral 

displacements and the non-axisymmetry of the indenter) in the expression of the 

relationship between reduced Young’s modulus Er and stiffness (S) was not taken 

constant but dependant on the Poisson ratio, ν, as suggested in the works of Pharr and 

co-workers [31, 32]: 

 ( ) AES r
π

νβ
2

=  (1) 

where A is the contact area and β(ν) is taken after Hay et al [32]. Poisson ratio for 

alumina was taken equal to 0.26. 

In the case of the spherical indenter, the Young modulus was calculated using the 

classical Hertzian formulation [33,34]. Hardness values were not calculated because it 

will require the determination of the true curvilinear shape of the surface under the 

indenter.  For the cube corner no calculation of E, H was made because of the relative 

large amount of friction [35]. 

Indentation imprints were visualized with scanning electron and atomic force 

microscopy (Veeco Multimode). 

3 Results and discussion 

3.1 Extraction of mechanical properties 

a) Berkovich indenter 

Figure 2 presents the load (P) vs. penetration depth (h) in the monolithic alumina (A) 

and in the two multilayered composites (A/AZ and A/2AZ) indented on the top layer. 

Figure 3 presents the values of E and H as a function of the penetration depth obtained 

with the CSM technique.  
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It is seen that there is no appreciable differences in the P-h curves of the three different 

materials, despite the different residual stresses, neither in the loading portion nor in the 

unloading portion of the indentation cycle. Therefore, it is not feasible to apply any of 

the existing methodologies [15, 16, 17, 23] to extract values of residual stress. This 

result was already expected because of two main reasons: first, compressive residual 

stresses do not produce a large change in the P-h curves [16], and, second because of the 

high hardness and, consequently, yield stress of alumina in relation with the residual 

stress. A simple modelling by finite element analysis was performed using an 

axisymmetric indenter on a purely elastic solid with the material properties and residual 

stresses of these materials, with boundary conditions such that there is no border effect 

on the elastic field (model radial dimension > 50 times the contact radius, thickness 

same as the actual samples). The simulation showed that the effect of residual stresses 

on penetration depths is of only about 0.3%. This difference is well below the scatter 

experimentally observed. 

Inspection of the residual imprints by atomic force microscopy does not yield a 

difference in the residual contact areas of materials A and A/AZ. In both cases both 

materials clearly show sink-in, validating in part the methodology for extraction of 

mechanical properties, and comparable contact areas, of around 9.5 µm
2
 for a 

penetration depth of 1 µm. Figure 4 presents AFM images of Berkovich indentations 

with 1µm maximum penetration depth (P ≈ 450mN) on A and A/AZ. 

Regarding the values of E and H obtained by continuous stiffness measurement, it is 

seen that they are in reasonable agreement with other works. In the case of hardness, we 

obtained values between 25 to 30 GPa depending on the indentation depth, whereas 

Gong et al. [25] obtained 20 ± 6 GPa and Krell et al. [24] obtained between 25 and 30 

GPa. It is worth noting that using an improved relationship of S and Er gives values of 

Young’s modulus closer to the values obtained by other methodologies. If, instead of 

equation 1, the formulation of Oliver & Pharr setting a constant factor β, the value of E 

will be slightly overestimated, up to 10%. 

In both cases, a size effect is observed for all materials for the hardness readings. This 

size effect is most probably due to the heterogeneities in the microstructure. Average 

grain size is 2 µm, which means that for the maximum penetration depth of 1.2 µm the 

response is given only by a small amount of grains, specially for the H measurements 

[25].  

b) Spherical indenter 

In figure 5 the P-h and E –h curves for spherical indentation are presented. Again, it is 

seen that P-h curves of the stressed and stress-free material are identical from an 

experimental point of view. Therefore, it is not easy to apply instrumented indentation 

methodologies for estimation of the residual stress for such hard and stiff materials, 

although these could be more sensitive to residual stress. This was expected as these 

methodologies were developed for much softer materials with values of residual stress 

close to the value of yield stress and the range of residual stresses and material 

properties considered here are well beyond the original scope of the methodologies. 

Moreover, the difficulty in setting the correct surface contact point for spherical 

indentation introduces an extra degree of experimental uncertainness that will mask any 

possible effects on the response of the material to indentation.  
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The value of Young modulus is correctly obtained and matches the values for 

polycrystalline alumina obtained by other methods. Once more, a size effect for small 

penetration depths is observed which can be attributed to the microstructural 

characteristic size.  

3.2 Fracture behaviour 

a) Cube-corner indenter  

Despite the a priori advantages of cube corner indenters over other type of sharp 

indenters because of the lower fracture threshold, allowing, therefore, for a more local 

estimation of residual stress based on fracture mechanics, the indentation in both A and 

A/AZ materials did not result in well developed radial cracking but in severe chipping. 

No differences were observed between the stressed and the non-stressed material. 

Chipping was due to the large deformation strain produced by the sharp indenter, and 

was observed for a wide range of indentation loads, from 100mN up to 10N. The 

correspondent P-h curves of the indentations produced with this indenter presented a 

severe amount of displacements bursts (pop-in) associated with the processes of 

formation, growth and spallation during chipping. Figure 6 presents typical curves 

obtained with cube corner, together with the SEM image of an indentation imprint, were 

the chipping is clearly appreciated. 

b) Berkovich Indenter 

For sufficiently high loads, radial cracks can be produced with Berkovich indenters (see 

figure 4). This load is above the fracture threshold level of 200mN [24]. It is seen that 

the radial crack system appears in the A material. However, in the case of the A/AZ 

material these cracks are not present. This behaviour may be associated to the 

compressive residual stress of the laminated materials that decreases the effective stress 

intensity factor. 

As commented in the introduction, there are several methodologies that have been 

developed for estimation of the crack length produced during indentation, either by 

differences in the maximum penetration depth [23] or by the incremental penetration 

depth produced during pop-in events [22], which can be also related to the different 

penetration depth of cracked and uncracked material. However, inspection of the P-h 

curves, as said before, reveals no difference between stressed and unstressed material, 

therefore any crack length estimation will lead to a similar value, which will imply that 

no value of residual stress could be extracted. Moreover, the possible pop-in observed in 

the curves may be attributed to other cracking events than radial crack, as, for example 

chipping. 

In order to estimate the residual stress from changes in apparent fracture toughness, 20 

indentations were made in the lateral face of the sample, that is, in the middle of an 

internal sample. The reason for that is that in the lateral location residual stresses 

perpendicular to the lateral face surface change in sign, from compression to tension, 

but with the same absolute value [36]. Residual stresses parallel to the interface remain 
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equal than in the bulk of the material. In this way, well-developed radial cracks could be 

produced that fulfilled the conditions for fracture toughness estimations, as is seen in 

figure 7. In this figure it can also be appreciated the asymmetry of the residual stresses, 

developing a long crack parallel to the interface but only small cracks in other 

directions. Spherical indentations also produce cracking, due to the deformation volume 

underneath the indentation. 

After measurement of 10 crack lengths placed in this location in the A/AZ material and 

in the A sample, the apparent fracture toughness can be calculated [20], from which the 

residual stress can be estimated to be: 184 ± 18 MPa. This is in very good agreement 

with theoretical calculations and measurements done by other methods. 

4 Conclusions 

Extraction of mechanical properties with Berkovich indenters based on the Oliver and 

Pharr method is satisfactorily done in polycrystalline alumina, although some 

corrections in the β factor may be advisable for better accuracy in the determination of 

Young’s modulus. This Young modulus is also correctly estimated with spherical 

indenters using the classical Hertzian theory. 

In both E and H measurements there is a strong size effect, which can be attributed to 

the fact that the microstructural characteristic length, specially the grain size, is 

comparable to the indentation depth. 

The residual stress did not produce any appreciable change in the P-h curves for any of 

the laminated materials, making it impossible to use the methodologies based on the 

influence of the residual stress on the yield stress or the ones that estimate the crack 

length produced after changes in P-h curves. Therefore it is always necessary to 

visualize the indentation crack for these materials. 

Cube corner indentations, which may, in principle, produce radial cracking with lower 

loads, were not adequate for polycrystalline alumina materials, as chipping of the 

material was the main fracture process instead of well-developed radial cracks. 

Berkovich indentations induced instead well-developed cracks, which were adequate for 

calculation of apparent fracture toughness and estimation of the residual stress. It was 

also seen that the fracture threshold for laminated ceramics with residual stress is higher 

than the one for stress-free alumina. 
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Figure 1.- a) typical A/AZ sample, where the layered architecture can be easily 

appreciated b) Detail of the alumina – alumina/zirconia interface c) Scheme of the 

indentation places 
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Figure 2.- P-h curve of monolithic alumina and layered materials A/AZ and A/2AZ. 

Average of nine indentations 
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Figure 3 .- Dependence of Young’s modulus (a) and hardness (b) with penetration depth 

of all three materials indented with Berkovich indenter. 
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Figure 4.- AFM of the indentations imprints produced with a Berkovich indenter in 

alumina (a) and A/AZ laminated composite (b) with a total penetration depth of 1µm. 

Arrows in the alumina image point the existence of radial cracks.  
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Figure 5.- Load on sample curve (a) and Young’s modulus (b) vs. penetration depth 

with spherical indentation for alumina and A/AZ laminated composite. 
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Figure 6.- Typical P-h curves obtained with cube corner indenters (a). An extensive 

amount of chipping was observed around all indentation imprints for every load tested. 
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Figure 7.- Backscatter SEM pictures of Berkovich (a) and spherical indentations (b) on 

lateral sides of A/AZ samples. Edge stresses in lateral sides are tensile in the direction 

perpendicular to the interface, which results in easier propagation of radial cracking. 

The lack of symmetry of the stresses is clearly observable. 
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