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Introduction

Depth-sensing indentation (DSI) test is a unique technique in order to test materials down to microstructural level. However, the reliability of the results can be heavily affected by experimental issues. In the model developed by Oliver and Pharr (O&P) [1], the most used model for calculating the value of Young's modulus and hardness from loading-unloading curves, the area function of the indenter has to be precisely calibrated. This is usually done on a standard material like fused silica. However, there are situations in which the contact area between the material and indenter largely deviates from the area function calculated according to the displacement [2]. This happens when the indented material shows pileup of the displaced material around the indentation. Recently, based on dimensional analysis and finite elements calculations, Cheng et al., in the following indicated as C&C, developed an alternative model to derive indentation hardness and Young's modulus from loading-unloading curves which avoids the problem to determine the area function of the indenter [3,4]. According to these authors, their model should have some advantages over that of O&P [5]: some calculations are carried out considering the whole loading-unloading curve, and not just a single point as in the O&P model, and, for not considering the contact area, the final results should not be affected by the eventual pile-up or sink-in around the indentation site.

In this work, DSI tests were carried on a standard fused silica specimen and two silicon carbide (SiC) specimens in a wide peak load range. The values of hardness and Young's were calculated according to the two models and compared. Hard structural ceramics like SiC are considered paradigm of materials for which the O&P model best applies [5]. As a such, they should allow the comparison of the two models more straightforwardly. The different mean grain size of the SiC ceramics should also indicate the influence of the microstructural scale length on the calculated properties.

Materials and testing

As testing materials a standard fused silica specimen and two different SiC ceramics were considered. The SiC ceramics were sintered by hot-pressing using yttria and allumina as sintering aids. The microstructures of the sintered specimens are shown after plasma-etching in figure 1. The mean grain sizes were calculated as 540 and 78 nm, respectively, by image analysis. For identification purposes, the SiC specimens have been labelled using their mean grain size, i.e. S540 and S78. More details on processing and characteristics of the materials are reported in Ref. [6] for sample S540 and Ref. [7] for samples S78.

[Insert figure 1 about here] The depth-sensing indentation tests were performed in a nanoindenter (Nano Indenter XP 
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where P max is the peak load, A c the contact area, and E OP , E i , ν, ν i are the Young's modulus and the Poisson ratio of the material and indenter (E i =1141 GPa and ν i =0.07), respectively. E r , the reduced Young's modulus, is calculated from the unloading data as
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where β is a constant equal to 1.034 for a berkovich indenter and S is the contact stiffness. The contact stiffness is calculated by fitting a percentage, 90% in our case, of the unloading data by a polynomial function b(h-h f ) m and then taking the derivative of this function with respect to the displacement, i.e. dP/dh, and numerically evaluate it at the beginning of the unloading curve. In the O&P model, the contact area, A c , is defined by a polynomial function
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where h max is the displacement at the maximum load. ε was not taken as a constant equal to 0.75 but calculated according to [8]:
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where m is the fitted exponent of the unloading polynomial and Γ is the gamma function. The coefficients C i of the area function were determined by a least-squares procedure on indentation tests carried out at different peak loads on the standard silica specimen. For the silica specimen, a Poisson ratio of 0.17 was used. The best result, i.e. the minimum difference with respect to the reference value of 72 GPa, was obtained with an area function described by four coefficients with values C 0 = 24.056118, C 1 = 462.056784, C 2 = 18.748489 and C 3 = 715.770384.

According to the C&C model, the indentation hardness (H CC ) and Young's modulus (E

CC

) of a material can be calculated by the following equations [3,4]: 
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Results

The silica Young's modulus and hardness calculated according to the two models are shown in figure 2. As can be seen, the O&P Young's modulus and hardness were higher than the corresponding C&C properties.

For both models, the calculated properties were almost load-independent. The O&P Young's modulus very nicely agree with the reference value of 72 GPa. The O&P hardness is in better agreement than the C&C hardness with other published results [10][11][12], even without a reference value to be compared to.

[Insert figure 2 about here] The Young's modulus and hardness of the two SiC specimens are shown in figure 3 as a function of peak load and tested material. The trend of the Young's modulus with the peak load was almost independent on the adopted model: non-monotonous for the S540 specimen (this phenomenon was more evident for the O&P model) and practically constant for the S78 specimen. The O&P Young's modulus values were higher than those calculated according to the C&C model for both the SiC specimens. For most of the peak loads, the O&P Young's modulus was different for the two SiC specimens. This difference was not observed for the C&C values, see figure 3a.

[Insert figure 3 about here]

At the highest peak loads, the C&C hardness values were higher than the O&P values for both the SiC specimens, see figure 3b. With the C&C model, no difference was observed between the two SiC specimens whose values were almost load independent. On the other hand, with the O&P model, the two SiC specimens showed a very different behaviour. While the hardness of specimen S78 was almost loadindependent, the hardness of S540 decreased by increasing the peak load so that, at the highest peak loads, the O&P hardness of the two SiC specimens converged. At the lowest peak loads, the O&P hardness of specimen S540 was about the same as the C&C hardness.

Discussion

In the O&P model, one of the main concern is that the estimated contact area coincides with the real contact area. An indirect indication of this circumstance is that the ratio h f /h max is <0.7 [2]. The value of this ratio is shown in figure 4 for the tested materials as a function of the peak load. All the values are well below 0.7. AFM analysis of nanoindentations in a fused silica specimen experimentally confirmed that this material shows no pileup [13]. However, in the same paper, some pileup was observed around the nanoindentations in a structural ceramics such as Si 3 N 4 for which the ratio h f /h max is typically <0.7 [14]. The eventual presence of pileup around nanoidentations in our SiC specimens could have therefore slightly overestimated our O&P values.

[Insert figure 4 about here]

In the fused silica specimen, where the O&P results were not affected by pileup, the expected agreement between the experimental values of O&P Young's modulus and the reference value of 72 GPa indicates that the tip area function was properly calibrated and, at the same time, that the frame compliance and the thermal drift were correctly subtracted from the raw load-displacement data. Using the C&C model, the Young's modulus and hardness of the fused silica specimen turned out to be load-independent as those calculated using the model of O&P. However, the C&C values of Young's modulus and hardness do not well compare with published results. In our case, the numerical differences were about 14% and 25% for Young's modulus and hardness, respectively, and the reasons for such a discrepancy are not clear at the moment.

Also for the SiC specimens, the differences between the O&P model and the C&C model were quantitative. As a possible explanation for the numerical discrepancy, we can point out that some of the relationships involved in the C&C model do not seem to hold in our case. For example, a linear relationship between (W tot -W unl )/W tot and h f /h max proposed in [4] as: (8) with λ=0.27 was not confirmed on our experimental data, see figure 5. It is however fair to remember that the finite-element simulation presented in [4] encompassed a very large range for h f /h max , between 0.3 and 1, whereas in our case this range was much smaller, see figure 5.
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Using the two models, a further difference emerged. The O&P model seems to differentiate the Young's modulus and the hardness of the two SiC specimens for most of the peak loads used but the C&C model gave results very often undistinguishable. The difference in the O&P results between the two SiC specimens was previously attributed to the influence of the different mean grain size on the properties of the materials [15]. Being the nanoindentation tests performed at the same scale length of the microstructure, an influence of the grain size on the measured mechanical properties should be expected, in particular for hardness as many experimental results indicate [START_REF] Mccolm | Ceramic Hardness[END_REF][START_REF] Rice | [END_REF]. This was not the case with the C&C results which apparently ignore the effects of the microstructure on the calculated properties.

[Insert figure 5 about here] No other experimental works on monolithic ceramics are known to the authors. The only other comparison is on carbon nitride films [18,19]. In those papers, the Young's modulus calculated by the two methods were not very different, but the hardness calculated by C&C was higher. The main difference with our analysis is that area function of the Berkovich indenter was there taken with the leading term C 0 equal to 24.5, i.e. a perfect shape, while it has been shown that in order to get the best possible area function calibration this condition has to be relaxed [20]. The leading term C 0 influences also the term depending on θ in eq. ( 6).

A final remark on the applicability of the C&C model on advanced ceramics such as those used for this work. The C&C model was based on finite element simulation considering continuum mechanics and Mises effective stress which very well fit metals plasticity. Even if C&C themselves compared their model forecasts with experimental results on ceramics and silica [3,4], it could be that these conditions are not generally met in case of advanced polycrystalline ceramics due to a different plastic flow rule or to the influence of the microstructure [21]. From this point of view, we cannot generalize our conclusions. However, for the specific SiC ceramics, in a finite element simulation which considered a pressure sensitive flow rule, it was shown that experimental results on SiC were in very good agreement with the classic plasticity based on Mises effective stress [21].

Conclusions

Nanoindentation tests were carried out at different peak load in a standard fused silica specimen and two silicon carbide ceramics with very different mean grain size. The Young's modulus and the hardness were calculated using the models developed by Oliver and Pharr (O&P) and by Cheng et al. (C&C). The results were different both qualitatively and quantitatively. In particular, on the silica specimen, the C&C Young's modulus and hardness were lower than the corresponding O&P values. For both models, the silica properties were load-independent. In the SiC specimens, the C&C Young's modulus was lower than the O&P values, but the opposite was true for the hardness. Especially for hardness, the load dependence was also different in the two models. For most of the peak loads used, the O&P properties were generally different in the two SiC specimens, while with the C&C model such a difference was not observed. Some intermediate experimental results seems to be different from the theoretical predictions of the C&C model.

The influence of the microstructure on indentation results, which is not considered in the C&C model, could be higher than expected. 

  θ is the semi-angle of the cone with an equivalent (area/penetration depth) of the berkovich indenter and can be estimated by the first coefficient of the area function, C 0 . W tot and W unl are the areas under the loading and unloading curves, respectively. The other symbols have the same meaning as above. The numerical integration of the loading and unloading curves was carried out using the mathematical software already indicated. For all the SiC materials, a Poisson's ratio of 0.19 was used[9].
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 2 Figure 2. Plot of the Young' modulus (a) and hardness (b) of the silica specimen as a function of the peak load calculated according to the models of Oliver and Pharr (O&P) and Cheng and Cheng (C&C). Points and bars represent mean±1 standard deviation, respectively. In the Young's modulus plot, the solid line indicates the reference value of 72 GPa.
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 3 Figure 3. Plot of the Young' modulus (a) and hardness (b) of the two SiC specimens as a function of the peak load calculated according to the models of Oliver and Pharr (O&P) and Cheng and Cheng (C&C). Points and bars represent mean±1 standard deviation, respectively. The points have been slightly shifted for a better readability.
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 4 Figure 4. Plot of the ratio h f /h max as a function of peak load and material. Points and bars represent mean±1 standard deviation, respectively.

Figure 5 .

 5 Figure 5.Regression plot of (W tot -W unl )/W tot versus the ratio h f /h max for the three tested materials. Points and bars represent mean±1 standard deviation, respectively. The standard errors of the slope and intercept are ±0.052 and ±0.027, respectively.
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