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Abstract

A combined experimental and numerical approach is used to characterise the elastic and plastic deformation of a porous bulk ceramic material (La0.6Sr0.4Co0.2Fe0.8O3, LSCF) with porosities in the range 5 to 45 vol%, undergoing spherical indentation. The Gurson model was used in FEM simulations to describe the densification of the porous material in the plastic zone under the indenter. The simulated indentation response curves, extracted elastic modulus, hardness and densification in the plastic zone all showed good agreement with corresponding experimental observations. The results show that the hardness increases with maximum indentation depth over a representative depth that depends on porosity. In this particular ceramic the hardness, at sufficiently large penetration depth, is approximately 1.7 times the uniaxial yield stress of the porous material.
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[bookmark: OLE_LINK29]I. Introduction

Porous ceramics are attractive in a wide range of applications such as filters, catalyst supports, sensors, biomedical implants and energy devices [1-6]. Load bearing capacity is generally required in these applications and additionally the porous ceramics are required to absorb mechanical energy and deform plastically at locations of concentrated loading. Therefore, the mechanical properties such as elastic modulus, hardness and yield strength, together with their mechanical deformation behaviour under contact loading, are important characteristics. 
Nanoindentation, since its very first development, has drawn much attention and been extensively used to probe mechanical properties using only very small amounts of material [7]. The technique is well-established for fully dense solids, and is being increasingly applied to porous materials [8-11]. Additional complexity arises [10] with porous materials due to the granularity of the porous structure and the non-conservation of volume during plastic deformation (crushing, collapse and densification). The granularity issue can be overcome experimentally by ensuring that the scale of the indentation is much larger than the scale of the microstructure, in which case the porous material can be treated as an equivalent homogeneous solid. However, the nature of plastic deformation in the porous material is different from that in a dense material and is the subject of the current paper. 
Finite element modelling is a convenient tool for simulating the indentation process and has been extensively used in the literature to model indentation for dense materials [12-15]. FEM has also been used to simulate the elastic behaviour of bulk porous model materials containing artificially generated 2-D or 3-D pores (such as spherical pores [16] and cylindrical pores [17]) without involving an indentation process. Recently this approach has been extended to more realistic but nevertheless idealised, microstructures [18]. In our previous work [10, 19, 20] we have taken this approach further by FEM of elastic properties using the real 3-D numerical microstructures of the actual porous specimens reconstructed by FIB-SEM tomography. In general the elasticity (i.e. the Young’s modulus) of the porous material calculated by FEM from the porous microstructure is in good agreement with the elastic modulus measured by spherical indentation using a conventional analysis of the indentation load vs. displacement curves. However, the validity of applying the conventional analysis of the indentation curve to porous ceramics is not clear, given the very different nature of the plastic deformation. In addition, it is also unclear how the indentation hardness should be interpreted in terms of material failure parameters. The Gurson model [21], originally developed to describe the deformation of porous ductile metallic systems, has been widely used to describe the mechanical behaviour of porous metals [21-24] as well as ceramic-metal composites [25-27]. The Gurson model considered isolated (closed) pores in a dense solid matrix and in generally regarded as being appropriate for porosities up to approximately 0.15 (15 vol%). Fleck et al. [23] analysed sharp indentation of porous partially sintered metals using two different models for the plastic deformation of the porous structure: the Gurson model and a different model for open porosities based on deformation of necks between particles (denoted FKM model). Although they did not calculate simulated load vs. depth curves for the indentation, they provide a detailed comparison of the two models for describing the densification of the porous material. Chen et al. [28] carried out a study of sharp nanoindentation (Berkovich) of polymer films on silicon substrates. One set of films was dense and the other set had a nano-scale porosity of 23 vol%. They modelled the effect of densification in the porous film using the Gurson model in FEM and showed that this could account for their experimental observations.
The aim of the current study is to include a description of densification during plastic deformation of a porous brittle ceramic in a FEM simulation of spherical indentation and thereby assess the influence of the collapsing pore structure on the interpretation of the indentation experiment. We assume that the length scale of the indentation (contact area, plastic zone and elastic field) is much greater than the characteristic length scale of the microstructure (pore size and inter-pore spacing) so that the porous material can be modelled as an effective homogeneous material. In order to facilitate this, we choose to use a spherical indenter rather than a sharp indenter, which in addition also inhibits cracking induced by the sharp edges. In the FEM in the current study, we follow the approach of Chen et al. [28] in using the Gurson model to simulate the plastic deformation of the porous material over the whole range of porosities studied (5 vol% to 45 vol%). The Gurson model only applies strictly for porosities below approximately 15 vol%, but in fact can give a good representation of the collapse of the porous structure at higher porosities even though the model parameters lose their physical meaning, as will be discussed in detail later.
[bookmark: OLE_LINK98][bookmark: OLE_LINK125]In this paper we study experimentally a ceramic material (La0.6Sr0.4Co0.2Fe0.8O3, LSCF) which was sintered from powder at different temperatures resulting in a range of porosities. This material was used in our earlier work, and is continued here, because it is of interest as a fuel cell electrode. Indentation was carried out using a spherical indenter tip and residual plastic deformation was investigated using the FIB-SEM slice and view technique. 
The results show that the conventional analysis of indentation can still give a good estimate of the elastic modulus of the bulk material and that the hardness can still be related to a yield stress even in porous brittle materials. It is also shown that the model is capable of accurately reproducing the densification in the plastic zone under the indenter. 

II. Experimental and Simulation Procedures
2.1. Spherical Indentation Experiments 
[bookmark: OLE_LINK28][bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK20][bookmark: OLE_LINK21]The instrumented indentation experiments using a spherical diamond indenter were conducted on bulk LSCF specimens prepared by die-pressing and sintering of commercial powder at 900 to 1200 °C to provide a range of porosities. Compared to the use of a sharp indenter, the scatter of the measurement can be hugely reduced when a spherical indenter is used. The size of the sphere (radius = 25 µm) was chosen to be much greater than the feature size of the roughness and porous microstructure (< 1 µm) [10]. After indentation at loads ranging from 50 to 10000 mN, the cross-sectional microstructures under the indented areas were investigated using the focused ion beam-scanning electron microscope (FIB-SEM) slice and view technique. The cross-sectional micrographs were then processed by image analysis in order to characterise the distribution of porosity in the indented region. Detailed information regarding the preparation of the porous bulk LSCF specimens, the indentation experiments to determine the mechanical properties (elastic modulus and hardness) and the acquisition of cross-sectional micrographs using FIB-SEM, can be found in our previous paper [10].  
2.2. Finite Element Modelling
2.2.1. Axisymmetric Model Set Up 
[bookmark: OLE_LINK67]The indentation simulations were performed using ABAQUS CAE 6.12 (Dassault Systemes, USA). Since the length scale of the indenter was much greater than the characteristic scale of the microstructure the porous materials were modelled as isotropic homogeneous solids having the possibility to collapse and densify under the compressive loading. As the problem exhibits axisymmetric geometry, the system was simulated by defining a 2-D square half-space with side length much larger than the indentation depth reached, and a rigid spherical indenter, as shown in Fig. 1. The system is axisymmetric around the central axis of the indenter (Y-axis). Here the indenter radius Ri was set to be 25 µm, which is identical to that of the real indenter used. The square side length was set to be 100 µm, which is significantly larger than the indentation depth (hmax < 5 µm). Similar to the process in a real indentation test, in the simulation the indenter was loaded in the Y direction to press into the specimen surface. Once a preset maximum depth was reached, the indenter was unloaded in a reverse path to its original position. In experiments, the indenter was made of diamond, which has a very high elastic modulus and thus suffers little deformation upon loading. In order to save computation time and simplify the problem, the spherical indenter was modelled as an analytical rigid surface in ABAQUS, with a reference point attached to the tip point. 
A 4-node bilinear axisymmetric quadrilateral reduced integration element type with hourglass control (i.e. CAX4R in ABAQUS) was adopted to generate the meshes. The indentation region was very small with respect to the indenter size and the specimen size. For this reason, and in order to simulate the deformation of the region with sufficient accuracy, a higher density of meshes with very fine size was needed under the indenter contact. The size of elements was progressively increased towards the far field domain in the specimen model, as shown in Fig. 1. 
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[bookmark: OLE_LINK49][bookmark: OLE_LINK50][bookmark: OLE_LINK51]Fig. 1 (a) FEM model with adaptive meshing resulting in 11025 elements. (b) shows a magnified view of a dense mesh area close to the indenter contact. The thin solid line indicates the profile of the rigid indenter tip.
2.2.2. Application of Boundary Conditions, Material Parameters and Gurson Model 
In the simulation, the nodes on the left and bottom edges of the square were constrained so that they could not move in their normal directions (i.e. U1=0 for the left edge and U2=0 for the bottom edge). For the indenter, a displacement constraint in the horizontal direction was also imposed at the tip point (set as a Reference Point in ABAQUS) to retain symmetry in the simulation process. 
The typical loading and unloading steps of the indenter were executed by imposing designated downward and upward displacement (h) at the reference point, incrementally increased from 0 to hmax (negative Y direction in Fig. 1) and then returned to the initial position (i.e. h = 0 in positive Y direction). The friction coefficient of the contact was assumed to be zero in the simulation, as reported in other FEM literature due to the negligible effect of the precise friction coefficient on the results [12, 29, 30]. Our simulation also found that no noticeable change in the load vs. depth curves was observed when using a friction coefficient of 0 or 1. The indenter surface was defined as the “master” surface and the specimen surface was defined as the “slave” surface to enforce the contact. The specimen was assumed to be homogeneous and isotropic and to exhibit elastic-plastic behaviour.   
In the current study, the material parameters for the simulation were chosen to be consistent with mechanical properties measured previously using nanoindentation, and the measured bulk porosities based on 3-D tomography [10, 19], as listed in Table 1. The Poisson’s ratio for the fully dense LSCF was assumed to be 0.3, as reported in [31]. 
[bookmark: _Ref410121881][bookmark: _Ref410223249][bookmark: OLE_LINK52][bookmark: OLE_LINK53][bookmark: OLE_LINK54][bookmark: _Ref370848944]Table 1 Summary of bulk LSCF properties measured in [10]
	[bookmark: RANGE!B34][bookmark: _Hlk403572185]Sintering temperature (°C)
	f (vol%)
	E (GPa)

	900
	44.9±0.3
	34.2±2.1

	1000
	36.3±1.1
	44.5±3.2

	1100
	28.7±0.9
	80.2±1.9

	1200
	5.2±0.1
	174.3±2.8



Gurson [21] proposed a constitutive relationship with the yield condition as a function of the porosity (f) for metals containing a dilute homogeneous distribution of isolated pores. The yield condition is given by the following expression [21, 32].

                                         (1)

where  is the yield stress of the dense matrix material (dense LSCF in this case), q is the effective von Mises macroscopic stress given by , with , , and  being the three principal macroscopic stresses (i.e. the stresses in the porous aggregate equivalent medium), and p is the macroscopic hydrostatic stress given by . When f = 0 (fully dense), the Gurson yield condition reduces to the von Mises yield condition, i.e. . For each volume element at a given increment in displacement of the indenter, the plastic strain due the hydrostatic stress is assumed to be fully accommodated by a local change in porosity. The updated porosity is then used in the yield condition for the next increment of indenter displacement. This assumes that plastic deformation of the dense matrix conserves volume. In this study, the Gurson model was used to account for the porosity and to simulate the densification behaviour of our specimens under the indenter. The plastic property (i.e. the yield stress) was chosen based on an inverse FE analysis using the measured hardness values. This will be discussed later in more detail. 
2.2.3. Computation of Elastic Modulus and Hardness using Simulated Load-displacement Curves
The vertical (i.e. in the Y direction) reaction force and displacement at the reference point of the indenter was output at each increment of the loading and unloading steps, which was then used to generate the indentation load versus depth curves for the determination of the simulated elastic modulus and hardness using the same procedure as used for experimental data. The detailed calculation procedure is explained below.
The radius of the projected contact area (an) between the indenter and material when the load and depth reach their maximum values was calculated from the indentation load versus depth curve of each individual indentation simulation as described below. The elastic modulus, E, and the indentation hardness, Hn, were determined from the simulated load vs. depth curves using the conventional analysis of Oliver and Pharr [7]. The indentation hardness is given by the following equation and includes both elastic and plastic deformation. 
	          				        (2)
where Pmax is the maximum load applied and an is the contact area radius at maximum load and is given by the following equation,
	   			                (3)
where Ri is the indenter radius, which was 25 µm in the current study; hc is the contact depth and was deduced using Eq. (4), 
					      (4)
with S being the contact stiffness calculated as the slope of the initial unloading curve at maximum load. The elastic modulus, E, of the material is related to the reduced modulus Er, by the following expression,
				                          (5)
                                                                                                                  (6)
where ν is the Poisson’s ratio of the specimen. Ei and νi are elastic modulus and Poisson’s ratio for indenter, respectively. In the experiments these equations were used to make the small correction for the elastic deformation of the indenter and extract the experimental value for E. In the simulations for simplicity the indenter was assumed rigid and in that case Eq. (5) becomes: 
	    		   	             (7)
Most FEM approaches used for the extraction of mechanical properties from indentation measurements use inverse analysis [16, 33-35]. A similar approach based on the Levenberg-Marquardt (LM) method [36-38] was used in this study to identify the most appropriate material yield stress by best matching the FEM-derived loading-unloading data to the measured data in the least squares sense. Essentially, optimisation was performed to minimise the discrepancy between the two types of data. The fitting was carried out on selected experimental indentation curves acquired at relatively large maximum indentation depths. The adjustable variables in the FEM are Young’s modulus E of the porous material and the yield stress  of the dense material in the Gurson model. The value of E was set to the measured value and therefore the assumption of a rigid indenter does not influence the fit. The initial value of  was set equal to the experimental hardness. The value of  was then adjusted to obtain an acceptable fit to the experimental load-displacement loading and unloading curves (examples are shown later). It should be noted that here we consider  to be a fitted parameter which is different for each material. In principle should be the same for each material porosity if the Gurson model is strictly valid.  However, here we use the Gurson model as a way of accounting for the collapse of the porous structure at porosities greater than the limit of its strict validity. Hence  is applied here as a variable parameter that depends on porosity. The implications of this are discussed later.
III. Results and Discussion
3.1. FEM Results and Comparison with Experiments
3.1.1. Effect of Mesh Density and Poisson’s Ratio on the Modelled Indentation Curves 
A typical simulated indentation plot is shown in Fig. 2 using parameters appropriate for a specimen sintered at 900 C containing 44.9 vol% porosity. The loading curve shows some oscillating perturbations which are not directly related to the discrete nature of the data, as each individual curve consists of hundreds of data points. The oscillations were also present with smaller amplitudes even at lower loads and depths. Furthermore, the perturbations were not reduced by increasing the number of load increments or refining the mesh size, as shown in Fig. 2. It is therefore likely that the oscillations are caused by the computational iteration process in the Gurson subroutine of ABAQUS. Conversely, the figure shows a high consistency and smoothness of the unloading curves. This is also consistent with the oscillations on the loading curves being caused by the Gurson subroutine, because there is no densification of the pore structure during unloading. Since the indentation response was shown to be insensitive to the number of mesh elements in the range investigated, the 6241-element mesh was selected as giving the best compromise between resolution and computation time. 

[bookmark: OLE_LINK55][bookmark: OLE_LINK56][bookmark: OLE_LINK57]Fig. 2 Simulated indentation load versus depth curves at three different mesh densities for a specimen sintered at 900 °C having an average porosity of 44.9 vol%. 
The sensitivity of the simulations to the value of the Poisson’s ratio was also studied. Poisson’s ratios of 0.2 and 0.4 were used in simulations of indentation at each porosity level after fitting the curve using a Poisson’s ratio of 0.3. The results showed that slightly larger elastic modulus and hardness were generated when higher Poisson’s ratio values were assumed. For the most porous material the modulus increased by 4.8% on increasing Poisson’s ratio from 0.2 to 0.4. The sensitivity was larger for the least porous material with the modulus increasing by 13% for the Poisson’s ratio increasing from 0.2 to 0.4. Therefore the simulations are relatively insensitive to the assumed Poisson’s ratio and use of the experimental value of 0.3, measured for the dense material [31], is justified in the simulations.
[bookmark: OLE_LINK18][bookmark: OLE_LINK19]The Gurson model in ABAQUS also contains additional parameters introduced to improve agreement with more detailed modelling of metals containing ordered arrays of voids [32]. In the present study various combinations of these additional parameters were explored, but it was found that the fits were indistinguishable from those using the simple model of Eq. (1) and therefore this was used in all simulations using the Gurson model.
[bookmark: OLE_LINK66][bookmark: OLE_LINK72]3.1.2. Inverse Finite Element Analysis
[bookmark: _GoBack][bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK24]Fig. 3 gives examples of the simulated and measured indentation loading-unloading curves for specimens with different porosities. It can be seen that the oscillations in the simulated loading curves gradually diminish as the porosity decreases. In addition, it was also found in the later stage of the study that dense models without the use of the Gurson subroutine did not produce any oscillation in the simulated loading curves. This is consistent with the oscillations being related to the iteration procedure in the Gurson implementation in ABAQUS. 	
A noticeable discrepancy between the simulations and experimental data is that the simulations predict a larger residual indent depth than is observed experimentally. This discrepancy also increases with porosity and reflects a lower elastic recovery of the material near the indenter tip in the simulation than in reality [39]. This effect is probably partially due to the granular nature of the porous microstructure and initial surface roughness of the specimens. Towards the end of unloading, the parts of the microstructure that are locally stiffer dominate the contact with the indenter leading to a more gradual final unloading than expected for a homogeneous medium that is initially perfectly smooth and flat. These issues increase as the porosity increases and are not included in the simulation. The initial unloading is not sensitive to these effects because then the elastic field has much longer range and extends over a relatively larger volume. A second contributing factor to this discrepancy comes from the assumption in the Gurson model that the elastic modulus in the densified region is not influenced by the densification, whereas in reality it will increase. This influences the shape of the contact as the load approaches zero and the local properties become dominant. When there is densification, the higher local modulus leads to a larger radius of curvature for the fully unloaded depression (than would be the case without densification) and hence a smaller contact circle for a given unloading displacement [40]. The smaller contact circle results in a reduced stiffness (and lowers the slope of the unloading curve) despite the fact that the local modulus is higher. This is because the unloading is still mainly influenced by the lower modulus of the non-densified material outside the plastic zone. As with surface roughness and local inhomogeneity, this effect increases as the porosity increases and the densification increases in agreement with the experimental observations. As a result, when judging the best fit of the simulation to the experiments priority was given to matching the maximum load at maximum depth (which determines the indentation hardness) and the initial part of the unloading curve (which determines the derived elastic modulus) since these are the material parameters of interest.
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[bookmark: OLE_LINK60][bookmark: OLE_LINK61][bookmark: OLE_LINK62][bookmark: OLE_LINK58][bookmark: OLE_LINK59]Fig. 3 Comparison of loading-unloading curves generated from experiments and best fit FEM simulations for samples with different porosities resulting from the different sintering temperatures of (a) 900 °C, (b) 1000 °C, (c) 1100 °C and (d) 1200 °C.
The effect of maximum indentation depth on the values of Young’s modulus and hardness extracted from the experimental indentation curves is shown in Figs. 4 and 5. The results in Fig. 4 show an increase in modulus with depth for shallow depths less than approximately 100 nm and then the modulus becomes essentially independent of depth for greater depths. Fig. 5 shows that the hardness also increases with indentation depth, but the increase extends to greater depth than for the elastic modulus. For the lowest porosity sample, the hardness has still not reached a plateau even at the limit of the load and depth studied. These experimental observations were compared with results of FEM simulations in the following way. First, experimental indentation curves were selected that were at sufficiently large maximum indentation depths to have given modulus values in the plateau regions of Fig. 4 and these are listed in Table 2 and shown in Fig. 3. The value of  resulting from the best fit simulations are also listed in Table 2. Using these fitting parameters, simulations were then carried out for different indentation depths and the values of modulus and hardness were calculated using the standard analysis for each of the simulated indentation curves. The results are compared with experiment in Figs. 4 and 5 and it is clear that the simulations reproduce well the trends with indentation depth observed in the experiments. It should be noted that each experimental data point represents a different indentation on the surface of a given specimen. The apparent increase in the elastic modulus with depth, at shallow depths, in the experimental data in Fig. 4 is caused by surface roughness and local inhomogeneity in the specimens used in the experiments. The hardness data are plotted in Fig. 5 as a function of the indentation strain, εn, which is expressed as the ratio of contact area radius an over the spherical indenter radius Ri, an/Ri. The indentation strain increases with indentation depth according to Equs. 3 and 4. The increase in hardness with indentation strain (or depth) is seen in both experiments and simulations. This is caused by the transition from the elastic/plastic region to the fully plastic region in which the plastic zone extends to, or beyond, the contact circle at the specimen surface and is a well-known feature of spherical indentation [29]. 
Theoretically, according to the classical Hertzian elastic contact theory [41], which was further extended by Swain and Lawn [42], a linear relationship exists between the indentation stress (σn, which is equivalent to the indentation hardness Hn and is also known as the indentation pressure) and the indentation strain (εn, which is equivalent to the ratio of contact area radius an over the spherical indenter radius Ri, an/Ri) for purely elastic contacts. The relationship is,
 	             	  	 	                       (8)
where E is the elastic modulus of the material and k is an indenter/specimen-dependent constant, which is given by,
 	             	  		          (9)
The subscript i denotes the indenter material. The linear Hertzian elastic responses expected for these specimens are plotted in Fig. 5 and compared with the experimental data. It is clear that there is no well-defined elastic region in the experimental or simulated responses and correspondingly no clear yield point. However, the interpretation of such plots in terms of true stress and true strain is not straightforward [43]. 
  
[bookmark: OLE_LINK63][bookmark: OLE_LINK64][bookmark: OLE_LINK65]Fig. 4 Comparison of elastic moduli determined by experiments and simulations for samples sintered at (a) 900 °C, (b) 1000 °C, (c) 1100 °C and (d) 1200 °C. Note the different depth scales in each case.
 (b)

[bookmark: OLE_LINK68][bookmark: OLE_LINK69][bookmark: OLE_LINK70]Fig. 5 Comparison of indentation hardness determined by experiments and simulations for samples sintered at (a) 900 °C, (b) 1000 °C, (c) 1100 °C and (d) 1200 °C. Note the different depth scales in each case.

[bookmark: _Ref412544009]Table 2 The maximum indentation depth and Gurson yield stress used in fitting the simulations and the corresponding uniaxial yield stress of the porous material.  
	Sintering Temperature (°C)
	hmax
(nm)
	σyd 
(GPa) 
	σyp 
(GPa) 
	Hn /σyp

	900
	4037
	0.83
	0.43
	1.72

	1000
	1973
	0.9
	0.55
	1.65

	1100
	950
	2.19
	1.34
	1.62

	1200
	468
	4.56
	4.29
	1.64



3.2. Characterisation of Plastic Deformation 
[bookmark: OLE_LINK33][bookmark: OLE_LINK34]The indented specimens were FIB-milled to gain insight into the changes in microstructure in the plastic zone under the indenter. Fig. 6 shows the cross-sectional microstructure after a 2.5 µm indentation depth for a specimen sintered at 900 °C (with an initial porosity of 44.9 vol%) and Fig. 7 a similar case for a specimen sintered at 1000 °C (with an initial porosity of 36.3 vol%). The contour plots of porosities, shown as void volume fraction (VVF), for the corresponding FEM simulations for the same indentation conditions as the experiments are also displayed in the figures.
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[bookmark: OLE_LINK71][bookmark: OLE_LINK73][bookmark: OLE_LINK74]Fig. 6 (a) FIB-milled cross-sectional view of the indented region after unloading of the specimen sintered at 900 °C with an initial porosity of 44.9 vol%. The dashed curve indicates the boundary of the densification zone (i.e. the plastically deformed zone). (b) Contour plot of the porosity distribution from the corresponding FE simulation. (c) High magnification view of the marked zone ① in Fig. 6 (a), showing the difference between deformed and un-deformed zones, with arrows marking possible collapse of pores between particles.   
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[bookmark: OLE_LINK75][bookmark: OLE_LINK76][bookmark: OLE_LINK77]Fig. 7 (a) FIB-milled cross-sectional view of the indented region after unloading of a specimen sintered at 1000 °C with an initial porosity of 36.3 vol%. The dashed curve indicates the boundary of the densification zone. (b) Contour plot of the porosity distribution from the corresponding FE simulation. (c) High magnification views of the marked zones① and ② from Fig. 7 (a), showing the difference between deformed and un-deformed zones, with arrows marking possible collapse of pores between particles.
Some general observations can be made from Fig. 6 and Fig. 7. At the loads used in the current experiments, no cracking was observed in the indented samples. In addition no evidence for pileup at the perimeter of the indentation mark was found. The densification regions are approximately hemi-spherical with a radius equivalent to the contact radius an in agreement with the simulations. The deformed zones display compaction of the initial pores with evidence of both interparticle and intraparticle collapse, as arrowed in the figures. These zones are located underneath the indentation contact area with no evidence of lateral expansion, as indicated by the dashed curves in the figures. The cross-sectional images reveal that densification resulted in a reduction of approximately half the initial porosity immediately underneath the contact surface centre for both these samples. 
In order to compare the porosity change due to indentation in the experiments with that generated by FEM simulation, the spatial distribution of experimental porosity after unloading was determined using image analysis of the cross-sectional micrographs obtained. The images were cropped into crescent-shaped areas similar to the simulated contours at evenly distributed depth increments starting from the bottom of the contact circle. The porosities were then calculated for each crescent area and the values are compared in Fig. 8 with the porosity from the simulations along the axis of symmetry.

[bookmark: OLE_LINK78][bookmark: OLE_LINK79][bookmark: OLE_LINK80]Fig. 8 Indentation-induced porosity changes under the indent for the experiments and simulations. Initial porosity was 44.9 vol% for the sample sintered at 900 °C and 36.3 vol% for the sample sintered at 1000 °C. The indentation depth in both experiments and simulations was 2.5 µm. 
Fig. 8 shows that the porosity distribution from the simulations is in good agreement with the experimental observations and that the Gurson model gives an accurate representation of the densification behaviour in these materials. 
3.3. Discussion 
3.3.1. Effect of Densification on the Measurement of E and H
[bookmark: OLE_LINK37][bookmark: OLE_LINK38]In principle, densification under the indentation influences the apparent elastic modulus and hardness of the porous materials measured by a conventional analysis of indentation curves, as the crushed and compacted particle networks have reduced porosity and thus cause overestimation of the modulus and hardness. In order to explore this, we have fitted the same indentation curves shown in Fig. 3 using a conventional FEM simulation with elastic-perfectly plastic behaviour (i.e. no Gurson model to describe densification) and a yield stress for the porous composite, yp as a fitting parameter.  The fits are similar to the ones using the Gurson model and therefore it is not possible to detect any effect of densification from the shape of the indentation curves. The values extracted for Young’s modulus are presented in Fig. 9 and are the same for the two models, showing that densification has a negligible effect on the measurement of this parameter. This is consistent with our experimental results [10] where we found that Young’s modulus obtained from indentation was equal to that measured using sonic resonance of a macroscopic bar. The reason for the lack of influence of densification is due to the densified zone being small when compared to the longer range of elastic deformation around the indentation. Chen et al. [28] also concluded that densification has no significant effect on the measurement of indentation modulus (for Berkovich indentation of nano-porous polymer films) because the densified region is significantly smaller than the surrounding elastic deformation region. They also considered the possible effect of the assumption in the Gurson model that there is no local increase in the elastic modulus within the plastic zone as a result of the densification. They concluded that the effect of densification on the measured value of modulus only becomes significant when the ratio of the dense modulus to the porous modulus is greater than 3. The results in Table 2 show that in the present study this ratio is over 5 for the most porous specimen. In this regard, Jauffres et al. [16] claimed that for brittle microstructures the influence of the densified region would be greater at higher porosities. Nevertheless we observe in the present study that the densification has no noticeable effect on the measurement of Young’s modulus. This is probably because any effect also depends on the relative ratio of modulus to hardness E/H. In the polymer materials studied by Chen et al. [28] E/H was typically 14 whereas in the current materials it increases from 26 for the lowest porosity sample to 47 for the highest porosity material.  
 
[bookmark: OLE_LINK81][bookmark: OLE_LINK82][bookmark: OLE_LINK83]Fig. 9 The effect of using the Gurson model in the FEM on the extraction of (a) Young’s modulus and (b) uniaxial yield stress. The results are normalised with respect to the corresponding values extracted using a conventional material model with no densification.
The measurement of indentation hardness is not influenced by whether the Gurson model is used or not because the model is matched to experiment at the point Pmax and hmax. In principle there is a difference between the indentation hardness, Hn, based on the load divided by the projected contact area under load, and the conventional hardness, H, based on the maximum load divided by the area of the residual indentation mark. This is because Hn also includes elastic deformation under load. It should be noted here that for the materials in the current study the indentation hardness was found to be very close to the conventional hardness and therefore we do not distinguish between them.
3.3.2. Hardness and yield stress
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]In general for dense materials the conventional hardness, H, can be directly related to the yield stress of the material following a proportional relationship H=cσy. c is a constant which is normally taken as 3 for ideal plastic materials (i.e. those without work hardening behaviour) undergoing sharp indentation [44, 45]. When the material has work hardening behaviour, the yield stress is taken at a representative strain [44]. Shaw and Sata [46] compared the plastic behaviour of polystyrene foam with that of fully dense polystyrene. They reported that in such cellular solids the constant c is approximately equal to 1, rather than the value of 3 seen in conventional dense solids such as metals. This is because porous materials are compressible, and under indentation the compressed zone does not influence the surrounding material as much as when plastic deformation conserves volume – i.e. there is reduced long range deformation due to a smaller lateral expansion of the densified material [46, 47]. Wilsea et al. [47], in studying the indentation hardness of polymeric foams, also found that for a low density foam under indentation, the indentation pressure (i.e. the hardness) was approximately the same as the yield stress of the foam in uniaxial compression. Gibson and Ashby [48] also concluded that the hardness is approximately equal to the yield strength for cellular foams, rather than H=3σy which characterises a fully dense material. 
In the FEM simulation of the current study the yield behaviour is characterised by the parameter yd which is in principle the yield stress of the dense matrix and should be independent of porosity in the strict application of the Gurson model. This parameter is tabulated in Table 2 and is seen to vary strongly with porosity in order to fit the experimental results. This is partly because the microstructure of the partially sintered granular ceramics is very different from the idealised microstructure of dilute isolated pores required for strict application of the model. In particular, narrow necks between relatively larger partially sintered particles leads to local amplification of the macroscopic stress as analysed by Fleck et al [23]. Comparison of the yield surfaces of their model with that of the Gurson model indicates that, for the same porosity, the yield of the particulate structure occurs at approximately half the hydrostatic yield stress of the Gurson model structure. However, even this factor of two is insufficient to account for the five-fold change in yd seen in Table 2. It is suggested that this is because that in these brittle materials the plastic deformation mechanism has a greater contribution from fracture at particle necks as the porosity increases. Although the Gurson model is not strictly valid under these conditions, the effective uniaxial yield stress of the porous aggregate, yp, can be extracted by solving Eq. (1) using the fitted value for yd. The results are also shown in Table 2 together with the proportionality parameter c for the ratio of hardness to yield stress which is seen to be equal to approximately 1.7 across the whole range of porosity. This appears to indicate that this value of c is not a consequence of densification in the plastic zone, but is perhaps due to the spherical indentation geometry. However, this is not the case because if the standard (non-Gurson) model is used to fit the indentation curves then the value of c is found to take the values 1.42, 2.26, 3.00 and 3.00 for the samples sintered at 1200, 1100, 1000 and 900C. This behaviour is a feature of spherical indentation of an elastic-perfectly plastic material and the change in c is caused by the development of the plastic zone [40]. The same development is responsible for the increase in hardness with indentation depth seen in Fig. 5 and is reported in the literature for spherical indentation of dense materials [49-51]. Therefore the constancy of c when using the Gurson model is fortuitous and is the result of two opposing trends: namely the development of the plastic zone and densification within the plastic zone.  
The effect of using the Gurson model to extract the uniaxial yield stress is shown compared to the model in which densification is ignored in Fig. 9. This shows that neglecting the densification would lead to underestimating the uniaxial yield stress by almost a factor of two for the material with the highest porosity.  

IV. Conclusions
In this study, a combined experimental-numerical approach to characterise the elastic and plastic mechanical behaviour of porous bulk ceramics undergoing spherical indentation is presented. Indentation tests were performed on porous bulk LSCF ceramic specimens after sintering at temperatures from 900-1200 °C, with resulting porosities ranging from 5 vol% to 45 vol%. The Gurson model, originally developed to describe plastic deformation in porous metals, has been used in finite element simulations of the indentation process to account for collapse and densification of the porous structure in the plastic deformation zone under the indenter. 
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]The FE simulation results were compared with the results from indentation experiments, and good agreement was found for both the indentation response curves and the dependence on the extracted values of elastic modulus and indentation hardness on maximum indentation depth. The porosity distribution in the densified regions underneath the indentation contact surface was investigated experimentally using the FIB-SEM slice and view technique. Both qualitative observations and quantitative calculations of the porosity gradient were in excellent agreement with the FEM simulations. The Gurson model provides a good representation of the densification and its effects on indentation of these materials despite not being strictly valid at the higher levels of porosity in these ceramics and the likely contribution of local fracture to the densification process. This is reflected in the fitting parameters used in the Gurson model depending on porosity. Nevertheless the approach allows a value for the uniaxial yield stress of the porous material to be extracted from the indentation hardness and in this particular ceramic the relationship is that the hardness is approximately 1.7 times the yield stress.
Future studies will apply this combined numerical-experimental approach to fracture of porous bulk ceramics induced by spherical indentation and to porous thin layer/substrate systems incorporating porous ceramic materials (e.g. porous layer/dense substrate, porous layer/porous substrate or dense layer/porous substrate) and multilayer systems, taking into account the effect of layer thickness, and layer to layer interactions.  
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2061 elements	0	56.135000000000012	112.27	168.405	224.54	238.57399999999998	252.60700000000003	266.64100000000002	280.67500000000001	301.72599999999977	333.30199999999974	380.66499999999996	428.029	475.39300000000003	522.75700000000006	534.59800000000052	546.43899999999996	564.20099999999991	590.84299999999928	630.80599999999947	670.76900000000001	710.73299999999949	750.69600000000003	790.65899999999999	830.62300000000005	845.60900000000004	868.08799999999997	901.80699999999956	952.38599999999997	1002.9599999999996	1053.54	1072.51	1100.96	1143.6399999999999	1207.6499999999999	1271.6599999999999	1335.6799999999998	1399.6899999999998	1463.7	1527.72	1623.74	1647.74	1671.75	1707.75	1761.77	1842.78	1873.1599999999999	1918.74	1987.09	2055.4499999999998	2123.8100000000022	2192.17	2245.4	2245.4	2189.27	2133.13	2048.9299999999998	2017.35	1969.99	1952.23	1925.5800000000002	1885.62	1825.6799999999998	1735.76	1600.8799999999999	1398.5700000000002	1095.0999999999999	639.89	0	0	1.3529100000000001	3.7783899999999999	6.4364200000000036	9.1675400000000007	9.8866000000000067	11.2637	12.4498	13.5405	14.4277	14.982000000000006	20.021599999999989	21.8659	25.118099999999988	30.195599999999981	30.50859999999998	30.791699999999981	31.18239999999998	31.723299999999977	36.359000000000002	41.337000000000003	42.502500000000012	43.471800000000002	46.374099999999999	52.761100000000013	54.828000000000003	55.8947	56.975100000000012	58.300400000000003	62.393600000000006	71.190100000000001	72.691000000000003	73.789000000000001	75.135299999999987	76.987499999999997	85.974400000000003	93.987600000000057	96.337999999999994	98.441300000000027	102.071	118.66500000000001	119.74600000000002	120.73399999999999	122.134	124.12299999999998	126.98	132.066	143.63800000000001	149.61599999999999	152.596	155.3850000000001	158.08500000000001	160.15200000000004	160.15200000000004	121.488	82.824100000000001	32.065900000000013	17.113399999999999	1.571909999999999	8.1976800000000044E-2	0	0	0	0	0	0	0	0	0	6241 elements	0	14.0337	17.54219999999998	21.050599999999989	24.559100000000001	28.067499999999981	31.575899999999987	35.084400000000002	38.592800000000011	42.101200000000006	45.609700000000011	49.118100000000013	52.626600000000003	56.135000000000012	61.3977	66.660299999999992	71.923000000000002	77.18559999999998	82.448300000000003	87.710899999999995	92.973600000000005	98.236199999999997	103.49900000000002	108.762	114.024	119.28700000000002	124.55	129.81200000000001	135.07499999999999	140.33700000000007	145.6	150.863	156.125	161.38800000000012	166.65100000000001	171.91300000000001	177.17599999999999	182.43900000000002	187.70099999999999	192.964	198.227	203.489	208.75200000000001	214.01499999999999	219.27699999999999	224.54	229.803	235.065	240.32800000000012	245.59100000000001	253.48500000000001	256.44499999999999	260.88499999999999	267.54599999999999	277.53699999999958	287.52699999999965	290.02499999999975	292.52299999999974	296.26900000000001	301.88900000000001	310.31900000000002	318.74900000000002	327.178	335.608	344.03799999999978	352.46799999999979	360.8979999999998	369.327	372.48799999999977	377.22999999999979	384.34300000000002	391.45499999999993	398.56799999999993	405.68100000000004	412.79299999999978	423.46199999999965	427.46299999999974	433.464	442.46599999999978	455.96899999999965	469.47199999999958	482.97499999999974	486.35	489.72599999999977	494.78999999999979	502.38499999999999	513.77799999999991	530.86799999999937	547.95699999999943	552.22899999999993	556.50200000000007	562.91	572.52300000000002	586.94299999999942	601.36199999999928	615.78100000000052	630.19999999999993	644.62	659.03899999999999	673.45799999999929	687.87800000000004	691.48200000000008	695.08699999999999	700.495	708.60500000000002	720.77199999999993	739.02100000000007	745.86499999999955	756.13	771.52800000000002	775.3769999999995	779.22699999999998	785.00099999999998	793.66199999999958	806.654	826.14299999999946	855.375	884.60700000000008	891.91499999999996	899.22299999999996	910.18500000000051	926.62800000000004	951.29200000000003	957.45800000000008	963.62400000000002	972.87400000000002	986.74700000000007	1000.6200000000001	1014.5	1028.3699999999999	1049.1799999999998	1080.4000000000001	1111.6099999999999	1119.42	1127.22	1138.93	1156.48	1182.82	1222.33	1232.21	1242.0800000000002	1251.96	1261.8399999999999	1271.72	1286.53	1308.75	1342.09	1354.59	1373.34	1380.37	1390.92	1401.47	1412.01	1422.56	1438.3799999999999	1462.11	1497.71	1511.0600000000002	1531.08	1551.11	1556.11	1563.62	1574.8799999999999	1586.1499999999999	1597.41	1614.31	1639.6499999999999	1677.6599999999999	1691.92	1713.3	1734.6799999999998	1740.03	1748.04	1756.06	1764.0800000000002	1772.1	1780.12	1792.1499999999999	1810.1899999999998	1837.25	1877.84	1893.07	1898.77	1907.34	1920.1799999999998	1939.45	1946.6699999999998	1957.51	1968.34	1979.1799999999998	1990.02	2000.86	2017.11	2041.5	2078.0699999999997	2132.9299999999998	2138.08	2143.2199999999998	2148.36	2156.0800000000004	2167.65	2185.0100000000002	2191.52	2198.0300000000002	2204.54	2214.3000000000002	2228.9500000000012	2245.4	2245.4	2189.27	2133.13	2112.0800000000004	2080.5	2033.1399999999999	2015.3799999999999	1988.74	1948.77	1888.83	1798.91	1664.03	1461.72	1158.25	703.04199999999946	20.231300000000001	0	0	0.13843000000000011	0.18582099999999999	0.27238500000000032	0.33698600000000051	0.44254000000000004	0.50358999999999943	0.64248899999999998	0.72331599999999996	0.83799699999999999	0.96770699999999998	1.0537599999999998	1.2002699999999991	1.33636	1.48	1.7373199999999998	1.9141699999999999	2.1376300000000001	2.3757699999999984	2.56162	2.8145399999999987	3.06887	3.2760499999999979	3.5015700000000001	3.8036399999999997	4.0438200000000002	4.2506000000000004	4.5336200000000035	4.83704	5.0901499999999995	5.2896300000000034	5.5759699999999999	5.9138000000000002	6.1985499999999965	6.4557900000000004	6.57456	6.9963400000000036	7.3345899999999968	7.6337299999999999	7.8877899999999963	7.9887899999999998	8.4098000000000006	8.7904600000000013	9.1252900000000015	9.4363200000000003	9.5947300000000002	9.7422699999999995	10.216000000000001	10.617600000000001	10.9788	11.429600000000002	11.502400000000007	11.5989	12.043200000000001	12.867600000000008	13.5761	13.651400000000002	13.7186	13.8078	13.916500000000006	14.7575	15.463000000000006	16.101400000000005	16.34249999999998	16.519100000000005	17.336900000000014	18.123100000000001	18.830300000000001	19.044499999999989	19.201899999999988	19.375800000000005	19.529299999999989	20.173300000000001	20.932200000000002	21.6097	22.442900000000002	22.58029999999998	22.737300000000001	22.945900000000002	24.052399999999981	25.486999999999977	26.425399999999982	26.527699999999989	26.622599999999977	26.751899999999999	26.931000000000001	27.780699999999978	29.761999999999986	30.925499999999978	31.056899999999999	31.1755	31.34	31.573899999999988	33.128200000000028	34.8688	35.925800000000002	36.358699999999999	36.737200000000001	37.929900000000011	39.899700000000003	41.471800000000002	41.628800000000012	41.761800000000001	41.939	42.184000000000005	42.523000000000003	43.253700000000002	44.373600000000003	45.869600000000005	47.862300000000012	48.088800000000006	48.248400000000011	48.457899999999995	48.7408	49.13	49.679400000000001	53.511800000000001	56.0152	56.281000000000006	56.525900000000028	56.872100000000003	57.364899999999999	59.939300000000003	61.009	62.016200000000005	63.439900000000002	64.364000000000004	64.888999999999982	65.361500000000007	65.8095	66.455500000000001	70.935100000000006	74.195599999999999	74.524799999999999	74.825999999999979	75.247800000000026	75.847499999999997	76.710099999999997	83.108299999999986	84.456700000000012	85.054300000000012	85.501599999999996	85.903800000000004	86.283000000000001	86.826300000000003	87.610600000000005	89.399000000000001	92.154600000000002	95.828199999999981	96.838099999999983	97.536100000000005	98.039299999999997	98.487899999999996	98.914200000000079	99.528199999999998	100.41700000000006	101.709	103.474	107.93300000000002	111.17899999999995	111.521	111.99100000000006	112.532	113.026	113.5	114.18799999999999	115.18799999999999	116.648	117.476	122.705	126.833	127.35	127.89700000000002	128.38900000000001	128.78300000000002	129.15700000000001	129.52000000000001	130.048	130.82100000000011	131.94800000000001	133.59800000000001	134.21099999999998	134.44	136.82200000000012	140.10900000000001	144.375	145.31399999999999	146.161	146.8610000000001	147.40900000000002	147.93100000000001	148.43900000000002	149.18	150.26499999999999	151.85600000000011	154.39000000000001	155.94499999999999	157.43200000000004	158.85900000000001	160.911	163.78	166.33500000000001	166.83700000000007	167.29499999999999	167.73	168.27699999999999	169.01900000000001	169.82300000000001	169.82300000000001	128.405	87.780799999999999	74.033699999999996	53.696200000000012	27.3445	18.829000000000001	8.1204100000000015	0	0	0	0	0	0	0	0	0	11025 elements	0	3.5084399999999998	4.3855499999999985	5.7012100000000014	7.0168699999999999	8.3325400000000087	9.6481999999999992	10.963900000000002	12.279500000000002	13.5952	14.9109	16.22649999999998	17.54219999999998	18.857900000000015	20.173500000000001	21.489199999999979	22.804800000000014	24.1205	25.436199999999989	26.751799999999989	28.067499999999981	29.383200000000002	30.698799999999981	32.014499999999998	33.330200000000005	34.645800000000008	35.961500000000001	37.277100000000011	38.592800000000011	39.908500000000011	41.224100000000028	42.5398	43.855499999999999	45.171100000000003	46.486800000000002	47.802500000000002	49.118100000000013	50.433800000000005	51.749500000000012	53.065100000000029	54.380800000000001	56.354299999999995	58.327799999999996	60.301300000000005	62.274800000000006	64.2483	66.221800000000002	68.195300000000003	70.168699999999987	72.142200000000003	74.11569999999999	76.089199999999991	78.062699999999992	80.036200000000022	82.009700000000009	83.983199999999997	85.956700000000012	87.930200000000056	89.903700000000001	91.877200000000002	93.850699999999989	95.824200000000005	97.797700000000006	99.771200000000007	101.745	103.718	106.67799999999998	109.639	112.599	115.559	118.51900000000002	121.48	124.44000000000005	127.40000000000002	130.36000000000001	133.32100000000011	136.28100000000001	140.721	145.16200000000001	149.602	154.042	158.483	162.923	164.03300000000002	165.69800000000001	167.363	169.02900000000002	171.52600000000001	175.27299999999997	179.01900000000001	182.76600000000002	186.51300000000001	190.25900000000001	194.006	197.75200000000001	201.49900000000002	205.24499999999998	208.99200000000013	212.738	216.48500000000001	220.232	223.97800000000001	227.72500000000002	231.471	235.21800000000002	238.964	242.71099999999998	246.45700000000014	250.20399999999998	255.82400000000001	257.22899999999959	258.63399999999973	260.74099999999999	262.84899999999999	264.95599999999979	268.11700000000002	271.27799999999979	274.44	279.18100000000004	280.959	283.62700000000001	287.62799999999999	291.62799999999999	295.62899999999973	299.63	303.63099999999974	309.63200000000001	311.13200000000001	312.63299999999975	314.88300000000004	318.25900000000001	323.32300000000004	328.3859999999998	333.45000000000005	338.51300000000003	339.779	341.678	344.52599999999978	347.37400000000002	350.22299999999979	354.49499999999978	356.09699999999958	357.69900000000001	359.30200000000002	361.70499999999993	365.31	370.71700000000004	376.12400000000002	381.53099999999978	386.93899999999951	392.34599999999995	397.75300000000004	403.16	411.27099999999979	413.29900000000004	415.327	417.35399999999993	420.39599999999979	424.95800000000003	431.80200000000002	442.06700000000001	452.33199999999965	454.899	457.46500000000003	461.31400000000002	467.089	475.75	478.99799999999965	483.87	491.178	493.91899999999958	498.029	504.19499999999994	510.36199999999974	516.52800000000002	525.77700000000004	535.0259999999995	544.27500000000043	546.58799999999997	548.90000000000009	552.36799999999926	557.57100000000003	565.375	577.0809999999999	581.471	588.0549999999995	597.93199999999956	601.63599999999997	607.19200000000001	612.74799999999948	618.30399999999997	626.63699999999949	639.13800000000003	651.63800000000003	654.76300000000003	657.8889999999999	662.57600000000002	667.26400000000001	671.95199999999954	676.63900000000001	683.67100000000005	694.21799999999996	698.17300000000046	704.10599999999999	710.03899999999999	715.97200000000009	721.90499999999997	727.83799999999928	733.77100000000041	739.70400000000052	745.63599999999997	754.53599999999949	767.88499999999999	772.89	777.89600000000007	782.90199999999959	790.41099999999949	793.22699999999998	797.44999999999959	799.03399999999999	801.41	804.97399999999993	810.31899999999996	818.33799999999928	830.36599999999964	848.40699999999958	855.17200000000003	861.93799999999942	868.70400000000052	875.4689999999996	877.16000000000008	879.69799999999998	883.50300000000004	887.30899999999997	891.11399999999992	896.82300000000009	905.38499999999999	918.22899999999993	923.04599999999959	930.27100000000041	932.98	933.99600000000009	935.52	937.80599999999959	940.09199999999998	942.37800000000004	945.80699999999945	950.94999999999948	958.66499999999996	970.23800000000051	973.13099999999997	976.024	980.36399999999958	986.87300000000005	996.63800000000003	1011.2800000000004	1033.25	1035.31	1037.3699999999999	1039.43	1042.52	1047.1599999999999	1054.1099999999999	1064.54	1067.1399999999999	1069.75	1072.3599999999999	1074.96	1078.8699999999999	1084.74	1093.54	1106.73	1126.53	1133.95	1136.73	1140.9100000000001	1147.1699999999998	1153.44	1159.7	1169.0999999999999	1172.6199999999999	1177.8999999999999	1185.83	1193.76	1201.6799999999998	1213.57	1231.4100000000001	1258.1599999999999	1260.6699999999998	1263.1799999999998	1265.6899999999998	1269.45	1275.0899999999999	1283.56	1296.26	1299.43	1302.6099999999999	1307.3699999999999	1314.51	1325.22	1341.2900000000002	1365.3999999999999	1389.5	1391.01	1392.52	1394.02	1396.28	1399.6699999999998	1404.76	1412.3899999999999	1423.83	1428.12	1434.55	1444.21	1458.6799999999998	1480.3999999999999	1512.98	1521.1299999999999	1529.27	1532.33	1533.47	1535.1899999999998	1536.91	1538.6299999999999	1540.34	1542.92	1546.7900000000002	1552.59	1561.28	1574.33	1579.22	1586.56	1593.9	1601.24	1612.25	1628.76	1653.53	1678.29	1684.49	1690.6799999999998	1693	1696.48	1701.71	1706.93	1712.1599999999999	1719.99	1731.75	1736.1599999999999	1742.77	1752.6899999999998	1762.6	1772.52	1787.4	1809.72	1832.03	1854.35	1876.6599999999999	1878.0600000000002	1879.45	1880.85	1882.94	1886.08	1890.79	1897.85	1908.44	1912.41	1918.37	1927.3	1936.24	1945.1799999999998	1954.11	1967.52	1987.6299999999999	2017.7900000000002	2047.9500000000003	2055.4899999999998	2063.0299999999997	2074.34	2075.4	2076.46	2077.52	2079.11	2081.5	2085.0700000000002	2090.44	2098.4899999999998	2110.5700000000002	2128.69	2146.8100000000018	2164.92	2183.04	2201.16	2219.27	2237.3900000000012	2245.4	2245.4	2189.27	2133.13	2112.0800000000004	2080.5	2033.1399999999999	2015.3799999999999	1988.74	1978.75	1963.76	1958.1399999999999	1956.03	1955.24	1954.06	1952.28	1949.61	1945.61	1939.61	1930.61	1917.1	1896.85	1866.47	1820.8999999999999	1752.54	1650	1496.1899999999998	1265.49	919.423	400.32800000000003	0	0	9.7123000000000001E-3	1.5685000000000001E-2	2.5577699999999998E-2	3.7555499999999999E-2	5.1246299999999995E-2	6.6252900000000003E-2	8.3893000000000065E-2	0.10470400000000009	0.12398400000000002	0.14585500000000001	0.171178	0.19184699999999999	0.22346099999999999	0.24529900000000018	0.28003500000000003	0.30196700000000032	0.34026300000000004	0.36411500000000002	0.40288100000000032	0.43486800000000037	0.46593000000000001	0.50938399999999928	0.53491	0.57728599999999997	0.619363	0.64508699999999997	0.6933319999999995	0.7374039999999995	0.76565100000000075	0.81157500000000005	0.86329599999999995	0.89605299999999954	0.92906	0.991035	1.03444	1.06708	1.1092	1.17353	1.2171299999999992	1.2517899999999991	1.32606	1.4104099999999991	1.46671	1.5441499999999999	1.63534	1.6971400000000001	1.7581199999999999	1.8680399999999999	1.9407700000000001	2.0011000000000001	2.0909399999999998	2.19	2.2625899999999999	2.3256799999999984	2.419909999999998	2.5245799999999998	2.6027999999999998	2.6707800000000002	2.7422599999999981	2.8667899999999982	2.9572599999999984	3.03382	3.1035100000000018	3.1917300000000002	3.314099999999998	3.4476	3.5611700000000002	3.7044199999999998	3.87073	4.0018399999999996	4.1167600000000002	4.2760800000000003	4.4444799999999995	4.58209	4.7050200000000002	4.8431099999999985	5.1091799999999985	5.3194400000000002	5.5010300000000001	5.7922799999999999	6.0206499999999998	6.1874299999999964	6.2283099999999996	6.3646599999999962	6.4818800000000003	6.5862900000000035	6.7267000000000001	6.9196200000000037	7.0521299999999965	7.2745099999999985	7.5314100000000002	7.7494300000000003	7.9389000000000003	8.04847	8.3137900000000027	8.5768800000000027	8.8058900000000087	9.00929	9.1292299999999997	9.3219000000000012	9.6219800000000006	9.8774700000000006	10.1105	10.2903	10.388300000000001	10.619400000000002	10.930400000000002	11.1998	11.5616	11.626200000000001	11.684200000000001	11.7408	11.787700000000001	11.847900000000001	12.152600000000007	12.4168	12.6553	12.985900000000004	13.101100000000001	13.2234	13.328100000000001	13.424200000000001	13.8233	14.165600000000007	14.475500000000007	14.882200000000006	14.9541	15.0015	15.0601	15.136200000000001	15.436500000000002	15.924000000000001	16.349799999999977	16.741399999999981	16.8155	16.910900000000005	16.99639999999998	17.067499999999981	17.131699999999999	17.3246	17.507100000000001	17.678899999999999	17.840599999999977	18.067699999999981	18.386500000000002	18.833300000000001	19.138500000000001	19.285199999999978	19.409099999999981	19.821899999999999	20.391400000000001	20.898	21.539300000000001	21.614599999999999	21.6767	21.73269999999998	21.809899999999999	21.917000000000005	22.374199999999988	23.464599999999979	24.3247	24.415800000000001	24.4939	24.597899999999999	24.74	25.294699999999981	25.6965	26.239000000000001	26.981399999999979	27.240100000000002	27.479900000000001	27.672000000000001	27.836400000000001	27.988799999999973	28.79519999999998	29.876999999999999	30.815000000000001	30.945099999999982	31.031300000000005	31.143899999999999	31.294	31.499699999999979	32.197300000000013	32.798900000000039	33.604500000000002	34.687100000000001	34.898600000000002	35.091500000000003	35.259400000000007	35.415100000000002	35.636000000000003	36.7864	38.384899999999995	38.7592	39.101100000000002	39.344599999999993	39.512700000000002	39.663300000000028	39.804099999999998	40.003900000000002	40.289700000000003	40.582000000000001	41.502300000000012	42.329800000000006	43.1038	43.8431	44.268600000000013	44.4895	44.685500000000012	44.868600000000001	45.129500000000029	45.502900000000011	46.277300000000011	47.06	47.787300000000002	48.812100000000001	49.184699999999999	49.6599	49.749100000000013	49.854699999999994	49.995200000000011	50.185900000000011	50.449100000000001	50.818400000000004	51.436400000000006	52.62270000000003	53.688100000000013	54.683100000000003	55.633100000000013	55.820800000000006	55.985300000000002	56.155500000000011	56.307600000000001	56.449600000000004	56.649700000000003	56.933600000000006	57.338800000000006	57.487599999999993	57.707500000000003	57.789200000000001	57.819800000000001	57.884099999999997	58.332800000000006	58.763400000000011	59.176000000000002	59.764100000000013	60.600200000000001	61.786500000000011	63.056000000000004	63.188000000000002	63.310200000000002	63.481400000000001	63.721700000000013	64.0608	64.544100000000057	65.349100000000007	65.775899999999979	66.188399999999959	66.586100000000002	67.155999999999949	67.967700000000022	69.122399999999942	70.646000000000001	70.844499999999996	70.978999999999999	71.099800000000002	71.213800000000006	71.375399999999942	71.604200000000006	71.928600000000003	72.391900000000007	73.054300000000012	73.296600000000026	73.387	73.815299999999993	75.109899999999982	76.294500000000056	77.409899999999993	78.997700000000023	79.41710000000009	79.790999999999997	80.1511	80.477500000000006	80.785600000000002	81.226799999999983	81.860200000000006	82.826899999999981	83.405100000000004	83.962700000000012	84.498900000000006	85.263900000000007	86.352199999999982	87.902100000000004	89.566900000000004	89.763800000000003	89.924099999999996	90.143199999999993	90.449799999999996	90.882999999999981	91.501099999999994	92.38	93.302499999999981	93.672199999999989	94.034700000000001	94.389699999999991	94.906599999999997	95.6477	96.702000000000012	98.2059	100.17700000000001	100.59699999999999	101.01700000000002	101.477	102.09699999999999	102.968	104.202	104.506	104.806	104.91800000000002	104.96100000000006	105.21599999999999	105.657	106.08799999999999	106.51100000000002	107.12299999999998	107.99900000000002	109.248	111.03100000000002	112.971	113.374	113.77500000000001	114.12499999999999	114.458	114.938	115.627	116.61799999999999	117.58199999999999	117.821	118.059	118.148	118.46700000000006	119.839	121.12599999999998	122.339	124.069	126.307	126.837	127.429	127.99100000000006	128.47300000000001	128.93300000000002	129.595	130.54599999999999	131.46900000000002	132.37100000000001	133.4920000000001	133.89000000000001	134.28100000000001	134.666	135.23099999999999	136.048	137.21699999999998	138.89200000000011	141.22499999999999	141.8910000000001	142.64299999999997	143.435	143.947	144.40200000000004	144.83700000000007	145.46800000000007	146.37700000000001	147.68600000000001	148.96300000000002	149.28200000000001	149.6	150.18200000000004	150.50200000000001	150.81800000000001	151.131	151.59200000000001	152.268	153.24499999999998	154.636	156.62700000000001	159.16300000000001	161.16399999999999	162.21699999999998	163.13499999999999	164.012	164.8610000000001	165.684	166.49300000000002	166.85000000000011	166.85000000000011	126.02	86.040200000000027	72.297300000000007	52.349400000000003	26.134799999999988	17.8264	7.46333	4.3672699999999995	0.93244899999999997	0.17676900000000012	3.1180099999999999E-2	5.1471799999999995E-3	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	Indentation depth (nm)
Load (mN)
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Load (mN)

1000°C_Experiment	5.1025000000000001E-2	25.013798999999999	58.618487000000002	87.874711000000005	110.476859	123.759888	139.68003400000001	158.774731	174.56297499999999	193.06182999999999	212.193151	232.70265900000001	254.59644499999999	273.23103099999997	291.73070799999999	308.99078600000001	322.69125200000002	333.46720099999999	343.19442199999997	352.65238599999998	361.60866099999998	370.78643799999998	380.74657400000001	389.339247	398.40523300000001	407.33893499999999	415.38814100000002	422.53399000000002	430.30855400000002	438.19865600000003	446.07005199999998	452.53375599999998	459.73924	468.41882500000003	476.53310699999997	484.65432600000003	491.542351	499.20697899999999	507.09117199999997	516.22611400000005	525.27754500000003	534.37514999999996	542.18365600000004	549.77308300000004	556.97373700000003	564.09100000000001	571.83953799999995	579.248379	585.39983700000005	590.26845400000002	596.35691099999997	602.41897400000005	608.76245100000006	616.44483600000001	623.92023700000004	630.04950499999995	636.72400500000003	643.087176	650.556558	657.76729	665.39579400000002	671.47856100000001	678.54994799999997	686.361132	694.53551000000004	703.36654099999998	711.706501	719.16591200000005	725.96312	732.90479700000003	741.70867399999997	752.26767299999995	762.61738100000002	772.60361899999998	781.59348299999999	790.09245999999996	798.57390199999998	807.58870899999999	817.90872200000001	826.82034199999998	835.78558599999997	844.48774700000001	852.22184500000003	860.15307299999995	868.24644000000001	876.23465099999999	883.21537599999999	891.06358799999998	898.31411900000001	904.763823	911.60193700000002	917.70082600000001	924.325333	930.78929000000005	937.61580100000003	944.35512200000005	951.29162199999996	958.20208500000001	964.66614600000003	971.52917400000001	978.80773199999999	984.62519799999995	991.180835	997.429213	1003.618084	1009.470181	1016.108536	1022.484945	1028.352523	1034.181499	1040.030575	1046.777881	1053.243639	1058.883795	1065.2411199999999	1071.7203260000001	1077.9266700000001	1083.6810290000001	1089.2538930000001	1094.6752530000001	1100.57395	1105.7580909999999	1111.354585	1117.269779	1122.875591	1128.3459049999999	1133.813114	1139.0672059999999	1144.267636	1149.867663	1155.729673	1161.578438	1167.424769	1173.76126	1180.150416	1186.115976	1192.027777	1197.971323	1203.9317390000001	1209.733377	1215.488842	1221.0862830000001	1226.8847800000001	1232.7749229999999	1238.602842	1244.358369	1250.3576190000001	1255.7018760000001	1261.071653	1267.0034370000001	1272.5986029999999	1279.1687529999999	1285.3149060000001	1291.1904199999999	1297.6502459999999	1303.8044030000001	1310.089588	1316.3431029999999	1323.2692259999999	1330.3391449999999	1337.495236	1344.1624280000001	1351.082889	1358.344466	1365.3340800000001	1371.984342	1378.6487030000001	1384.5219489999999	1390.4923719999999	1396.3015720000001	1402.261626	1408.1498079999999	1414.300162	1420.022901	1425.8956229999999	1431.8787970000001	1437.498979	1443.1226449999999	1448.2941080000001	1453.9374359999999	1459.0894229999999	1464.582611	1469.6454659999999	1474.8123049999999	1480.229259	1486.2483400000001	1491.6543959999999	1497.7150489999999	1503.2189189999999	1509.301015	1515.4564069999999	1522.1657970000001	1528.057818	1533.8155859999999	1539.6143059999999	1544.700566	1549.712904	1555.433526	1560.6269950000001	1566.4230230000001	1572.4869169999999	1578.304797	1583.8844549999999	1589.6008179999999	1594.8239349999999	1600.4494380000001	1605.812531	1610.7268369999999	1615.838771	1620.7864939999999	1625.7611179999999	1630.744001	1635.901259	1641.3584049999999	1646.0225909999999	1651.3422479999999	1656.04746	1660.9488719999999	1666.3821840000001	1671.7782890000001	1677.08439	1681.731546	1686.9725820000001	1692.038769	1697.2724490000001	1702.3935349999999	1708.0486519999999	1713.5062640000001	1718.7840080000001	1724.7943379999999	1730.747936	1736.863887	1742.997656	1749.142462	1755.013923	1760.4615779999999	1766.165319	1771.190642	1776.7216309999999	1781.840745	1787.292451	1792.5193380000001	1797.7343149999999	1803.128033	1808.5980030000001	1813.826658	1819.157095	1824.2906399999999	1829.1527659999999	1834.2146399999999	1839.684217	1845.0416990000001	1850.8085369999999	1856.7364359999999	1862.4122259999999	1868.3173879999999	1873.5193420000001	1879.139852	1884.5750169999999	1889.2677960000001	1894.378025	1899.3048140000001	1904.537149	1909.654014	1914.800442	1920.3449700000001	1973.2274299999999	1973.399281	1972.889312	1972.060808	1970.9085729999999	1970.103832	1969.7027109999999	1969.101467	1967.874642	1967.4074000000001	1966.29898	1965.32007	1964.574359	1963.4924619999999	1962.35833	1961.316419	1960.501444	1959.9175230000001	1958.914998	1957.8455019999999	1956.8218899999999	1955.8264220000001	1954.71126	1953.9287879999999	1952.801146	1951.537028	1950.6586010000001	1949.839389	1948.9636869999999	1947.823521	1946.3892940000001	1945.3053629999999	1944.327297	1943.353758	1942.4279320000001	1941.0865289999999	1940.18308	1939.0532760000001	1938.5987950000001	1937.1512250000001	1935.875219	1935.1794950000001	1934.0724760000001	1932.7375930000001	1931.7009700000001	1930.8968589999999	1929.630265	1928.4258440000001	1927.0109130000001	1926.05663	1925.2871520000001	1923.982246	1923.1790140000001	1922.2597800000001	1920.8462790000001	1920.174955	1918.777568	1917.7708359999999	1916.2247500000001	1915.317194	1914.3370890000001	1913.016327	1911.7100029999999	1910.823952	1909.820048	1908.244183	1907.380476	1906.28422	1904.905663	1903.769628	1902.508094	1901.422239	1900.397414	1899.1393639999999	1897.76847	1896.9587180000001	1895.5075919999999	1894.588577	1893.1355000000001	1892.2852370000001	1891.2227439999999	1890.2156359999999	1888.5845999999999	1887.3651	1886.2631630000001	1884.8662629999999	1883.8214889999999	1882.4323380000001	1881.3002269999999	1880.278677	1879.086409	1877.7745890000001	1876.3832190000001	1875.186841	1873.9668879999999	1872.7571109999999	1871.48936	1870.468112	1869.015703	1867.533598	1866.4046530000001	1865.3838679999999	1864.1638929999999	1863.0449020000001	1861.798759	1860.677987	1859.4225060000001	1857.592525	1856.594697	1855.202268	1854.115399	1852.5257999999999	1851.00009	1849.8661810000001	1848.447711	1847.2889560000001	1846.0838180000001	1844.623206	1843.4941759999999	1842.0255910000001	1840.592359	1839.2865389999999	1838.256181	1836.54045	1835.3020590000001	1834.2575469999999	1832.8804279999999	1831.5136090000001	1829.969971	1828.6238209999999	1827.300968	1825.719355	1824.6386279999999	1823.3027939999999	1821.83501	1820.4621810000001	1819.479912	1817.700306	1816.351163	1814.9212150000001	1813.3758069999999	1812.2313529999999	1810.6337410000001	1809.594298	1807.8999690000001	1806.231929	1805.006521	1803.705751	1801.9789679999999	1800.3963650000001	1799.2451900000001	1797.4898679999999	1796.2907729999999	1794.5530759999999	1793.4473519999999	1791.2774979999999	1790.0455260000001	1788.5814929999999	1786.7150650000001	1785.272847	1783.923415	1782.709638	1781.106137	1779.448889	1777.698118	1776.233391	1774.802275	1773.109199	1771.532367	1770.3605600000001	1768.6417739999999	1766.7732149999999	1764.978071	1763.628479	1761.833077	1759.9929669999999	1758.487834	1756.777004	1755.045977	1753.301307	1751.6552630000001	1750.2533410000001	1748.46795	1747.0506660000001	1745.2898170000001	1743.4508089999999	1741.6649420000001	1739.745866	1737.8686700000001	1736.093063	1734.4216779999999	1732.545153	1730.6573619999999	1728.855982	1727.1580280000001	1725.2268670000001	1723.270352	1721.2142510000001	1719.749317	1717.7442140000001	1715.6434139999999	1713.7293520000001	1712.1686299999999	1710.204876	1707.935115	1706.1774459999999	1704.1138780000001	1702.155906	1700.0857980000001	1698.0803410000001	1696.00008	1693.868332	1692.0909610000001	1689.827544	1687.615362	1685.374395	1683.165133	1681.200666	1678.980843	1676.6568500000001	1674.5359229999999	1672.408823	1669.7563009999999	1667.6495749999999	1665.3328610000001	1663.06403	1660.986527	1658.1454020000001	1655.668453	1653.4286159999999	1651.0166899999999	1648.227459	1646.013784	1643.630991	1641.1740030000001	1638.3380279999999	1636.0058180000001	1632.8683880000001	1630.3156429999999	1627.6280569999999	1625.026936	1621.7067480000001	1618.9522449999999	1616.336859	1613.0207109999999	1610.0003340000001	1607.1371959999999	1603.7282070000001	1600.4470940000001	1597.5300199999999	1594.0279680000001	1590.4662149999999	1587.3417870000001	1571.1848669999999	1570.4821690000001	1568.830651	1566.3958660000001	1564.1898980000001	1561.983796	1559.7263190000001	1557.0537440000001	1554.3080110000001	1551.2048010000001	1547.5521229999999	1543.607043	1539.7611429999999	1535.7013469999999	1531.514711	1527.394546	1522.16401	1516.6000389999999	1511.5898	1505.4336579999999	1498.937428	1492.820737	1485.1946330000001	1476.0085799999999	1466.677036	1457.1753650000001	1444.9719580000001	1434.791183	1423.8437329999999	1363.568528	3.0040000000000001E-2	1.0649	2.0192800000000002	2.9346000000000001	3.8397800000000002	4.7469200000000003	5.7026599999999998	6.6482599999999996	7.5613599999999996	8.4673800000000004	9.3862400000000008	10.293839999999999	11.2464	12.160740000000001	13.06582	13.97428	14.880839999999999	15.78792	16.69416	17.59994	18.5075	19.414940000000001	20.321940000000001	21.242740000000001	22.14744	23.052679999999999	23.95852	24.863499999999998	25.76914	26.674440000000001	27.580100000000002	28.487719999999999	29.393999999999998	30.301079999999999	31.208659999999998	32.115920000000003	33.022759999999998	33.930199999999999	34.837699999999998	35.745280000000001	36.652700000000003	37.560319999999997	38.468319999999999	39.376660000000001	40.285200000000003	41.193899999999999	42.149340000000002	43.0642	43.973500000000001	44.881320000000002	45.789639999999999	46.697580000000002	47.606879999999997	48.516399999999997	49.424460000000003	50.333379999999998	51.242019999999997	52.150199999999998	53.10436	54.020139999999998	54.926299999999998	55.835380000000001	56.741120000000002	57.64884	58.554220000000001	59.461680000000001	60.36768	61.274700000000003	62.182400000000001	63.09028	63.997459999999997	64.906459999999996	65.813339999999997	66.722639999999998	67.630840000000006	68.539680000000004	69.450220000000002	70.358419999999995	71.265079999999998	72.174660000000003	73.082920000000001	73.992199999999997	74.899439999999998	75.808139999999995	76.717320000000001	77.625600000000006	78.533659999999998	79.443960000000004	80.351259999999996	81.267960000000002	82.175740000000005	83.08426	83.993179999999995	84.902240000000006	85.810059999999993	86.719660000000005	87.627859999999998	88.53698	89.457899999999995	90.365780000000001	91.281899999999993	92.189800000000005	93.098680000000002	94.007040000000003	94.916160000000005	95.824219999999997	96.733059999999995	97.641080000000002	98.549180000000007	99.4572	100.36484	101.32126	102.23793999999999	103.14764	104.10406	105.0192	105.92807999999999	106.83504000000001	107.74208	108.64962	109.55612000000001	110.46248	111.36954	112.27679999999999	113.18916	114.09634	115.00409999999999	115.91176	116.81886	117.72808000000001	118.63636	119.54464	120.45198000000001	121.35975999999999	122.26730000000001	123.17556	124.08382	124.99312	125.90161999999999	126.80947999999999	127.718	128.62616	129.53505999999999	130.44300000000001	131.35158000000001	132.26074	133.16865999999999	134.07740000000001	134.9854	135.89519999999999	136.80323999999999	137.71186	138.61969999999999	139.52833999999999	140.43683999999999	141.34584000000001	142.25554	143.16432	144.07336000000001	144.98184000000001	145.89214000000001	146.80117999999999	147.71204	148.62106	149.53149999999999	150.44049999999999	151.35035999999999	152.25962000000001	153.16998000000001	154.08070000000001	154.98990000000001	155.90047999999999	156.81003999999999	157.72013999999999	158.62961999999999	159.53968	160.44908000000001	161.36009999999999	162.27068	163.18049999999999	164.09072	165.00082	165.91104000000001	166.82167999999999	167.73282	168.64248000000001	169.55276000000001	170.46307999999999	171.37190000000001	172.28147999999999	173.19015999999999	174.10035999999999	175.00926000000001	175.91872000000001	176.82914	177.73916	178.64815999999999	179.55748	180.46693999999999	181.37675999999999	182.28657999999999	183.20344	184.11322000000001	185.02250000000001	185.93268	186.84147999999999	187.75128000000001	188.66059999999999	189.57012	190.47978000000001	191.38937999999999	192.30027999999999	193.21075999999999	194.12139999999999	195.03162	195.94098	196.85059999999999	197.76249999999999	198.6729	199.58457999999999	200.49592000000001	201.40616	202.3168	203.22676000000001	204.13668000000001	205.04696000000001	205.95580000000001	206.86456000000001	207.77351999999999	208.68244000000001	209.5926	210.50208000000001	211.41040000000001	212.32068000000001	213.23176000000001	214.14052000000001	215.04882000000001	215.95756	216.86642000000001	217.77536000000001	218.68450000000001	219.59515999999999	220.50435999999999	221.41334000000001	222.32272	223.23215999999999	224.14080000000001	225.04924	225.95804000000001	226.86684	227.77590000000001	228.68557999999999	229.59513999999999	230.50489999999999	231.41481999999999	232.32454000000001	233.23754	234.14653999999999	235.05549999999999	235.96516	236.87466000000001	237.78425999999999	238.69474	239.60481999999999	240.52590000000001	241.43600000000001	241.43595999999999	240.54205400000001	239.68158099999999	238.823106	237.96499800000001	237.106279	236.24812399999999	235.38975600000001	234.531297	233.67302100000001	232.814943	231.95688000000001	231.09831399999999	230.23976300000001	229.381181	228.522783	227.663636	226.80529899999999	225.94703799999999	225.08864	224.23065299999999	223.37245300000001	222.513353	221.654481	220.79693700000001	219.938661	219.07980499999999	218.22091800000001	217.36230599999999	216.50314499999999	215.6447	214.786393	213.92799500000001	213.06956600000001	212.21081699999999	211.35221999999999	210.49409600000001	209.63571300000001	208.777604	207.91890100000001	207.059663	206.200547	205.341554	204.48280500000001	203.62466599999999	202.76661799999999	201.90771599999999	201.04942399999999	200.19021699999999	199.331514	198.473207	197.61424400000001	196.75538800000001	195.89700400000001	195.037904	194.17956699999999	193.32119900000001	192.462739	191.604356	190.73397900000001	189.875474	189.017213	188.15884500000001	187.30015700000001	186.44163599999999	185.58329900000001	184.72459499999999	183.86590699999999	183.00744800000001	182.14944600000001	181.29074199999999	180.432344	179.57359400000001	178.714326	177.855943	176.99723900000001	176.13858200000001	175.27917600000001	174.420884	173.562501	172.70396500000001	171.84553600000001	170.98718400000001	170.12872400000001	169.27023399999999	168.411866	167.55290299999999	166.69362000000001	165.834092	164.97503800000001	164.115815	163.258195	162.40008700000001	161.54184100000001	160.68364099999999	159.82493700000001	158.96583699999999	158.10698099999999	157.247773	156.389039	155.53027499999999	154.67186100000001	153.813356	152.954759	152.096025	151.23727500000001	150.37872400000001	149.519914	148.66110399999999	147.80177399999999	146.943116	146.08386400000001	145.224839	144.366319	143.50784400000001	142.64952199999999	141.79118500000001	140.93168800000001	140.073182	139.21490600000001	138.35640100000001	137.49762100000001	136.638994	135.78057999999999	134.92239499999999	134.06411900000001	133.205735	132.34758099999999	131.488878	130.630235	129.77165299999999	128.91298	128.05458200000001	127.196122	126.33763999999999	125.473298	124.61506	123.756738	122.89792	122.03872	121.1802	120.321817	119.4628	118.603959	117.745424	116.886758	116.02844399999999	115.170259	114.311303	113.452302	112.592843	111.73491799999999	110.87676399999999	110.017961	109.15947799999999	108.30076	107.44236100000001	106.583978	105.725381	104.866739	104.00805800000001	103.149637	102.291078	101.43226	100.57386099999999	99.715363999999994	98.856735999999998	97.998102000000003	97.139000999999993	96.280282	95.421502000000004	94.562341000000004	93.703759000000005	92.844819000000001	91.985544000000004	91.126358999999994	90.267861999999994	89.409020999999996	88.549981000000002	87.691216999999995	86.831743000000003	85.973061999999999	85.114518000000004	84.255776999999995	83.397217999999995	82.538758999999999	81.680177	80.821320999999998	79.962800000000001	79.104202999999998	78.245683	77.386978999999997	76.528015999999994	75.669099000000003	74.810822999999999	73.952698999999996	73.094102000000007	72.235803000000004	71.377556999999996	70.518602000000001	69.659997000000004	68.801477000000006	67.942018000000004	67.083162000000002	66.224603000000002	65.366021000000003	64.507042999999996	63.648060999999998	62.790399000000001	61.932141999999999	61.073442	60.214661999999997	59.355859000000002	58.496941999999997	57.637760999999998	56.778877999999999	55.920099	55.061920999999998	54.203698000000003	53.345238999999999	52.486958999999999	51.628518	50.769798999999999	49.910660999999998	49.052339000000003	48.193921000000003	47.335000000000001	46.476300999999999	45.617479000000003	44.758499999999998	43.899800999999997	43.041058999999997	42.182699	41.323757999999998	40.465477999999997	39.606340000000003	38.747258000000002	37.888680999999998	37.030197999999999	36.171940999999997	35.313198999999997	34.454678999999999	33.596119999999999	32.736958999999999	31.878399999999999	31.019860999999999	30.161280999999999	29.30256	28.443999999999999	27.585360999999999	26.726779000000001	25.868220999999998	25.009820000000001	25.009779999999999	24.151820000000001	23.293379999999999	22.432941	21.574161	20.715420999999999	19.856259999999999	18.997278999999999	18.138780000000001	17.280080000000002	16.421099999999999	15.562620000000001	14.703961	13.845020999999999	12.98574	12.127000000000001	11.268319999999999	10.40944	9.5479409999999998	8.6891010000000009	7.83026	6.9717200000000004	6.1132200000000001	5.2540199999999997	4.3951399999999996	3.5361400000000001	2.677	1.81772	0.95975999999999995	0.10142	1000°C_Simulation	0	12.3337	24.6675	37.001199999999997	49.335000000000001	61.668799999999997	74.002499999999998	86.336299999999994	98.67	111.004	123.33799999999999	135.67099999999999	148.005	151.08799999999999	154.172	157.255	160.339	164.964	171.90199999999999	174.50299999999999	178.40600000000001	182.30799999999999	186.21100000000001	192.06399999999999	200.845	209.626	218.40600000000001	227.18700000000001	230.47900000000001	235.41900000000001	242.827	253.94	265.053	276.166	287.279	298.392	315.06099999999998	331.73	335.89800000000002	340.065	346.31599999999997	355.69299999999998	365.06900000000002	374.44600000000003	377.96199999999999	383.23599999999999	391.14800000000002	403.01499999999999	420.815	438.61599999999999	443.06599999999997	447.517	454.19200000000001	464.20499999999998	474.21800000000002	484.23099999999999	494.24299999999999	504.25599999999997	514.26900000000001	529.28899999999999	544.30799999999999	548.06299999999999	551.81799999999998	555.57299999999998	559.327	564.96	573.40800000000002	586.08100000000002	605.08900000000006	612.21799999999996	622.91	638.94899999999996	654.98800000000006	671.02700000000004	695.08500000000004	701.09900000000005	707.11400000000003	716.13599999999997	729.66800000000001	749.96699999999998	757.57899999999995	768.99800000000005	786.125	790.40700000000004	794.68899999999996	801.11099999999999	810.745	825.197	846.87300000000005	855.00199999999995	867.19500000000005	885.48500000000001	890.05799999999999	894.63	901.48900000000003	911.77700000000004	927.20899999999995	950.35699999999997	959.03700000000003	967.71799999999996	976.39800000000002	989.41899999999998	994.30200000000002	1001.63	1008.95	1016.27	1027.26	1043.74	1068.46	1077.73	1091.6300000000001	1112.49	1120.31	1132.04	1143.77	1155.51	1173.0999999999999	1199.5	1209.4000000000001	1219.3	1229.2	1244.05	1258.8900000000001	1273.74	1288.5899999999999	1303.44	1325.71	1359.12	1371.65	1390.44	1397.49	1404.53	1411.58	1422.15	1438.01	1461.79	1497.47	1550.98	1564.36	1577.74	1597.81	1617.87	1637.94	1668.04	1713.19	1730.13	1736.48	1746	1760.29	1774.57	1788.86	1803.15	1817.43	1838.86	1871.01	1919.22	1932.77	1953.08	1973.4	1973.4	1924.06	1874.73	1800.73	1772.98	1731.35	1715.74	1692.33	1683.54	1670.37	1650.62	1620.98	1576.53	1509.85	1409.84	1259.81	1034.78	697.22299999999996	190.89099999999999	0	0	0.16172900000000001	0.53713699999999998	1.1205799999999999	1.72445	2.4280499999999998	3.2283900000000001	4.1112399999999996	5.0411200000000003	5.9188200000000002	6.8909900000000004	7.9562900000000001	8.8738100000000006	9.1143599999999996	9.4928600000000003	9.8134200000000007	10.097300000000001	10.4802	10.940899999999999	11.0822	11.6082	12.0383	12.4193	12.9368	13.4153	14.525399999999999	15.4339	16.1004	16.218699999999998	16.796700000000001	17.7502	18.933299999999999	19.5213	20.983599999999999	22.322500000000002	23.148900000000001	24.884799999999998	27.036899999999999	27.308800000000002	27.499199999999998	27.731000000000002	29.0366	30.452400000000001	31.702400000000001	32.085500000000003	32.375999999999998	32.695999999999998	33.959400000000002	36.7714	38.259300000000003	38.4495	38.623800000000003	39.2699	41.171999999999997	42.811300000000003	44.212000000000003	44.771900000000002	45.1999	45.841999999999999	48.827599999999997	51.353200000000001	51.732799999999997	51.963999999999999	52.165100000000002	52.346899999999998	52.606099999999998	52.968299999999999	54.387	58.207599999999999	59.493099999999998	60.533999999999999	61.334699999999998	62.0473	65.311099999999996	69.780799999999999	70.241399999999999	70.589500000000001	71.0595	71.710400000000007	74.056600000000003	75.957800000000006	78.501300000000001	81.1935	81.470500000000001	81.726100000000002	82.086500000000001	82.592299999999994	83.306799999999996	86.183599999999998	88.3232	91.206699999999998	93.951800000000006	94.253200000000007	94.5351	94.934600000000003	95.5	96.305300000000003	98.712999999999994	101.22799999999999	103.514	105.65600000000001	107.93300000000001	108.363	108.84699999999999	109.30200000000001	109.73699999999999	110.36199999999999	111.262	113.61199999999999	116.504	120.364	124.35899999999999	125.026	125.80500000000001	126.535	127.236	128.251	130.23099999999999	133.578	136.61199999999999	139.452	142.55699999999999	143.86500000000001	144.874	145.82900000000001	146.75200000000001	148.09399999999999	153.43799999999999	157.63999999999999	162.86000000000001	163.756	164.48400000000001	165.113	165.88300000000001	166.977	168.54	170.792	184.46199999999999	187.20400000000001	188.696	190.38399999999999	191.84299999999999	193.24	195.267	202.28200000000001	208.67699999999999	210.857	213.34200000000001	215.37700000000001	216.827	217.96799999999999	219.06399999999999	220.13	221.685	223.959	230.66900000000001	236.26499999999999	243.05099999999999	246.375	246.375	193.92	142.303	72.891900000000007	50.215200000000003	21.3628	12.661899999999999	2.84626	0.60975599999999996	0	0	0	0	0	0	0	0	0	0	0	Indentation depth (nm)
Load (mN)

1100°C_Experiment	0.21285899999999999	9.5101519999999997	21.829957	28.966802000000001	34.038733000000001	38.911838000000003	43.438456000000002	47.512056000000001	51.117694999999998	54.408971999999999	57.845035000000003	60.693838	64.532696000000001	67.438973000000004	70.277856	73.045057999999997	75.644960999999995	77.944275000000005	80.425520000000006	82.788848000000002	84.895002000000005	87.469481000000002	89.634652000000003	91.893942999999993	94.221120999999997	96.806066999999999	99.582002000000003	101.992656	104.119522	106.06434900000001	108.238636	109.87164300000001	111.658247	113.774197	115.73764799999999	117.827594	120.073509	121.650515	123.541049	125.32698499999999	127.563714	129.441146	131.07854	132.95446699999999	135.25022200000001	137.225078	139.00259500000001	141.17042900000001	142.621174	144.44646599999999	146.259997	147.82713899999999	149.03515100000001	150.65096800000001	152.44402600000001	154.48563300000001	156.32037399999999	157.60452599999999	159.46452500000001	161.51696000000001	163.09477000000001	164.35986199999999	165.83318199999999	167.92507800000001	169.14188100000001	171.053529	172.46877000000001	173.96727899999999	175.58473499999999	177.08561	178.525679	179.96494200000001	181.50760399999999	183.06679	184.49734799999999	186.35593600000001	188.05199999999999	189.52221299999999	190.76694699999999	192.61803699999999	193.96125599999999	195.84657100000001	197.486054	198.83763200000001	200.416246	201.77719400000001	203.43342200000001	204.85535899999999	206.50768600000001	207.89349999999999	209.704117	211.292711	212.715295	214.38475	216.03238200000001	217.34598600000001	219.06939	220.92801299999999	221.86922999999999	223.25830999999999	224.73413300000001	225.854983	227.70802699999999	229.37789799999999	230.549846	231.825084	233.368123	234.73590200000001	236.438029	237.77284399999999	239.09227799999999	240.126566	241.93880799999999	243.38362100000001	245.12642700000001	246.21259699999999	247.654301	249.42141899999999	250.746993	252.35595599999999	253.71485000000001	255.10188600000001	256.538298	258.17958099999998	259.604062	261.251375	262.53164199999998	264.06490600000001	265.33497899999998	266.703664	268.20528100000001	269.19349199999999	270.85254600000002	272.104512	273.79250999999999	275.10313100000002	276.72160500000001	277.86607099999998	279.54289399999999	281.08532400000001	282.54731500000003	283.88031100000001	285.15498400000001	286.40252800000002	287.81007699999998	289.23017499999997	290.57017500000001	292.00180499999999	293.29117500000001	294.498741	295.90917100000001	297.04547700000001	298.66216500000002	300.21161499999999	302.14579099999997	303.38703299999997	304.97891800000002	306.29737399999999	307.84433300000001	308.971273	310.52813600000002	311.87125500000002	313.59920099999999	314.743606	316.11355900000001	317.73330499999997	319.32435900000002	320.64630699999998	322.04915399999999	323.306625	324.63264400000003	325.86062900000002	327.96912800000001	329.11501500000003	330.957945	332.26435600000002	333.42101300000002	334.996644	336.42351500000001	337.97136599999999	339.15214700000001	340.78494499999999	342.34814699999998	343.88423399999999	345.446529	346.701256	348.03929399999998	349.34053399999999	350.75885299999999	352.29216300000002	353.835735	355.39431999999999	356.19321100000002	357.76239900000002	359.47265299999998	360.70767899999998	362.17116900000002	363.24113199999999	364.86388399999998	366.17810600000001	367.26424600000001	368.88581099999999	370.32163700000001	371.917552	373.08234700000003	374.494395	376.00185399999998	377.43676399999998	379.12227200000001	380.94900200000001	382.19829499999997	383.93875500000001	385.10785299999998	386.73788999999999	387.94346100000001	389.56514700000002	390.76195999999999	392.22279400000002	393.84488199999998	395.18123900000001	396.69337200000001	398.37034599999998	399.81360599999999	401.53560599999997	403.115566	404.063557	405.32312400000001	407.08308499999998	409.269384	410.27100200000001	411.56053600000001	412.62144699999999	414.53414700000002	415.45565599999998	416.56841700000001	418.32686000000001	420.04163199999999	420.94305100000003	422.73059999999998	424.57117099999999	426.11872799999998	427.34067700000003	429.06543299999998	430.81712399999998	432.38136400000002	433.939548	435.195538	436.866829	438.50370199999998	440.34097800000001	441.68898799999999	443.37440800000002	444.85397	446.30357900000001	447.75519400000002	449.16341799999998	450.55855200000002	451.98043100000001	453.62805500000002	455.03358700000001	456.73596199999997	458.17841099999998	459.76481899999999	461.769633	463.11375700000002	464.75984399999999	466.24213600000002	467.35718800000001	469.16323499999999	470.81209100000001	472.41071899999997	473.81031999999999	475.79102799999998	477.48605800000001	478.77351599999997	480.91377299999999	482.42897299999998	484.04776199999998	485.69393400000001	487.02661899999998	488.74822799999998	490.22315099999997	491.85584499999999	493.23138499999999	494.97058500000003	496.350437	497.82049599999999	499.55109599999997	501.133285	502.71866599999998	503.99689599999999	505.281811	507.15778799999998	508.94802600000003	510.50670700000001	512.16052000000002	513.90831600000001	515.67247199999997	517.28996900000004	518.88545699999997	520.62554299999999	522.13486	523.46341800000005	524.602351	526.86760600000002	528.31660499999998	530.06339800000001	531.25206600000001	532.96291399999996	534.79127400000004	536.21464800000001	538.12959000000001	539.614239	541.511347	543.17964400000005	544.96136200000001	547.18919200000005	548.75868500000001	550.45594100000005	552.35088399999995	554.19913099999997	555.90709100000004	557.69799599999999	559.57399099999998	561.66147000000001	563.49701000000005	565.29043999999999	567.22328800000003	568.80689299999995	570.94373900000005	572.95123999999998	574.445829	576.48798899999997	578.37082899999996	580.22385199999997	582.03055199999994	583.35995200000002	585.524269	587.48476600000004	589.32341599999995	591.252163	593.13206500000001	595.11021900000003	596.77230899999995	598.621488	600.44498699999997	602.76272100000006	604.70058100000006	606.46319600000004	608.31070299999999	610.22840299999996	612.09217000000001	613.86211400000002	615.41260399999999	617.22770400000002	619.42787899999996	620.808131	622.82022600000005	624.52614100000005	626.65982799999995	628.47362399999997	630.23537699999997	631.886482	633.88752099999999	635.78300000000002	637.60335099999998	639.63242700000001	641.79479800000001	643.54941499999995	645.67533000000003	648.28640299999995	650.02477799999997	652.32137299999999	654.43859899999995	656.71093199999996	658.79233199999999	661.018506	662.77489100000003	665.05586500000004	666.85530200000005	668.976451	670.77420400000005	672.964336	674.53704000000005	676.63817200000005	678.46020099999998	679.74939400000005	681.46567200000004	683.19320000000005	684.93913199999997	686.97213099999999	688.45555999999999	689.82498999999996	691.53760599999998	692.97866899999997	694.72572400000001	696.20793900000001	697.868244	699.32426199999998	700.81203900000003	702.40769499999999	703.97880799999996	706.18999899999994	707.19167700000003	709.12709199999995	710.68880200000001	711.74686299999996	713.50388699999996	714.98549800000001	716.63088700000003	718.540886	719.82980099999997	721.392472	723.27830500000005	724.89330199999995	726.20007199999998	727.38369899999998	729.03141500000004	730.672325	731.82454299999995	733.33183399999996	734.36057100000005	736.02060500000005	737.53112399999998	738.91736300000002	740.22959500000002	741.65578300000004	742.75356599999998	744.09012800000005	745.522874	747.32282999999995	749.04867999999999	750.34977200000003	751.68611399999998	752.94046900000001	754.359916	756.077179	757.76686800000004	759.31633199999999	760.79493600000001	762.32547699999998	763.90106600000001	765.23164899999995	766.634094	768.10040400000003	769.90708299999994	771.14813500000002	773.011841	774.31315700000005	775.589249	777.18185100000005	778.31267800000001	779.99763399999995	781.55535499999996	782.71808899999996	784.40138400000001	786.01425700000004	786.92916400000001	788.30985099999998	790.18670099999997	791.585373	793.21198800000002	794.47084199999995	796.19023000000004	797.78119900000002	799.15020200000004	800.56527600000004	802.21578599999998	803.46559500000001	805.16525799999999	806.68635800000004	808.34433200000001	809.51354000000003	811.54743099999996	813.04138499999999	814.34825000000001	816.03446599999995	817.27452800000003	818.55827899999997	820.15245300000004	821.20338100000004	822.78188799999998	824.55626700000005	825.99209800000006	827.29143099999999	829.42020100000002	830.55203400000005	832.26506700000004	833.93363899999997	835.33747200000005	836.76326800000004	838.30717200000004	839.88603699999999	841.144094	842.83594700000003	844.29263600000002	845.95357200000001	847.62926900000002	848.60999400000003	850.11688700000002	851.76622299999997	853.043541	854.71996799999999	856.34851300000003	857.63846899999999	859.00624600000003	860.94570699999997	862.27046099999995	863.64393900000005	864.71222299999999	866.42201999999997	868.20709499999998	869.60625400000004	871.57531500000005	872.79386599999998	874.42742399999997	875.55547300000001	877.15184599999998	878.80650900000001	880.58918500000004	882.53008399999999	883.76150600000005	885.64204500000005	887.42757800000004	888.60361899999998	889.99494400000003	891.72045700000001	893.04541099999994	894.47041300000001	896.39955099999997	898.14486899999997	899.60646099999997	901.46950000000004	902.88457900000003	904.78039699999999	906.09853299999997	907.63533800000005	909.32261900000003	910.79254000000003	912.19721200000004	913.85504800000001	915.550342	917.29570000000001	918.82361300000002	920.82871299999999	922.01618499999995	923.43755199999998	924.98059999999998	926.44550300000003	927.82033000000001	929.42505800000004	930.81383800000003	931.98089500000003	949.37685299999998	949.36508900000001	949.00882300000001	948.69378500000005	948.12962400000004	948.01568399999996	947.72320999999999	947.18937600000004	946.85377000000005	946.30354299999999	946.08625600000005	945.57779900000003	945.32784400000003	944.61386400000004	944.39870499999995	944.20884000000001	943.70986300000004	943.06816500000002	942.660706	942.03310899999997	942.29854499999999	941.37500599999998	940.70667800000001	940.651073	939.93013599999995	939.42825500000004	939.17454199999997	938.75292400000001	938.28475100000003	937.87607300000002	937.27775599999995	936.86375499999997	936.69367799999998	936.02009699999996	935.93655699999999	935.37384399999996	934.93076399999995	934.46672999999998	933.85153500000001	933.03148499999998	932.51799100000005	932.36620100000005	932.02668900000003	931.52175999999997	930.87936100000002	930.72686599999997	929.78556000000003	929.43945099999996	929.213303	928.69713999999999	928.11445900000001	927.84560099999999	927.15667299999996	926.64579900000001	926.24140999999997	925.74041299999999	925.53103499999997	925.03734099999997	924.51594	923.52067299999999	922.916157	922.76081799999997	922.32289800000001	922.23407499999996	921.86598300000003	921.21588199999997	920.77279199999998	920.07084999999995	919.60019399999999	918.86632399999996	918.70813299999998	917.78009999999995	917.50389500000006	916.77153599999997	916.64723000000004	915.766257	915.56654600000002	915.12616700000001	914.62292300000001	913.94025399999998	913.15279099999998	912.56762600000002	912.47787400000004	911.74753199999998	911.35479899999996	910.89677300000005	910.17029300000002	909.82374000000004	909.31357700000001	908.75213099999996	908.15385200000003	908.09331199999997	907.60062800000003	907.04168400000003	906.61992399999997	905.85733200000004	905.30386399999998	904.74307299999998	904.24001099999998	903.76313400000004	903.38944600000002	902.95170199999995	902.34923900000001	901.87199999999996	901.39762700000006	900.52148899999997	899.77923299999998	899.51905599999998	899.26387399999999	898.73082299999999	898.27578300000005	897.46879100000001	896.87858400000005	896.66610000000003	896.18185100000005	895.903099	895.265311	895.02623100000005	894.21126600000002	893.67036700000006	893.17887499999995	892.81783099999996	892.39164800000003	891.52197699999999	891.28510700000004	890.70111599999996	889.99417800000003	889.52974300000005	889.10375799999997	888.61607100000003	888.13687900000002	887.58056799999997	887.006933	886.45112800000004	886.06462599999998	885.40965500000004	884.86321899999996	883.96786499999996	883.75056500000005	883.10188400000004	882.95416599999999	882.31436900000006	881.80793000000006	880.91020000000003	880.38099	880.28932999999995	879.64552900000001	878.68970899999999	878.35427700000002	878.06785400000001	877.50243699999999	876.56479400000001	876.08919400000002	875.58772499999998	875.16524900000002	874.52085899999997	874.32588099999998	873.67474900000002	872.91595700000005	872.51189499999998	872.08147699999995	871.74637499999994	871.00681999999995	870.45770200000004	870.05570999999998	869.52807700000005	868.56276200000002	868.178359	867.836141	867.17467599999998	866.86302699999999	866.48051099999998	865.71980699999995	865.05856300000005	864.44896400000005	864.09333600000002	863.18240900000001	862.44405200000006	862.12943199999995	861.46910400000002	860.75970500000005	860.28362100000004	859.89491499999997	859.32962899999995	859.02519099999995	858.22422600000004	857.97472900000002	857.27236900000003	856.65291500000001	856.03983600000004	855.47545600000001	854.85681599999998	854.09715400000005	853.45460100000003	853.199884	852.81618700000001	852.02915599999994	851.75264700000002	850.92681600000003	850.49883599999998	850.01114199999995	849.43195300000002	849.14285700000005	848.06483700000001	847.32483200000001	846.91686900000002	846.15231000000006	845.99458300000003	845.43405299999995	844.80552	844.33595200000002	843.60486300000002	843.17394200000001	842.55832199999998	841.63549	841.39960299999996	841.16469800000004	840.37207699999999	839.62440100000003	839.23329200000001	838.52688499999999	837.91683699999999	837.50637600000005	836.53879400000005	836.03445399999998	835.63472400000001	834.94896900000003	834.31429500000002	834.072003	833.42282699999998	832.95952599999998	832.36418300000003	831.79425600000002	831.25556600000004	830.60548700000004	830.19067900000005	829.45504100000005	828.81258500000001	828.21736899999996	827.68478600000003	827.02320699999996	826.31025799999998	825.68214599999999	825.24254599999995	824.310969	823.90426500000001	823.69902300000001	823.058674	822.52956600000005	821.77057300000001	821.04312800000002	820.78673900000001	820.28243899999995	819.55489	818.96007999999995	817.97197400000005	817.75060599999995	817.28599699999995	815.92592300000001	815.50037099999997	815.26754700000004	814.48641699999996	813.84213299999999	813.36542799999995	812.89988500000004	812.19420300000002	811.55565100000001	811.096632	810.39387399999998	810.13500299999998	809.30539899999997	808.82892700000002	807.78339400000004	807.21947799999998	806.86703999999997	805.95174299999996	805.27645900000005	805.02380100000005	804.73701800000003	803.79508999999996	802.867571	802.63908800000002	801.65772300000003	801.31727699999999	800.59229200000004	799.94733099999996	799.69814799999995	798.93375100000003	798.07904699999995	797.62083800000005	797.04953999999998	796.33012799999995	796.15991899999995	795.07973300000003	794.24443699999995	793.99709499999994	793.45800599999995	792.96241299999997	791.99571800000001	791.73216000000002	790.811826	790.02352399999995	789.75797999999998	788.95065099999999	788.69713100000001	787.66910800000005	787.15426600000001	786.373514	785.63471300000003	785.17590099999995	784.54107699999997	784.04475200000002	783.55280700000003	782.96529399999997	781.93375600000002	780.99583299999995	780.55908899999997	779.95572100000004	779.41870500000005	778.89959199999998	778.01988200000005	777.54197199999999	776.76871400000005	775.98341100000005	775.506125	774.96965899999998	774.20588999999995	773.60461599999996	772.99490600000001	772.50162499999999	771.72077100000001	770.91173700000002	770.01494700000001	769.21701700000006	769.05170999999996	768.00185999999997	767.43748100000005	766.93156099999999	766.25707299999999	765.59014999999999	764.81285800000001	764.09025299999996	763.573669	763.04720099999997	762.27300500000001	761.61821199999997	760.80275700000004	760.28146000000004	759.32293300000003	758.79554499999995	758.15747499999998	757.246758	756.58946800000001	756.01708499999995	755.33170500000006	754.78379700000005	754.18740400000002	753.32339200000001	752.472306	751.77429900000004	751.05396199999996	750.42233599999997	749.56170099999997	748.86241900000005	748.30369499999995	747.60565899999995	746.92658300000005	746.29218900000001	745.52580899999998	744.619417	743.91907600000002	743.16384000000005	742.43068400000004	741.60284799999999	740.91379500000005	740.38424299999997	740.04157499999997	739.36359600000003	738.42958399999998	737.91281300000003	736.91529200000002	736.289939	735.330512	734.75335299999995	733.75879399999997	733.24702500000001	732.51791700000001	731.78690700000004	730.951188	730.80771500000003	730.03848300000004	728.82213300000001	728.04657199999997	727.26286700000003	726.71114499999999	725.774721	724.95977800000003	724.48374000000001	723.55106000000001	722.83336499999996	722.13180799999998	721.66079400000001	720.80202799999995	719.83330799999999	718.99596299999996	718.36937599999999	717.65319699999998	716.40541800000005	715.69941700000004	715.25797	714.663906	713.36550699999998	712.71227599999997	712.09025299999996	711.34601299999997	710.27023999999994	709.54997100000003	708.94408499999997	708.11731599999996	707.36597600000005	706.93975899999998	705.73837100000003	704.98012500000004	704.02388599999995	703.27445999999998	702.44146799999999	701.52535699999999	700.85333600000001	699.95631900000001	699.09887100000003	698.53242	698.09598800000003	697.01919599999997	695.94268599999998	694.99819600000001	694.42074100000002	693.87594000000001	692.70693200000005	691.667776	690.98661700000002	690.39260100000001	689.21227999999996	688.79736300000002	687.56274199999996	686.88755100000003	685.65740700000003	685.149045	684.156384	683.84425899999997	682.36981100000003	681.42818499999998	680.89657599999998	679.81630299999995	678.91933300000005	678.06764399999997	676.80958199999998	676.05451500000004	675.16626099999996	674.34400500000004	673.40716999999995	672.37440100000003	671.72904100000005	671.07597399999997	670.12345700000003	668.96193400000004	668.26718000000005	667.43375200000003	666.19646	665.62439700000004	664.86001499999998	663.65935200000001	662.87828000000002	661.75289099999998	660.59330399999999	659.840597	658.77342799999997	657.776116	656.62442899999996	656.23037599999998	654.97367699999995	654.03704200000004	652.740048	651.79996300000005	650.69970599999999	649.660078	648.58719499999995	647.54568300000005	646.87399100000005	645.82726400000001	645.14766599999996	644.16135399999996	643.14830900000004	641.84584800000005	641.11807599999997	640.02061300000003	639.07428700000003	637.79694900000004	636.72253899999998	635.58859299999995	634.69900299999995	633.46042	632.17991500000005	631.16426000000001	630.05464800000004	629.07284200000004	627.79583000000002	627.08884599999999	625.781971	624.79967399999998	623.67112899999995	622.18933800000002	620.902286	619.940382	619.01867500000003	617.71064799999999	616.58314399999995	615.54363000000001	614.59658200000001	612.86694399999999	612.08076500000004	610.34998299999995	609.68247399999996	608.11822900000004	606.94817999999998	605.49936200000002	604.61816399999998	603.050161	601.86609399999998	600.10309199999995	592.69593799999996	592.19673499999999	591.51203499999997	590.545525	589.52280199999996	588.78493400000002	588.13195599999995	587.41830900000002	586.40002700000002	585.47492899999997	584.36281699999995	582.94503099999997	581.90965100000005	580.99666100000002	580.12510899999995	578.980189	577.56573200000003	575.98086000000001	574.85409100000004	573.29274699999996	571.91955600000006	570.59064100000001	569.19925899999998	568.01725299999998	566.27667299999996	564.31259499999999	562.61508600000002	561.210418	559.57779000000005	557.81903199999999	556.34485600000005	554.81615999999997	553.20351900000003	550.89792999999997	549.16162299999996	547.35344899999996	545.18706899999995	542.46260299999994	539.75993000000005	538.10724100000004	536.26173200000005	534.17582400000003	532.46067800000003	529.89213600000005	527.09442999999999	524.23714700000005	522.082629	519.09921799999995	515.36505799999998	511.268528	508.46072800000002	504.87383699999998	501.38081799999998	497.558739	492.14922999999999	487.55921799999999	484.20408400000002	479.83773600000001	474.53556900000001	3.0020000000000002E-2	0.54691999999999996	1.0274000000000001	1.48563	1.96451	2.42456	2.87697	3.3298899999999998	3.78348	4.23752	4.71617	5.1736300000000002	5.6527500000000002	6.1110100000000003	6.5644600000000004	7.0181699999999996	7.4711499999999997	7.9247199999999998	8.3778900000000007	8.8324700000000007	9.2855000000000008	9.7399100000000001	10.19398	10.672169999999999	11.14575	11.602740000000001	12.05944	12.513780000000001	12.96682	13.42024	13.873889999999999	14.32715	14.781560000000001	15.23532	15.688940000000001	16.143039999999999	16.597259999999999	17.051349999999999	17.50553	17.95973	18.41442	18.868659999999998	19.323060000000002	19.777460000000001	20.231480000000001	20.686119999999999	21.13897	21.592300000000002	22.045590000000001	22.499230000000001	22.952660000000002	23.406030000000001	23.858920000000001	24.312999999999999	24.766439999999999	25.219719999999999	25.673400000000001	26.12698	26.580539999999999	27.03492	27.48846	27.942260000000001	28.396149999999999	28.856349999999999	29.310569999999998	29.7651	30.219519999999999	30.67379	31.12782	31.58211	32.036409999999997	32.490569999999998	32.944929999999999	33.399099999999997	33.853439999999999	34.308129999999998	34.762619999999998	35.217529999999996	35.671959999999999	36.125869999999999	36.580399999999997	37.035299999999999	37.490099999999998	37.944949999999999	38.399419999999999	38.85427	39.310220000000001	39.765360000000001	40.219839999999998	40.675049999999999	41.129689999999997	41.607709999999997	42.066240000000001	42.520699999999998	42.974890000000002	43.429090000000002	43.883510000000001	44.33811	44.793460000000003	45.248820000000002	45.703420000000001	46.158610000000003	46.61336	47.068159999999999	47.52281	47.97739	48.43262	48.887459999999997	49.342689999999997	49.79768	50.253399999999999	50.70834	51.163730000000001	51.619250000000001	52.097090000000001	52.555819999999997	53.009830000000001	53.46405	53.918140000000001	54.373150000000003	54.827539999999999	55.281739999999999	55.737050000000004	56.191110000000002	56.647069999999999	57.100859999999997	57.555410000000002	58.009839999999997	58.464320000000001	58.918480000000002	59.372529999999998	59.826920000000001	60.281289999999998	60.736539999999998	61.191690000000001	61.646369999999997	62.10087	62.555799999999998	63.010719999999999	63.465029999999999	63.919820000000001	64.374279999999999	64.828959999999995	65.283609999999996	65.738650000000007	66.193179999999998	66.648510000000002	67.10351	67.558440000000004	68.013329999999996	68.467960000000005	68.922889999999995	69.37764	69.832849999999993	70.287899999999993	70.742900000000006	71.198089999999993	71.653480000000002	72.10839	72.563810000000004	73.018940000000001	73.473849999999999	73.929190000000006	74.384439999999998	74.840410000000006	75.295569999999998	75.749809999999997	76.204610000000002	76.658869999999993	77.113380000000006	77.568100000000001	78.023009999999999	78.47775	78.932450000000003	79.387079999999997	79.842039999999997	80.296750000000003	80.751469999999998	81.20617	81.660690000000002	82.115369999999999	82.570139999999995	83.025999999999996	83.480760000000004	83.93638	84.391379999999998	84.846699999999998	85.302109999999999	85.757189999999994	86.218109999999996	86.672619999999995	87.127750000000006	87.583619999999996	88.039270000000002	88.494709999999998	88.949950000000001	89.405259999999998	89.86045	90.315749999999994	90.771379999999994	91.227410000000006	91.685919999999996	92.141580000000005	92.597130000000007	93.052539999999993	93.508380000000002	93.963700000000003	94.419210000000007	94.875249999999994	95.330939999999998	95.786159999999995	96.242379999999997	96.698070000000001	97.153689999999997	97.60951	98.065240000000003	98.520809999999997	98.976380000000006	99.432029999999997	99.887730000000005	100.34407	100.82429999999999	101.28475	101.74077	102.1964	102.65259	103.13209999999999	103.59068000000001	104.04576	104.50060000000001	104.95529999999999	105.41006	105.86503	106.32062000000001	106.77576999999999	107.23103999999999	107.6863	108.14146	108.59627	109.05132999999999	109.50677	109.96205999999999	110.41817	110.87347	111.3289	111.78400000000001	112.23950000000001	112.69476	113.14997	113.6054	114.06066	114.51586	114.97114000000001	115.42695999999999	115.88207	116.33824	116.79401	117.24959	117.70556000000001	118.1614	118.61681	119.0722	119.52728999999999	119.98283000000001	120.43895000000001	120.89451	121.35057	121.80735	122.26331	122.71850000000001	123.1741	123.63008000000001	124.08559	124.54187	124.99764	125.45344	125.91014	126.36577	126.82165000000001	127.27813999999999	127.73416	128.19039000000001	128.64718999999999	129.10301000000001	129.55968999999999	130.01578000000001	130.47197	130.92771999999999	131.38378	131.83993000000001	132.29587000000001	132.75211999999999	133.20837	133.66462000000001	134.12101000000001	134.57715999999999	135.03380000000001	135.49029999999999	135.94701000000001	136.40311	136.85937000000001	137.31593000000001	137.77269999999999	138.22961000000001	138.68655000000001	139.14313000000001	139.59979999999999	140.0564	140.51284000000001	140.9692	141.42565999999999	141.88225	142.33926	142.79577	143.25229999999999	143.70886999999999	144.16542999999999	144.62195	145.07856000000001	145.53547	145.99202	146.44947999999999	146.90644	147.36286999999999	147.81939	148.27628000000001	148.73320000000001	149.19005999999999	149.64691999999999	150.10365999999999	150.56011000000001	151.01684	151.47389999999999	151.93118999999999	152.38829999999999	152.84549000000001	153.30234999999999	153.75918999999999	154.21621999999999	154.67375000000001	155.13099	155.58807999999999	156.04544000000001	156.50257999999999	156.96010000000001	157.41729000000001	157.87483	158.33223000000001	158.78921	159.24664999999999	159.70376999999999	160.16116	160.61850000000001	161.07570000000001	161.53371000000001	161.99072000000001	162.44815	162.90640999999999	163.36402000000001	163.82131000000001	164.27858000000001	164.73663999999999	165.19396	165.65083999999999	166.10919999999999	166.56593000000001	167.02411000000001	167.48062999999999	167.93874	168.39552	168.85321999999999	169.30989	169.76777000000001	170.22456	170.68261999999999	171.13969	171.59772000000001	172.05471	172.51284999999999	172.96960999999999	173.42732000000001	173.88443000000001	174.34286	174.80023	175.25852	175.71566000000001	176.17365000000001	176.63108	177.0889	177.54662999999999	178.00462999999999	178.46204	178.92000999999999	179.37727000000001	179.83574999999999	180.29295999999999	180.75102000000001	181.20818	181.66624999999999	182.12405000000001	182.58270999999999	183.04388	183.50194999999999	183.95891	184.41678999999999	184.87411	185.33267000000001	185.79056	186.24901	186.70689999999999	187.16528	187.62279000000001	188.08116999999999	188.53887	188.99746999999999	189.4554	189.91390000000001	190.3715	190.82972000000001	191.28763000000001	191.74662000000001	192.20417	192.66292999999999	193.12098	193.57956999999999	194.03736000000001	194.49608000000001	194.95421999999999	195.41266999999999	195.87048999999999	196.32942	196.78720000000001	197.24611999999999	197.70400000000001	198.16243	198.62015	199.07889	199.53683000000001	199.9957	200.45377999999999	200.91291000000001	201.37101999999999	201.83005	202.2885	202.74784	203.20623000000001	203.66602	204.12443999999999	204.58367000000001	205.04208	205.50011000000001	205.95740000000001	206.41547	206.87272999999999	207.33125000000001	207.78831	208.24671000000001	208.70427000000001	209.16211999999999	209.61956000000001	210.07775000000001	210.53688	210.99473	211.45265000000001	211.91048000000001	212.36776	212.82588999999999	213.28342000000001	213.74229	214.19962000000001	214.65726000000001	215.11467999999999	215.57253	216.02996999999999	216.48831000000001	216.94585000000001	217.40377000000001	217.86111	218.31953999999999	218.77717000000001	219.23522	219.69341	220.15196	220.60973000000001	221.06781000000001	221.52628999999999	221.9845	222.44318999999999	222.90152	223.35914	223.8175	224.27520999999999	224.73349999999999	225.19134	225.64948000000001	226.10702000000001	226.56498999999999	227.02255	227.48083	227.93913000000001	228.39747	228.85541000000001	229.31381999999999	229.77189000000001	230.23148	230.68921	231.14841000000001	231.60660999999999	232.06855999999999	232.52629999999999	232.98419000000001	233.44241	233.89997	234.35808	234.81601000000001	235.27431000000001	235.733	236.19112000000001	236.64931999999999	237.10769999999999	237.56591	238.02411000000001	238.48235	238.94105999999999	239.39892	239.85681	240.31466	240.77298999999999	241.23143999999999	241.69003000000001	242.149	242.60713000000001	243.06495000000001	243.52305999999999	243.98106999999999	244.43937	244.89789999999999	245.35624000000001	245.81424999999999	246.27867000000001	246.73705000000001	247.19533999999999	247.65387999999999	248.11239	248.57074	249.02958000000001	249.48805999999999	249.94676999999999	250.40568999999999	250.86507	251.32395	251.78241	252.24057999999999	252.240556	251.79068100000001	251.359803	250.92993300000001	250.500428	250.070604	249.64102299999999	249.21132	248.78145000000001	248.35165499999999	247.92210499999999	247.492234	247.062288	246.63292100000001	246.20340100000001	245.77378999999999	245.34428500000001	244.91441499999999	244.48481899999999	244.05471900000001	243.62518399999999	243.19568000000001	242.76654199999999	242.337434	241.907838	241.47868500000001	241.049318	240.61949300000001	240.18983600000001	239.76001099999999	239.33041499999999	238.90063599999999	238.470979	238.041414	237.61157299999999	237.18190100000001	236.752443	236.32260299999999	235.89312899999999	235.46306000000001	235.033525	234.60373000000001	234.17430200000001	233.74469099999999	233.31492700000001	232.885255	232.455995	232.02658199999999	231.59420900000001	231.164613	230.734758	230.30519200000001	229.875505	229.44598500000001	229.016099	228.58639600000001	228.15649500000001	227.72686899999999	227.29745600000001	226.86755500000001	226.43786700000001	226.008104	225.57852299999999	225.14880500000001	224.71920900000001	224.289491	223.85962000000001	223.429979	223.000474	222.57063400000001	222.14103800000001	221.71145799999999	221.281755	220.85202100000001	220.41665800000001	219.98062300000001	219.55113299999999	219.11583099999999	218.68652499999999	218.257158	217.827775	217.398301	216.968187	216.53883500000001	216.10917800000001	215.679689	215.249833	214.82003900000001	214.39059599999999	213.960756	213.531465	213.10188400000001	212.67257799999999	212.24296699999999	211.81343200000001	211.38394299999999	210.95439300000001	210.52461400000001	210.09532300000001	209.665132	209.23568800000001	208.80590900000001	208.37629799999999	207.946763	207.51701499999999	207.08737300000001	206.65806699999999	206.22845599999999	205.79887500000001	205.36943199999999	204.93995799999999	204.510347	204.080781	203.65107800000001	203.22151299999999	202.790864	202.36142100000001	201.93188599999999	201.50241199999999	201.07287700000001	200.643235	200.21353300000001	199.78410500000001	199.354478	198.92489699999999	198.495363	198.06568999999999	197.636201	197.20649800000001	196.77678	196.34724499999999	195.91737499999999	195.48791600000001	195.05821399999999	194.62787	194.19832	193.76872399999999	193.33905200000001	192.909547	192.480211	192.05070599999999	191.620576	191.19113300000001	190.76144500000001	190.33157499999999	189.90196399999999	189.47241299999999	189.04289399999999	188.61305400000001	188.18344200000001	187.75406000000001	187.32435699999999	186.89485300000001	186.465532	186.03572199999999	185.60609600000001	185.17665199999999	184.74713299999999	184.31758199999999	183.88806299999999	183.45849699999999	183.028795	182.59854200000001	182.16893099999999	181.73942700000001	181.30981600000001	180.879976	180.45021199999999	180.02063100000001	179.591172	179.16185100000001	178.732103	178.302629	177.87303299999999	177.44340600000001	177.01376500000001	176.58412300000001	176.154405	175.72412199999999	175.29452599999999	174.86514399999999	174.43562399999999	174.005967	173.57655500000001	173.14720299999999	172.71786599999999	172.28825499999999	171.85858300000001	171.42883399999999	170.99920800000001	170.56961200000001	170.13978700000001	169.71029799999999	169.28086999999999	168.851381	168.421708	167.992097	167.561723	167.132036	166.702485	166.273011	165.84355300000001	165.41389599999999	164.984407	164.55401699999999	164.12425400000001	163.69459699999999	163.26486299999999	162.83502300000001	162.40544299999999	161.97575499999999	161.546235	161.116502	160.68701300000001	160.25782899999999	159.82800399999999	159.39837800000001	158.96888899999999	158.53909400000001	158.10929999999999	157.67991799999999	157.24992499999999	156.82014599999999	156.39056500000001	155.96014500000001	155.53018299999999	155.10049599999999	154.671052	154.24121199999999	153.811677	153.38228000000001	152.95274499999999	152.52311800000001	152.093538	151.66395700000001	151.234453	150.80482599999999	150.375047	149.94549699999999	149.51568700000001	149.085756	148.65619000000001	148.22641100000001	147.79672400000001	147.36715799999999	146.93725699999999	146.507631	146.077958	145.645295	145.21559300000001	144.78592	144.355851	143.92595	143.496431	143.06651400000001	142.63676599999999	142.20718500000001	141.77766500000001	141.347993	140.91760400000001	140.48773299999999	140.05818300000001	139.62861799999999	139.198915	138.76924299999999	138.33877699999999	137.90901299999999	137.478914	137.049577	136.61987400000001	136.19037	135.76048399999999	135.33093400000001	134.90120099999999	134.471498	134.04199299999999	133.61218400000001	133.18252699999999	132.75311400000001	132.32345699999999	131.89378500000001	131.464113	131.03448599999999	130.60467700000001	130.17515700000001	129.74560700000001	129.316194	128.885942	128.45626999999999	128.02655899999999	127.597032	127.167444	126.73760299999999	126.307992	125.878328	125.448427	125.018747	124.58914300000001	124.15944	123.729692	123.30008100000001	122.870424	122.440797	122.011087	121.580789	121.151262	120.721521	120.291932	119.862268	119.432748	119.00318300000001	118.573579	118.144029	117.714433	117.284593	116.85502700000001	116.424722	115.994851	115.565179	115.135217	114.705034	114.275049	113.845727	113.41604	112.986451	112.55677900000001	112.126687	111.697191	111.26774	110.83838799999999	110.40872299999999	109.979219	109.549218	109.119508	108.689592	108.26020200000001	107.83059799999999	107.400819	106.971002	106.541414	106.111673	105.681932	105.252092	104.822236	104.392556	103.962587	103.53245699999999	103.102884	102.67344	102.243821	101.814302	101.38433999999999	100.954797	100.524781	100.095063	99.665268999999995	99.235558999999995	98.805772000000005	98.376260000000002	97.946518999999995	97.516739999999999	97.087083000000007	96.657456999999994	96.227020999999993	95.797051999999994	95.367631000000003	94.938073000000003	94.508279000000002	94.078362999999996	93.648438999999996	93.218521999999993	92.788919000000007	92.359369000000001	91.929651000000007	91.499971000000002	91.070237000000006	90.640298000000001	90.210740000000001	89.781152000000006	89.351547999999994	88.921852999999999	88.492256999999995	88.062089	87.632570000000001	87.203203000000002	86.773606999999998	86.343987999999996	85.914178000000007	85.484498000000002	85.054422000000002	84.624887000000001	84.195260000000005	83.765657000000004	83.335931000000002	82.906244000000001	82.476770000000002	82.047219999999996	81.617311000000001	81.187982000000005	80.758363000000003	80.328653000000003	79.899118000000001	79.469567999999995	79.039902999999995	78.610139000000004	78.180359999999993	77.750778999999994	77.320915999999997	76.890946999999997	76.461099000000004	76.030687	75.601342000000002	75.171907000000004	74.742401999999998	74.312539000000001	73.883088000000001	73.453286000000006	73.023690000000002	72.594087000000002	72.164520999999993	71.734773000000004	71.305336999999994	70.875801999999993	70.446252000000001	70.016389000000004	69.586556999999999	69.156457000000003	68.726770000000002	68.297150999999999	67.867470999999995	67.437630999999996	67.007965999999996	66.578446999999997	66.148790000000005	65.718903999999995	65.289354000000003	64.859582000000003	64.430031999999997	64.000371000000001	63.570619000000001	63.140920000000001	62.711449999999999	62.281671000000003	61.852120999999997	61.422199999999997	60.992348999999997	60.562790999999997	60.133400999999999	59.700730999999998	59.270809999999997	58.841169000000001	58.411149000000002	57.980969999999999	57.550741000000002	57.120981	56.691220999999999	56.261448999999999	55.831707999999999	55.401890999999999	54.972360000000002	54.542779000000003	54.112909000000002	53.683320000000002	53.253770000000003	52.824078999999998	52.394491000000002	51.964910000000003	51.535530999999999	51.10568	50.676048999999999	50.245752000000003	49.815992000000001	49.386299999999999	48.956448999999999	48.52675	48.097081000000003	47.667299	47.237352000000001	46.807611000000001	46.378221000000003	45.948628999999997	45.518621000000003	45.088921999999997	44.659058999999999	44.229340999999998	43.799588	43.369840000000003	42.940069000000001	42.509751999999999	42.080091000000003	41.650480000000002	41.220638999999998	40.790979	40.361161000000003	39.931348	39.501480999999998	39.071908000000001	38.642159999999997	38.212288999999998	37.782522	37.352730999999999	36.922910000000002	36.493242000000002	36.06344	35.633642000000002	35.203771000000003	34.773598999999997	34.343789000000001	33.913998999999997	33.484459999999999	33.054830000000003	32.625290999999997	32.195259999999998	31.764870999999999	31.335031000000001	30.905481000000002	30.475788999999999	30.046109000000001	29.616420000000002	29.186589999999999	28.756838999999999	28.326948999999999	27.897081	27.467320999999998	27.037420000000001	26.607538999999999	26.177800000000001	25.748189	25.31842	25.318389	24.888819999999999	24.458628999999998	24.028699	23.598769000000001	23.168821000000001	22.738910000000001	22.308999	21.879118999999999	21.449079000000001	21.01905	20.588830000000002	20.158759	19.728860000000001	19.298749000000001	18.868839999999999	18.438279000000001	18.008399000000001	17.578620000000001	17.148859999999999	16.718059	16.28783	15.857699999999999	15.427699	14.997629	14.56751	14.137510000000001	13.707528999999999	13.27753	12.84742	12.417400000000001	11.987439	11.556889999999999	11.12684	10.696989	10.26702	9.8370200000000008	9.4064999999999994	8.9764099999999996	8.5465599999999995	8.1165199999999995	7.6866399999999997	7.2566300000000004	6.8266299999999998	6.3965490000000003	5.9664900000000003	5.5364100000000001	5.1063499999999999	4.6763500000000002	4.2459189999999998	3.81603	3.3860600000000001	2.9559799999999998	2.5261900000000002	2.0961699999999999	1.66601	1.2360199999999999	0.80540999999999996	0.37557000000000001	1100°C_Simulation	0	5.9375	11.875	20.781299999999998	29.6875	38.593799999999995	47.5	56.406300000000002	65.3125	74.218800000000002	83.125	92.031300000000002	100.938	109.84399999999999	118.75	127.65599999999999	136.56299999999999	145.46899999999999	154.375	163.28100000000001	172.18800000000002	181.09399999999999	190	198.90600000000001	207.81299999999999	216.71899999999999	230.078	243.43799999999999	256.79700000000003	270.15600000000001	283.51599999999996	296.875	310.23400000000004	323.59399999999999	336.95299999999997	350.31299999999999	363.67199999999997	367.012	370.35200000000003	373.69099999999997	378.70100000000002	386.21600000000001	397.488	401.71499999999997	408.05500000000001	417.56599999999997	431.83199999999999	453.23099999999999	485.33	493.35499999999996	501.37900000000002	509.404	517.42899999999997	525.45299999999997	537.49	549.52700000000004	561.56399999999996	573.601	585.63800000000003	603.69399999999996	610.46500000000003	620.62099999999998	630.77700000000004	640.93299999999999	656.16800000000001	671.40200000000004	686.63599999999997	709.48800000000006	732.33899999999994	738.05200000000002	746.62199999999996	759.476	778.75700000000006	798.03800000000001	802.85799999999995	810.08800000000008	820.93400000000008	837.202	853.46999999999991	869.73900000000003	886.00699999999995	890.07400000000007	894.14099999999996	900.24199999999996	909.39300000000003	923.11900000000003	943.70900000000006	950	950	855	760	724.375	670.93799999999999	650.89800000000002	620.83999999999992	575.75200000000007	508.12	406.67199999999997	254.50099999999998	26.243300000000001	0	0	7.4040800000000004E-2	0.27737499999999998	0.78331099999999998	1.4694	2.3303799999999999	3.3084799999999999	4.3916300000000001	5.5868000000000002	6.8805199999999997	8.2768599999999992	9.73386	11.2248	12.7006	14.4627	16.111899999999999	17.643699999999999	19.7165	21.193899999999999	23.449400000000001	24.8766	27.310300000000002	28.821300000000001	31.191800000000001	33.074199999999998	34.963900000000002	38.3309	41.483899999999998	44.7241	48.048200000000001	51.485599999999998	54.490699999999997	58.529000000000003	61.423499999999997	65.577600000000004	69.009100000000004	71.905900000000003	73.299400000000006	74.524799999999999	75.613299999999995	77.082800000000006	79.037300000000002	81.664100000000005	82.607100000000003	84.752200000000002	87.9238	91.801400000000001	97.506	107.05800000000001	108.86499999999999	111.45	114.479	117.163	119.595	122.947	125.20399999999999	130.13	134.346	138.08500000000001	142.47200000000001	143.79300000000001	148.19200000000001	152.06299999999999	155.55099999999999	160.35	163.11099999999999	168.82499999999999	177.53800000000001	184.34299999999999	185.22399999999999	186.44900000000001	192.286	200.20400000000001	207.19900000000001	208.73099999999999	210.00800000000001	211.65	217.16399999999999	224.642	231.244	237.10900000000001	237.934	238.62700000000001	239.62	241.03399999999999	245.32400000000001	255.381	258.202	258.202	158.86500000000001	70.534599999999998	42.874299999999998	10.525399999999999	2.68824	0	0	0	0	0	0	0	Indentation depth (nm)
Load (mN)
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Load (mN)

900°C_Experiment	7.0474579999999998	6.4459970000000002	1.8138989999999999	2.9445950000000001	2.5027729999999999	0.720333	1.7637119999999999	2.3401550000000002	1.3658300000000001	1.9491000000000001	0.30687300000000001	1.15612	1.1675679999999999	1.772967	1.6325460000000001	2.7870599999999999	1.2227479999999999	7.0474579999999998	6.4459970000000002	1.8138989999999999	2.9445950000000001	2.5027729999999999	0.720333	1.7637119999999999	2.3401550000000002	1.3658300000000001	1.9491000000000001	0.30687300000000001	1.15612	1.1675679999999999	1.772967	1.6325460000000001	2.7870599999999999	1.2227479999999999	52.759853999999997	102.19574299999999	308.20064200000002	510.37110899999999	713.16323199999999	1021.7660540000001	1331.2888270000001	1640.4037530000001	1941.5639410000001	2251.8090569999999	2541.1610420000002	2699.085223	3138.994451	3543.9632940000001	4034.7016429999999	4420.8075449999997	4735.2177449999999	28.490397000000002	34.017829999999996	36.203187999999997	35.822043999999998	35.482374	32.856994	33.251465000000003	32.744588999999998	31.967272999999999	31.777348	32.673721999999998	33.451830999999999	34.200747	33.012715	33.750025000000001	33.460163000000001	33.447913	900°C_Simulation	100	300	500	1000	1500	2000	2500	3000	3500	4034.7	33	33.5	34.1	34.5	34.799999999999997	34.9	35.08	35.479999999999997	35.82	36.1	Maximum depth (nm)
Elastic modulus (GPa)

1000°C_Experiment	6.6577419999999998	5.9689750000000004	10.242796	6.1404860000000001	6.714073	6.8296720000000004	4.6851669999999999	4.6464420000000004	3.883807	4.6577739999999999	3.5144229999999999	2.9058839999999999	7.2166329999999999	2.1296219999999999	4.3313540000000001	2.7761629999999999	3.2158169999999999	0.57287500000000002	1.1341870000000001	3.6566420000000002	2.9427379999999999	6.6577419999999998	5.9689750000000004	10.242796	6.1404860000000001	6.714073	6.8296720000000004	4.6851669999999999	4.6464420000000004	3.883807	4.6577739999999999	3.5144229999999999	2.9058839999999999	7.2166329999999999	2.1296219999999999	4.3313540000000001	2.7761629999999999	3.2158169999999999	0.57287500000000002	1.1341870000000001	3.6566420000000002	2.9427379999999999	53.858811000000003	104.539855	222.68864300000001	353.54562700000002	503.00300700000003	656.30465900000002	791.08234700000003	946.54071099999999	1095.351621	1245.6055530000001	1388.261225	1497.9946319999999	1688.8127019999999	1826.8772489999999	1973.0248280000001	2163.3672839999999	2360.6489790000001	2546.8804300000002	2751.4879430000001	2956.273956	3131.6069010000001	16.435984000000001	14.465771999999999	25.425008999999999	36.238388	38.869627999999999	40.308383999999997	48.588245999999998	46.284663999999999	46.408738999999997	42.078654	47.483018999999999	42.124302	43.921691000000003	47.573455000000003	47.709623000000001	49.339458999999998	49.376978999999999	49.890844000000001	48.410857999999998	48.188288	51.978310999999998	1000°C_Simulation	100	300	500	1000	1500	1973.02	2500	3000	3500	43.173567692307692	43.319615384615382	43.847892307692312	44.155384615384619	45.769230769230774	47.2	47.847121795473761	48.477400694900936	50	Maximum depth (nm)
Elastic modulus (GPa)

1100°C_Experiment	6.1504269999999996	17.024972999999999	7.0018929999999999	6.0568020000000002	9.0246659999999999	3.806025	13.918241999999999	2.5211730000000001	4.7542470000000003	4.1779099999999998	1.164887	2.7486700000000002	3.4415879999999999	5.7075139999999998	5.6821520000000003	3.2081019999999998	6.1504269999999996	17.024972999999999	7.0018929999999999	6.0568020000000002	9.0246659999999999	3.806025	13.918241999999999	2.5211730000000001	4.7542470000000003	4.1779099999999998	1.164887	2.7486700000000002	3.4415879999999999	5.7075139999999998	5.6821520000000003	3.2081019999999998	10.901814	30.452382	39.848762999999998	69.404420999999999	97.426382000000004	116.82859000000001	155.46291199999999	189.738506	377.49623000000003	569.79373399999997	756.48007500000006	950.157601	1142.0230979999999	1334.6493829999999	1497.440175	1581.1649480000001	51.654344000000002	55.602410999999996	61.253889000000001	72.304417000000001	75.145061999999996	75.599425999999994	69.881725000000003	82.159000000000006	84.054908999999995	76.358000000000004	81.165758999999994	83.230999999999995	79.071477999999999	80.588999999999999	86.572000000000003	80.422118999999995	1100°C_Simulation	100	150	220	300	500	750	950.15	1250	1500	69.34	70.849999999999994	71.319999999999993	72.64	75.12	78.319999999999993	80.239999999999995	81.260000000000005	84.21	Maximum depth (nm)
Elastic modulus (GPa)

1200°C_Experiment	37.018828999999997	24.413613000000002	7.2546359999999996	13.528782	4.3482440000000002	14.265142000000001	10.467537999999999	10.467537999999999	0.92653799999999997	3.4752990000000001	1.939665	2.8096239999999999	7.6690569999999996	3.4345319999999999	1.875785	7.2711899999999998	10.836809000000001	2.5442450000000001	37.018828999999997	24.413613000000002	7.2546359999999996	13.528782	4.3482440000000002	14.265142000000001	10.467537999999999	10.467537999999999	0.92653799999999997	3.4752990000000001	1.939665	2.8096239999999999	7.6690569999999996	3.4345319999999999	1.875785	7.2711899999999998	10.836809000000001	2.5442450000000001	10.921144	20.331782	29.806639000000001	84.261536000000007	129.251687	164.87810200000001	181.675465	181.675465	221.68598499999999	265.33573799999999	309.117299	348.09699000000001	391.59880800000002	428.86905200000001	470.47645499999999	510.45357999999999	595.95282799999995	672.585689	91.941277999999997	139.64045400000001	163.449905	186.28618599999999	186.60922099999999	185.29995400000001	188.074883	188.074883	191.46500499999999	188.40011000000001	183.864733	179.43509800000001	182.71909299999999	175.23666399999999	183.45663200000001	181.42799600000001	185.592142	188.94480899999999	1200°C_Simulation	50	70	90	150	200	300	400	470.47	600	156.114	158.63999999999999	162.495	164.5	166.9	172.99169999999998	174.5	176.7	186.8	Maximum depth (nm)
Elastic modulus (GPa)

900°C_Hertzian	0	0.08	0	1.2355399221211996	900°C_Experiment	8.201E-2	0.19661999999999999	8.5778999999999994E-2	0.11314399999999999	0.135187	6.1337000000000003E-2	6.1182E-2	0.100615	6.5174999999999997E-2	8.6295999999999998E-2	2.7104E-2	4.1369999999999997E-2	5.3756999999999999E-2	0.104106	5.5849000000000003E-2	0.11031199999999999	5.7695999999999997E-2	8.201E-2	0.19661999999999999	8.5778999999999994E-2	0.11314399999999999	0.135187	6.1337000000000003E-2	6.1182E-2	0.100615	6.5174999999999997E-2	8.6295999999999998E-2	2.7104E-2	4.1369999999999997E-2	5.3756999999999999E-2	0.104106	5.5849000000000003E-2	0.11031199999999999	5.7695999999999997E-2	5.4195909897250358E-2	7.4431741454103278E-2	0.13743656959235587	0.17827310973777488	0.2144565556779045	0.26163753808470674	0.29965860344676859	0.33374850863509808	0.36387633705671357	0.39228297583132216	0.41640684466243522	0.42829006008868681	0.46239287177537064	0.49106523826695586	0.5219011694703124	0.54307645180702346	0.56166502876315749	0.27538800000000002	0.48835000000000001	0.630243	0.74405399999999999	0.72786700000000004	0.63924199999999998	0.68589299999999997	0.68071899999999996	0.67727499999999996	0.67525199999999996	0.71971300000000005	0.77266299999999999	0.765405	0.72843400000000003	0.78761000000000003	0.81698899999999997	0.80642800000000003	900°C_Simulation	7.7272598097184744E-2	0.13829999053916334	0.18237361389779783	0.26303489577080069	0.32184715328886915	0.37372519282996775	0.41504435998852784	0.45703949099029428	0.49112947192878814	0.52860615040877734	0.32	0.48	0.52	0.54	0.61	0.67	0.68	0.69	0.72	0.74	an/R
Indentation hardness (GPa)

1000°C_Hertzian	0	0.1	0	1.9905364295601531	1000°C_Experiment	0.113288	0.1206	0.12151099999999999	0.160552	0.184335	0.231652	0.18640699999999999	0.16871900000000001	0.18196899999999999	0.20022100000000001	0.18679899999999999	0.103686	0.31687799999999999	7.5548000000000004E-2	0.17408000000000001	0.141403	0.13517999999999999	4.6508000000000001E-2	5.0179000000000001E-2	8.0965999999999996E-2	9.2715000000000006E-2	0.113288	0.1206	0.12151099999999999	0.160552	0.184335	0.231652	0.18640699999999999	0.16871900000000001	0.18196899999999999	0.20022100000000001	0.18679899999999999	0.103686	0.31687799999999999	7.5548000000000004E-2	0.17408000000000001	0.141403	0.13517999999999999	4.6508000000000001E-2	5.0179000000000001E-2	8.0965999999999996E-2	9.2715000000000006E-2	5.1626086644094731E-2	7.6338458090083522E-2	0.12140115109564696	0.15222295730326901	0.18337088876911142	0.20907290222752539	0.22957964527257876	0.25124558671835651	0.2725723105417861	0.29317025813472436	0.30668455842139924	0.32085394550557289	0.33823767113499481	0.35359413078861196	0.36761371593514452	0.38424208089829215	0.40211596970186247	0.41716722761757985	0.43407610661182866	0.45067352534874744	0.46310241715735784	0.18632000000000001	0.17313999999999999	0.24849499999999999	0.484761	0.546068	0.638262	0.87370899999999996	0.89168099999999995	0.83718300000000001	0.69965100000000002	0.94694999999999996	0.77737100000000003	0.90105500000000005	0.96473699999999996	0.96515799999999996	1.050422	1.034511	1.085914	1.0326059999999999	0.98681300000000005	1.0960559999999999	1000°C_Simulation	7.6832294808825669E-2	0.13898962993858405	0.18288327566624624	0.26146351447560351	0.31819106549314602	0.37113524344966259	0.41271195387759191	0.45804774169940482	0.49486910980422166	0.47	0.6	0.68	0.79	0.83499999999999996	0.88	0.9	0.92	0.94	an/R
Indentation hardness (GPa)

1100°C_Hertzian	0	0.1	0.2	0	3.4734542267147921	6.9469084534295842	1100°C_Experiment	6.7530000000000007E-2	0.32804299999999997	0.17194799999999999	0.154254	0.19200600000000001	9.9137000000000003E-2	0.455625	5.8139999999999997E-2	0.26758300000000002	0.304197	8.8966000000000003E-2	0.163519	0.232488	0.25581799999999999	0.39438699999999999	0.23561000000000001	6.7530000000000007E-2	0.32804299999999997	0.17194799999999999	0.154254	0.19200600000000001	9.9137000000000003E-2	0.455625	5.8139999999999997E-2	0.26758300000000002	0.304197	8.8966000000000003E-2	0.163519	0.232488	0.25581799999999999	0.39438699999999999	0.23561000000000001	2.1225171216689716E-2	3.8598860444200016E-2	4.5200101088400321E-2	5.9374487522811957E-2	7.0694374711413988E-2	7.750524944512327E-2	9.1739571879741993E-2	9.8618529457483672E-2	0.1452375959823981	0.18227992638972954	0.21208379731930901	0.23711310560975413	0.25972911471295224	0.28102959326137023	0.30251781053081112	0.33261436542305367	0.42371199999999998	0.53826799999999997	0.64536000000000004	1.0399560000000001	1.2551859999999999	1.3767290000000001	1.2543869999999999	1.9868060000000001	2.3712	2.2072090000000002	2.4382830000000002	2.3567999999999998	2.2530999999999999	2.1934999999999998	2.3824000000000001	2.2926000000000002	1100°C_Simulation	6.8553777326874898E-2	8.728725815200758E-2	0.10901178415288346	0.13037696657199571	0.17047437570639817	0.21415406069196682	0.24361057779915277	0.2813944294042241	0.31075356547887867	1.19	1.32	1.49	1.62	1.81	2.0099999999999998	2.13	2.21	2.31	an/R
Indentation hardness (GPa)

1200°C_Hertzian	0	0.1	0.2	0	6.9655697478959944	13.931139495791989	1200°C_Experiment	0.17313899999999999	0.24954599999999999	0.177012	0.37764399999999998	0.21147299999999999	0.90972699999999995	0.52575899999999998	0.52575899999999998	0.16414799999999999	0.17990300000000001	0.12992699999999999	0.17549200000000001	0.82272400000000001	0.46861999999999998	0.17471200000000001	0.57404900000000003	0.83100300000000005	0.30390600000000001	0.17313899999999999	0.24954599999999999	0.177012	0.37764399999999998	0.21147299999999999	0.90972699999999995	0.52575899999999998	0.52575899999999998	0.16414799999999999	0.17990300000000001	0.12992699999999999	0.17549200000000001	0.82272400000000001	0.46861999999999998	0.17471200000000001	0.57404900000000003	0.83100300000000005	0.30390600000000001	2.3724590302599373E-2	3.3040691469559125E-2	4.0955296813744345E-2	6.760199102753571E-2	8.1758979172296076E-2	9.2779108687901762E-2	9.7496729419843275E-2	9.7496729419843275E-2	0.10442430640209745	0.11559783101867982	0.1268379470218495	0.13279292155493283	0.14251410311224369	0.14828353971168928	0.15586168090166544	0.162547148148767	0.17836776697526005	0.19005177150792385	0.43561800000000001	0.93973099999999998	1.176034	2.6465269999999999	3.7095199999999999	3.790206	4.0758039999999998	4.0758039999999998	5.2885770000000001	5.4037600000000001	5.2752569999999999	6.1346249999999998	5.8819270000000001	6.4515510000000003	6.588794	6.724291	6.4700009999999999	6.928947	1200°C_Simulation	4.5810543358265947E-2	5.3868374331488299E-2	6.1633660289341925E-2	8.0779655030011777E-2	9.3685664575237262E-2	0.11711728545826633	0.13824688174132604	0.14988503566375314	0.17345187884712124	2.15	2.71	3.19	4.29	5.01	5.9	6.55	7.03	7.55	an/R
Indentation hardness (GPa)

Experiment_900°C	0	1.1764709999999998	2.3529420000000001	3.5294130000000004	4.7058840000000011	5.8823550000000013	7.0588260000000016	8.235297000000001	9.4117680000000004	10.588239	11.764709999999999	25.21	31.48	33.120000000000005	36.979999999999997	37.619999999999997	42.45	44.71	45.85	45.35	46.24	45.03	Simulation_900°C	0	8.8400000000000006E-2	0.24099999999999999	0.63	1.294	2.16	3.5150000000000001	5.03	6.0339999999999998	6.84	7.27	8.26	9	10	11	21.6	23.599999999999998	24.8	26.5	28.4	30.5	33.4	36.4	38.800000000000004	40.9	42.199999999999996	44.1	44.3	44.3	44.3	Experiment_1000°C	0	0.83399999999999996	1.6679999999999999	2.5019999999999998	3.3359999999999999	4.17	5.0039999999999996	5.8380000000000001	6.6719999999999997	7.5059999999999993	8.34	9.1739999999999995	10.007999999999999	10.841999999999999	16.32	22.52	24.15	24.35	25.84	27.39	28.55	32.74	33.85	35.97	35.979999999999997	37.520000000000003	38.25	37.01	Simulation_1000°C	0	0.23400000000000001	0.5	1.06	1.796	2.766	3.766	4.6849999999999996	5.3970000000000002	6.2089999999999996	6.6589999999999998	7.66	8.2200000000000006	9.4499999999999993	10.199999999999999	11	16.13	17.690000000000001	18.8	20.3	21.9	23.76	25.53	27.19	28.67	30.68	31.89	34.44	35.24	35.840000000000003	36	36.200000000000003	Vertical distance from contact area (µm)
Porosity (vol%)
0.44900000000000001	0.36299999999999999	0.28699999999999998	5.1999999999999998E-2	1.0586510263929618	1.0976744186046512	0.90632911392405058	0.997705106138841	Porosity
Modulus: Gurson/Non-Gurson
0.44900000000000001	0.36299999999999999	0.28699999999999998	5.1999999999999998E-2	1.56	1.8333333333333335	1.3814432989690724	1.0857142857142856	Porosity
Yield stress: Gurson/Non-Gurson
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