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Introduction

The present study is motivated by the determination of the burst speed of turbomachine components made of Titanium and Nickel-based alloys. Such burst predictions may rely on global criteria such as the average hoop stress criterion proposed by Robinson [1]. In the case of complex geometries and refined material models, this criterion appears not to be accurate enough as experienced by SAFRAN Helicopter Engines. To overcome this limitation, today's trend is to rely instead on local burst predictions based on finite element simulations [2,3]. In such an approach two aspects are important, namely, the determination of trustworthy constitutive laws and the use of reliable damage or failure criteria. For both aspects, it is important to base the identification on tests whose states of plastic strain and stresses are representative of those occurring in service conditions.

To address these points, a preliminary study was conducted. It consisted of the determination of the level of stresses and plastic strains in actual disks by finite element simulations. Von-Mises elastoplastic model identified from previously performed uniaxial tests has been used [START_REF] Lindner | Towards the fracture prediction of turbomachinery disks: A contribution of digital image correlation[END_REF]. Let us recall that prior to localization the stress state in these tests is characterized by a stress triaxiality of ≈ 0.33. In the disk computations the stress triaxiality ranges from 0.4 to 0.8 [START_REF] Lindner | Towards the fracture prediction of turbomachinery disks: A contribution of digital image correlation[END_REF]. Moreover large values of equivalent plastic strains are reached in the burst calculations. The val-ues lie in the post-peak regime of typical strain-stress curves in uniaxial tension.

In this regime, strain and stress heterogeneities occur in the tensile characterization test. This makes classical identification, which assumes test homogeneity, inappropriate.

This preliminary study led us to conduct experiments on thin and thick notched flat specimens, which under tensile loading, lead to stress and strain levels representative of those in actual disks [START_REF] Lindner | [END_REF][START_REF] Lindner | Towards the fracture prediction of turbomachinery disks: A contribution of digital image correlation[END_REF]. The considered sample geometries induce non-uniform strain fields. In this case, the measurement of load-dependent displacement fields and their subsequent exploitation are necessary [6][7][8]. Different optical techniques can be used to measure displacement fields. Among them, Digital Image Correlation (DIC) is increasingly employed due to its versatility and applicability to "any" scale of observation [START_REF]Optical methods for solid mechanics: a full-field approach[END_REF].

Even though very powerful, DIC suffers from the 'resolution/spatial resolution' curse since the registration procedure is an inverse problem [START_REF] Hild | [END_REF]. In particular, it does not allow elements of arbitrarily small sizes to be used. For some of the analyzed tests, this limitation occurred for a minimum element size of 60 pixels, due to the poor random pattern [START_REF] Lindner | [END_REF]. To correct for this shortcoming, it was decided to rely on Integrated DIC (I-DIC), which allows measurements and simulations to be linked in a seamless manner, and the element size to be tailored at will since the afore-mentioned limitation can be overcome. This technique was first applied with closed-form (i.e., elastic) solutions [11] and then generalized to numerically generated solutions [START_REF] Leclerc | Integrated digital image correlation for the identification of mechanical properties[END_REF][START_REF] Réthoré | [END_REF][14]. In Ref. [START_REF] Lindner | [END_REF] this procedure was used on one thin sample made of Ti6Al4Va for which different elastoplastic postulates available in the commercial code Abaqus were compared. This study allowed an extended Voce law to be calibrated up to levels of equivalent plastic strain ≈ 40%. These levels are far beyond the beginning of the post-peak regime in tensile tests on un-notched specimens, which is about 13 % to 16 % for the studied alloys [START_REF] Abouridouane | Bruchverhalten von leichtmetallen unter impact-beanspruchung[END_REF]. Moreover, these levels of equivalent plastic strain were obtained for stress triaxialities ranging from 0.4 to 0.7. Using the I-DIC procedure described in Ref. [START_REF] Lindner | [END_REF] these results are complemented by those obtained on one thick and three thin samples. The interest for the determination of failure criteria is that very different and much lower level of equivalent plastic strain are reached in thick samples. Another material will also be studied (i.e., nickel-based superalloy).

Early failure criteria of ductile materials mainly referred to yielding [START_REF] Tresca | [END_REF][17][18][19]. To experimentally probe such criteria, two different sample geometries have been considered. Bridgman used circular cylindrical bars and tubes to prove plastic incompressibility and that the yield stress was independent of the hydrostatic stress for various metals [20,[START_REF] Bridgman | Collected Experimental Papers[END_REF]. The initial yield locus and its subsequent changes were determined experimentally by Naghdi et al. [START_REF] Naghdi | [END_REF] on thin tubes made of aluminum alloy subjected to combined tension and shear (i.e., torsion). To discriminate Tresca and von Mises criteria, Lode [23] applied combined tension and internal pressure on tubular samples. The author also discussed the role of the intermediate principal stress and introduced the now-called Lode parameter. Taylor and Quinney [24] carried on such studies on steel tubes by combining tension and torsion. Osgood et al. [25] added internal pressure to tension and torsion on tubular samples. More recently, Bocher and Delobelle [26] studied the behavior of 316L stainless steel under non-proportional loading conditions by combining tension, torsion internal and external pressure on tubular samples.

An alternative route to the previous studies is provided by biaxial experiments on sheets and plates (i.e., flat specimens [27]). This configuration is more chal-lenging since it requires more actuators (i.e., 4) than for tubular samples (i.e., typically 2). Another challenge is related to the evaluation of the stress field and its uniformity. Photoelasticity was used to check earlier designs [28]. Hayhurst [29] proposed a thinned geometry allowing creep rupture to occur in the central part of the sample. The designs were optimized over the years [30][START_REF] Morrison | Techniques for Multiaxial Creep Testing[END_REF][START_REF] Makinde | [END_REF][33][START_REF] Cognard | Integrated Design and Manufacturing in Mechanical Engineering[END_REF] to achieve the most uniform stress and strain states in the central part of such samples. Extensions to triaxial tests on volume elements have also been proposed [START_REF] Ko | [END_REF][START_REF] Pearce | Stress-Strain Behaviour of Soils (Proceedings of the Roscoe Memorial Symposium)[END_REF][START_REF] Shima | [END_REF]. However, their analysis is very delicate since the measurements cannot be performed very close to region of interest [START_REF] Lanier | Geomaterials: Constitutive Equations and Modelling[END_REF][START_REF] Calloch | [END_REF][START_REF] Calloch | SPIE Proceedings[END_REF][START_REF] Petkovski | [END_REF].

For flat samples, another route is to let heterogeneities develop and measure the corresponding kinematic fields. Metal forming has been an area in which punch tests have been considered [START_REF] Nakazima | Study on the formability of steel sheets[END_REF]43]. One key aspect is the measurement of strains, which are visually determined by analyzing deformed grid or circle markings that are printed prior to the experiment [44][45][46]. Digital image correlation was introduced later on [6,47] to analyze such tests. This last technique allowed the kinematic analysis to be fully automated. It will also be used herein when strongly coupled (i.e., integrated) with numerical simulations.

Using the identified extended Voce constitutive law it is possible to test different failure criteria with a large amount of data derived from I-DIC applied to both thin and thick samples. The principle is simple. The state of strain and stress is computed on the actual fracture surface of the specimen just prior to fracture.

From these values different failure criteria are tested. The consistency of any proposed criterion can be checked by plotting the value at any point and time of the test to verify that the failure criterion was not reached earlier and/or at a different location for the conducted tests. If the principle seems simple its application is not straightforward. In fact the fracture of the specimen is sudden. This means that from one recorded image to the next the specimen has broken. Therefore an issue is how to recover from two broken parts the actual positions of the crack in the unbroken specimen. It is then needed to locate this surface within the finite element mesh to recover the state of strains and stresses by a post-processing technique.

The outline of the paper is as follows. The two studied materials and the two sample geometries are introduced in Section 2. Section 3 deals with the procedure of determining the mechanical state of the tests at the onset of fracture. Fractographic analyses and the fracture loci are then discussed for a titanium alloy in Section 4 and a nickel-based superalloy in Section 5.

Studied Materials and Experiments

Studied Materials

Because of their use in helicopter engines, this study examines the titanium alloy Ti6Al4V or TA6V and the nickel-based super alloy NiCr19Co18Mo4Ti3Al3 or Udimet 500 (U500). Their actual microstructure strongly depends on the heattreatment. Examples of the microstructures of the two alloys are displayed in Figure 1. The alloy composition and the final morphology of the grains determine the mechanical properties [START_REF] Breutinger | Verformungsverhalten und Verformungskinetik von Titan technischer Reinheit und der Titanlegierung TiAl6v4 im Bereich niedriger homologer Temperaturen von 0[END_REF][START_REF] Sajjadi | [END_REF].

Titanium-based TA6V alloy

The titanium alloy Ti6Al4V (hereafter designated as TA6V) is a standard aeronautical material with widespread use in structural parts of planes and engines.

TA6V combines several titanium phases. The two main phases are a hexagonal α-phase and a body centered cubic β-phase (Figure 1(a)). Additional elements provide stability and corrosion resistance to these phases. The increased temperature and corrosion resistance of the nickel-based Udimet 500 alloy is associated with the higher amount of chromium and cobalt. In a typical composition, these add up to 35 % of the total weight (Table 1). The material consists of a primary body centered cubic γ-phase, and a strengthening face centered cubic γ -phase. The large quantity of additional alloying elements and higher amounts of carbon lead to a significant formation of carbides [START_REF] Davis | Nickel, cobalt, and their alloys[END_REF],

see Figure 1(b). Similar to TA6V the large variety of heat-treatments leads to a large range of mechanical properties, namely, an elastic behavior with a Young's modulus E ≈ 200 GPa and a Poisson's ratio ν = 0.3. The ultimate tensile strength σmax ranges from 690 to 1300 MPa and a "macroscopic" elongation to failure max from 4 to 18 % [START_REF] Lambert | International Symposium on Structural Satbility of Superalloys[END_REF].

Table 1 Alloy composition of most important elements in weight percent (%), after Ref. [START_REF] Abouridouane | Bruchverhalten von leichtmetallen unter impact-beanspruchung[END_REF] for TA6V, and Ref. [START_REF] Sajjadi | [END_REF] for U500 

Sample Geometries and Test

Stress triaxialities representative of turbo-engine applications vary within the range 0.4 ≤ η ≤ 0.75 [START_REF] Lindner | Towards the fracture prediction of turbomachinery disks: A contribution of digital image correlation[END_REF], where η = σ h /σeq with σ h the hydrostatic stress and σeq von Mises' equivalent stress. Several geometries allow for testing such ranges, namely, round notched samples, flat samples with notch or hole and biaxial samples. In order to master as well as possible the loading conditions, only uniaxial tests are considered. The use of 2D-DIC requires flat surfaces or a very small curvature. To minimize (and possibly eliminate) the spurious effects associated with out-of-plane motions telecentric lenses have systematically been used in the experiments reported hereafter. Only flat geometries were considered. Within these geometries, notches allow for higher stress triaxialities than holes. With the employed equipment, the sample maximum cross-section was set to 8 × 7 mm.

Taking these considerations into account led to the design of a 7-mm thick sample. In order to test the procedure on a sample with lower three-dimensional effects and possibly higher strains it was also decided to use thin (i.e., 0.7-mm thick) samples. Figure 2 depicts the final designs. The tests were conducted in uniaxial tension with a 100-KN servohydraulic machine. To perform these tests as far as possible (i.e., under stable condition) they were displacement-controlled. The inter-grip strain rate was set to ˙ = 0.001 s -1 .

In addition, some samples were subjected to unloading-reloading cycles to study potential evidence of damage.

The samples were fabricated from extruded bars via electric discharge machining. In a last manufacturing step, the notch section of the samples was polished to avoid fracture due to surface defects. The two principal directions (i.e., longitudinal (L) and transverse (T)) of the bar were tested to account for possible anisotropy.

Samples of every possible combination of material (TA6V, U500), thickness (i.e., 0.7 and 7 mm) and direction (L, T) were tested one or three times.

The polishing of the surfaces induced a non-optimal adhesion of the speckle pattern paint [START_REF] Lindner | [END_REF]. The modification of the standard preparation method allowed the problem to be circumvented. The iterative application of black and white droplets with intermediate pauses promoted a better adhesion of the paint. A resulting disadvantage was a heterogeneous pattern quality.

3 Evaluating Stress States at Failure Onset

Implemented Procedure

In the sequel, Integrated DIC will be used to directly evaluate mechanical fields to extract any quantity of interest. To have access to such fields, the parameters of the chosen constitutive law have to be known. They are part of the proposed procedure, which calibrates them to get the most reliable estimates for the given constitutive model. Since various tests and geometries will be considered, the calibration is performed independently for each single experiment.

To determine the location of the fracture surface, an imaged-based analysis is performed. It consists in registering the first image of the broken sample with respect to the last one prior to fracture. The elements that are cut by the crack are then extracted from the initial mesh. Fracture loci can then be determined by processing the finite element data. In the sequel, the mechanical state is evaluated for the instant just before fracture.

Mechanical State of Tested Samples

To evaluate the mechanical state of tested samples, the constitutive law should be known. Once a constitutive model is chosen, the corresponding material parameters need to be calibrated. The identification of material parameters will be based upon I-DIC.

First, global DIC consists of measuring displacement fields between a gray level picture f in the reference configuration and a series of pictures g in the deformed configuration [START_REF] Hild | Optical Methods for Solid Mechanics. A Full-Field Approach[END_REF]. The sum of squared gray level differences is minimized for each time t over the whole region of interest (ROI)

Ω χ 2 c (t) = 1 2γ 2 f |Ω| Ω (g(x + u(x, t), t) -f (x)) 2 (1) 
with respect to the parameterization of the measured displacement field u(x, t), where x is any pixel of the ROI Ω, t the considered time, and γ 2 f the variance of image acquisition noise that is assumed to be white and Gaussian. In the following, the parameterization of the displacement field is based upon 4-noded quadrilaterals of an unstructured mesh that describe the external surfaces of 3D finite element models, which are made consistent with the experimental configuration. This first measurement technique was used to assess the model quality [START_REF] Lindner | [END_REF] and also provided the Dirichlet boundary conditions that will be used to drive finite element simulations.

Let {p} denote the column vector gathering all unknown material parameters.

I-DIC consists of globally minimizing over space and time the total identification residual with respect to the sought material parameters

{p opt } = argmin {p} χ 2 tot ({p}) (2) 
with

χ 2 tot = 1 2 χ 2 c + 1 2 χ 2 F χ 2 c = 1 n n χ 2 c (t) (3) 
χ 2 F ({p}) = 1 nγ 2 F ({Fm} -{Fc({p})}) t ({Fm} -{Fc({p})})
where χ 2 F denotes the global equilibrium gap, which is to be minimized in conjunction with the global correlation residuals χ 2 c . Vector {Fm} gathers all measured load levels for all considered time steps n, and {Fc} all computed reaction forces.

γ F denotes the standard resolution of the load measurement. A Gauss-Newton algorithm is implemented to minimize χ 2 tot , which is nonlinear with respect to {p}.

Forward finite differences are considered to compute the sensitivity fields for the minimization procedure with the commercial FE code Abaqus implicit. This type of procedure utilizes any FE code, be it commercial, in a non intrusive way [14]. 3D FE simulations are run with reduced integration elements with hourglass stabilization to prevent from volumetric locking. It is worth noting that with the present technique, the mesh can be made as fine as needed since the number of unknowns has been significantly reduced to the number of sought material parameters instead of the nodal degrees of freedom in Q4-DIC. This in turn provides a strong robustness of the whole procedure and allows imperfections such as cracking of the paint and poor quality of the speckle pattern to be dealt with effectively [START_REF] Lindner | [END_REF].

In I-DIC approaches, one important feature is the choice of the constitutive law. In the present case, elastoplasticity is modeled with J2-flow rule and isotropic hardening described by extended Voce law (i.e., exponential + linear hardening)

for which the yield criterion reads

σeq = σy + Cp + σ 0 (1 -exp(p/p 0 )) (4) 
where p denotes the cumulated plastic strain, σy the yield stress, σ 0 the hardening stress, p 0 the hardening strain, and C the linear hardening modulus. It was shown to be the closest to an earlier experiment on one of the studied materials [START_REF] Lindner | [END_REF]. The calibration of Poisson' ratio ν turned out to be delicate. The reference value for each material was set. Consequently, for extended Voce law, five parameters are tuned (i.e., Young's modulus E, yield stress σy, hardening stress σ 0 , hardening strain p 0 , and linear hardening modulus C).

Image-Based Analysis of Cracked Surface

The image after fracture cannot be analyzed by the current I-DIC procedure, as the sample is broken. However, it is possible to correlate one part of the broken sample with the preceding image, that is, the last image of the I-DIC analysis. The final displacement field is mostly limited to elastic unloading and a large rigid body motion. The rigid body motion results from the feedback response of the testing machine as the force quickly drops to zero. This post-fracture displacement field could be identified by the restriction of a DIC analysis to one half of the sample.

To demonstrate the principle of the selection process, this is not necessary and such a DIC procedure was discarded. The elastic unloading was neglected and only the rigid body motion was identified. The last image was shifted, until the upper part of the broken sample corresponded globally to the location of the unbroken sample in the previous image (Figure 3(a)). The data of the last I-DIC step were superimposed onto this shifted image of fracture (Figure 3(b)). As the upper part was used for manual correlation, the mesh and the recorded sample limits in the lower part do not correspond to each other. In the upper part, the superposition allows for the selection of the elements that are closest to the fracture surface. The selected elements in this critical zone are shown in Figure 3(c), and they were extracted from the mesh (Figure 3(d)).

The color map indicates the equivalent plastic strain within the elements; a darker color symbolizes a higher value.

For the thick sample the same procedure was performed, see Figure 4. The selected zone depends on the actual test conditions. The fracture surface can vary in the out-of-plane direction. However, for 3D simulations the boundary conditions were a simple extrusion of the face boundary conditions. Therefore, the same procedure was applied for the 3D fracture surface. All elements that are an extrusion of the surface selection were extracted from the 3D model. 

Construction of Fracture Loci

The quantities that are used for the prediction of fracture vary for existing criteria. They are either stress, strain [START_REF] Barré De Saint-Venant | [END_REF] or energy-based [54]. Among the stress-based quantities are the different equivalent stresses, as for example von Mises [START_REF] Huber | Czasopismo Techniczne[END_REF]17,56], Tresca [START_REF] Tresca | [END_REF] or Coulomb [START_REF] Coulomb | Mémoires de mathématique & de physique[END_REF] stresses. The maximum principal stress (or Rankine [58] criterion) is frequently used to describe brittle fracture. Finally the stress invariants are used in more complex fracture criteria. The strain-based quantities are associated with these stresses. The most commonly employed quantity is the equivalent plastic strain, which is used for ductile materials [59][60][61]. Other quantities are the principal strains [START_REF] Barré De Saint-Venant | [END_REF].

A particular case is the use of damage criteria. Damage can be driven by the state of stress and strain. For ductile damage, it is possible that the stress triaxiality increases the amount of damage that exists for a certain equivalent plastic strain. For the Lemaitre damage law [START_REF] Lemaitre | A Course on Damage Mechanics[END_REF], the influence is described by the stress triaxiality function Rν . Due to the uncertainty on the role of damage a simplified damage indicator D i is proposed, which weights the equivalent plastic strain with the stress triaxiality function,

D i = pRν (5) 
Different propositions were tested [START_REF] Lindner | Towards the fracture prediction of turbomachinery disks: A contribution of digital image correlation[END_REF] and only one will be reported herein, namely,

Rν = (1 + β D [η 2 -(1/3) 2 ]) (6) 
with β D = 6.

Results for TA6V Alloy

This section reports the results obtained for six thin notched samples and one thick notched specimen made of TA6V alloy.

Hardening Response

The extended Voce law was identified on all thin samples. As the identified hardening curves are not identical, an average curve was calculated from the test data.

This result is illustrated for the longitudinal direction in Figure 5(a). For each sample, both planar faces were analyzed independently with the pictures acquired by cameras C1 and C4. Due to the non-linearity of the laws, the mean fit curve is calculated from the six curves and not from the coefficients of the curves. The maximum equivalent plastic strain is set to the average of all six analyses. The mean global residual level is of the order of χtot = 7, which is considered very low given the complex geometry of the sample and the test conditions [START_REF] Lindner | [END_REF]. The analysis of the thick sample was also performed. The most important point, which will be discussed later on, is the difference in failure strains. The mean value was pmax L = 0.17. This type of effect is expected since thick samples lead to higher stress triaxialities, and thus the failure strain is expected to be lower [START_REF] Lemaitre | A Course on Damage Mechanics[END_REF][START_REF]Handbook of Damage Mechanics[END_REF].

The identification residuals of the thick samples were on average higher. For the example presented hereafter, the value was χtot = 25 (in comparison to χtot = 7

for thin samples). This means that the results as such are less trustworthy than for the thin samples. However, the calculated forces from the identification procedure are still close to the experimental forces (Figure 6). The abscissa shows the loading parameter, macro, which corresponds to the mean longitudinal strain of the ROI.

To assess the difference between thin and thick samples, the average hardening law of thin samples was also considered to analyze the data of a thick sample. This step will be referred to as verification. For the chosen example the verification residual rose to χtot = 160. There is a clear degradation of the overall quality. In addition, the forces are significantly lower. which occurs in ductile materials. On a closer inspection of the surface, two distinguishable features are revealed. Considerably larger voids exist on the surface, i.e., at point (1). The size of the pores reaches almost 25 µm. A possible explanation is the debonding of grains or inclusion particles. In addition, repetitive structures cover the entire surface at point (2). These features are dimples typically observed in ductile rupture. Therefore, the fracture may be described as predominantly transgranular. These observations indicate that the final fracture mechanism of TA6V corresponds to the definition of ductile rupture.

Mesoscopic analysis

Ductile rupture is the result of void nucleation and growth. If substantial and diffusive amount of damage occurs in the tested sample, the global elastic stiffness allows the damage changes to be identified. If such a method is commonly used for composite materials [START_REF]Handbook of Damage Mechanics[END_REF], such a global decrease in the apparent modulus of elasticity is less documented in the literature for metallic materials [START_REF] Lemaitre | A Course on Damage Mechanics[END_REF]. However, the DIC and especially I-DIC procedures have proven to be sensitive to small changes unseen with other techniques by using correlation residuals [START_REF] Lindner | [END_REF].

To study possible occurrence of damage with the used testing equipment, several unloading and reloading cycles were included for a thin sample. In a first step, the identification of the optimal elastoplastic parameters was performed for an image selection of continuously growing elongation, excluding the cycles. In a second step, the model parameters were used on the entire test data, including the cycles. The entire force-elongation curve is well described including the macroscopic softening in addition to the cycles, see Figure 8(a). this does not imply that no local damage exists in the specimen for these values of equivalent plastic strain. Additional cycles after macro II could deliver more precise information. However, this would require a higher cycle frequency. In the performed test campaign, this was avoided due to the increased likelihood of paint cracking [START_REF] Lindner | [END_REF]. Due to the lower level of plastic strain in the thick sample compared to the thin ones, no visible global effect of possible damage was expected prior to failure. Therefore, no cyclic tests were performed on thick samples.

Instead of analyzing the possible damage behavior, the present study focuses on fracture initiation. It seems that the damage nucleation and growth phases, which could precede TA6V fracture, can be neglected in a first instance, as it occurs very late and for a very short duration. This type of observation was also reported for aluminum alloys (see, e.g., Ref. [START_REF] Morgeneyer | [END_REF]). The fact that thin and thick samples fail for very different values of the equivalent plastic strain led to the investigation of various criteria, notably those involving the effect of stress triaxiality.

Fracture loci

Once the state of strains and stresses "on" the fracture surface is known at an instant as close as possible to the initiation time, it is possible to create any possible combination for a fracture locus. The most common representation describes the maximum equivalent plastic strain p over a range of stress triaxialities η. The values of the selected elements can be plotted in a fracture locus (Figure 9(a)). The graph contains the data points of thin and thick samples. Despite the tremendous reduction of data, the states of stress and strain are still heterogeneous. For the thin sample, the location of maximum equivalent plastic strain p and maximum stress triaxiality η coincide and it seems very likely that this combination leads to fracture initiation. For the thick sample the plastic strain is almost uniform in the ROI over the entire triaxiality range. The "maximum" equivalent plastic strain is reached when η = 0.48. However, this state cannot induce fracture, as it also exists in thin samples. It seems therefore more likely that failure is associated with the strains at the highest stress triaxiality.

The definition of a criterion is difficult in this case. If the two points were to be connected by a line this would indicate that the material fails almost at a critical stress triaxiality. This contradicts the findings in the literature, namely, ductile materials usually show a very distinctive dependence of the maximum equivalent plastic strain p on triaxiality [START_REF] Lemaitre | A Course on Damage Mechanics[END_REF][START_REF]Handbook of Damage Mechanics[END_REF]. This fracture locus does not seem to be appropriate for the reported tests on TA6V samples.

Another proposition for a fracture locus is the use of the maximum principal stress σ 1 and equivalent plastic strain p (Figure 9(b)). In contrast to literature results, no influence of the level of the equivalent plastic strain is found. A limit line can be drawn for σ 1 = 1630 MPa. The fracture of TA6V could only be sensitive to the maximum principal stress, given that the computation should consider plasticity and large strains.

For ductile damage, it is possible that the stress triaxiality increases the amount of damage that exists for a certain equivalent plastic strain. Compared to the equivalent plastic strain p -stress triaxiality η locus, the function Rν increases the importance at high strains. For both samples the maximum damage level correlates with the maximum stress triaxiality. However, there is no consistency between thin and thick samples (Figure 10). Consequently, the only compatible criterion corresponds to a maximum principal stress independent of the equivalent plastic strain level for TA6V. 

Validation of fracture locus

The final step in the proposed procedure is the evaluation of the fracture locus for the entire data set. Figure 11 shows this result for the last step of the analysis. It was checked that the final step leads to higher values than the preceding ones [START_REF] Lindner | Towards the fracture prediction of turbomachinery disks: A contribution of digital image correlation[END_REF].

For the maximum principal stress-equivalent plastic strain locus, all points are below the limit line. This means the selected elements contained the fracture surface.

The same conclusion was drawn for the other investigated loci. In the following, the results obtained for six thin notched samples and one thick notched specimen made of U500 are discussed.

Hardening Response

The mean identification residual for thin samples was of the order of χtot = 9.2 for the extended Voce law. This level is close to that observed for TA6V samples (i.e., χtot = 7). Consequently, the identification quality is similar for thin samples irrespective of the material differences. Figure 12(a) shows two examples of the force-elongation curves. The thin sample in the transverse direction broke at a lower strain. In fact, this result was confirmed for all samples in that direction.

The average hardening curves are presented in Figure 12(b). For the longitudinal direction, the average maximum equivalent plastic strain is pmax L = 0.31, whereas for the transverse direction only an average of pmax T = 0.12 was obtained. This is about 39 % of the longitudinal value. In addition, the levels of stress in the transverse direction are significantly lower, R(p = 0.1) L = 1240 MPa, R(p = 0.1) T = 1020 MPa. This indicates that the transverse direction could be as much as 18 % weaker. In the present case, there is a more pronounced anisotropy of the behavior when the longitudinal and transverse responses are compared.

The same procedure as for TA6V was applied to identify the difference between thin and thick samples. As for TA6V, the increase in thickness led to a lower maximum equivalent plastic strain, pmax L = 0.18. This level is lower than that observed in the thin samples. This effect can be explained by the stress triaxiality level that is different in thin and thick samples.

For the thick sample used in the following, the total identification residual was χtot = 27. The verification residual rose to χtot = 450, a value significantly higher.

There is a strong effect between the two sets of material parameters on the identification quality, which is also visible on the force-elongation curve (Figure 13).

The difference between identification and verification forces is higher for U500 In the case of the complete model, the sample was loaded uniformly in tension at its upper end, marked with (1), and fixed at the lower end, point (2). This loading leads to similar displacements on the ROI boundary as in the experiment and is therefore denominated as "true" boundary condition (BC). After the calculation of the model the longitudinal displacement at the limits of the ROI were extracted on the surface, point (3), and a 4th order polynomial was fitted to these data. The obtained field was then applied as loading condition to the boundary surface nodes of the ROI model and extruded for all nodes in the thickness direction; a procedure that is assumed to be almost equivalent to the processing of the experimental data in I-DIC. The mean displacement of the ROI boundary and the associated macroscopic elongation were calculated for both models (true and extruded BCs). Figure 14(b) shows the force-elongation curves. For the ROI model with the extruded boundary conditions the forces are lower. As in the verification step, the differences between true and extruded boundary conditions are larger for U500 compared to TA6V alloy. This leads to the following explanation. In the I-DIC identification, the lower forces were compensated by the stress level of the material model, which was higher for the thick samples compared to the thin samples.

The difference in the resulting errors between TA6V and U500 can be explained as follows. U500 has a lower yield stress and a stronger hardening modulus. This results in a greater extent of the plasticity field. In addition, the plastic strain field is not uniform in the thickness. For a similar size of the ROI, the experimental displacement boundary surface is then more deformed in the thickness compared to TA6V and the assumption of the extrusion is less correct.

To improve the accuracy, more elaborate procedures are necessary to deal with these kinds of boundary conditions. One solution is the enlargement of the ROI. However, this was difficult as the strong notch curvature and the resulting element shape made DIC impossible for refined meshes [START_REF] Lindner | [END_REF]. An improvement could be achieved through the interpolation from separate coarse DIC solutions to fine boundary distributions for I-DIC. Another solution would be the introduction of the boundary conditions to the set of unknowns [65,66] in I-DIC approaches. In that case DIC analyses would not be required.

Microscopic and Mesoscopic Analyses

The previous methodology was applied to the U500 test results. The examination of the fracture surface clearly reveals the structure of the grains (Figure 15). In addition, the macroscopic force-elongation curve for any sample showed no significant softening. Both results are as expected for brittle fracture. Therefore, no cyclic tests were performed. Yet, the fracture surface is not straight. Larger pores mark the surface, i.e., close to the notch at point (1). The occurrence of bands with distorted microstructure is the microscopic cause of the mentioned macroscopic anisotropy (2). On closer inspection of the grains, a coarse texture, which covers the entire grain surface, is found (3). The most likely explanation is the existence of microvoids on the grain boundaries.

Construction of the fracture loci

The selection of the elements in the vicinity of the fracture surface was performed analogously to that for TA6V samples (Figure 16).

The same fracture loci as for TA6V were evaluated. Even though the material fails in a brittle manner, the fracture locus usually employed for ductile rupture, namely, equivalent plastic strain p -stress triaxiality η, is remarkable. For thin samples, the maximum equivalent plastic strain is not located at the maximum stress triaxiality. The points seem to follow a unique tendency described in Ref. [67,68] and shown in Figure 17(a). This needs to be confirmed for stress triaxiality levels η > 0.6.

Similar to TA6V, the locus of maximum principal stress-equivalent plastic strain allowed for the construction of a limit line when σ 1 = 1830 MPa. Such a criterion seems therefore also relevant for U500 (Figure 17 For the evaluation of the critical damage indicator the fracture locus leads to a critical value of the order of D i = 0.28 for the damage indicator (Figure 18). This level was chosen as a lower bound to exclude some points that are believed to be outliers.

Summary and Perspectives

This paper was devoted to the failure analysis of TA6V and U500 alloys. The use of integrated DIC approaches enabled for the identification of failure criteria. A procedure was developed to analyze the mechanical fields in combination with the image of the fractured sample. The elements from the fractured surface are first extracted. The data of the extracted elements can then be analyzed to construct fracture loci. Several propositions for failure criteria from the literature were tested, namely, equivalent plastic strain -stress triaxiality and maximum principal stress -equivalent plastic strain. A damage indicator was also proposed, which weighs the equivalent plastic strain with a stress triaxiality function.

In a first step of the analysis the fractographies of TA6V and Udimet 500 alloys were presented. TA6V fails in a transgranular manner; no grains are visible.

The fracture surface indicates that void nucleation and growth are the primary reason of final fracture. No indication of macroscopic damage was found before the occurrence of failure. For U500, the grains are visible and the fracture is intergranular. Therefore, in a first instance it is assumed that for both materials the material failure can be appropriately described by an initiation criterion. The onset of microscopic damage is neglected.

Other alternatives were studied [START_REF] Lindner | Towards the fracture prediction of turbomachinery disks: A contribution of digital image correlation[END_REF] and it appears that the maximum principal stress criterion fits very well the data keeping in mind that any such analysis should consider plasticity calculations. In addition, it has to be noted that the fact that only one point for thick and thin samples reaches the limit value is attributed to the observation that once the failure initiates it propagates in a catastrophic manner. The analysis of all the data in time and space available from the I-DIC analyses was conducted to confirm that the criteria were not reached before and/or in other locations of the tested samples. For U500, two other fracture loci were consistent for thin and thick samples, namely, the equivalent plastic strain vs. stress triaxiality and a critical value of a damage indicator.

The previous results, especially those concerning the maximum principal stress criterion, should be checked on other test cases, on sample geometries involving various states of stresses. Another improvement of the method would be the introduction of these fracture criteria in FE simulations. As shown herein for the two investigated materials, few elements reach the initiation condition. Moreover, no images of partially broken samples were available. The erosion of elements from the simulation or the use of cohesive elements would generate a virtual fracture surface. With additional procedures these predictions could be compared to the recorded images of the final fracture. One may also check whether once the failure initiates, it propagates in a catastrophic manner (as observed experimentally). In such simulations, special care should be exercised to make sure that the numerical predictions remain objective (i.e., mesh-insensitive).

Further, with an adapted I-DIC procedure, the crack can be recreated in the computer-generated images. Such a procedure would enable for the comparison of the fracture image with the I-DIC approach. The identification of plasticity and fracture could be performed simultaneously. This is similar to the ideas already proposed [69,70] for which more local information was introduced in the identification functionals.

Another important point considers the identified constitutive model. For the thin and thick samples the average curves were not identical. First, the reason for such a difference needs to be further investigated. In this context, the sensitivity of the stress triaxiality fields to minimal changes in the identified law should be studied. Second, it should be possible to identify a unique constitutive model for all samples in a simultaneous identification. Together with the described improve-
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 1 Fig. 1 Microstructure of the studied alloys. (a) TA6V: (1) α-phase (dark structures) is filled with (2) β-phase (white patches), after Ref. [48]. (b) U500: (1) γ-phase (light gray) is filled with (2) γ -phase (black), (3) carbides exist (dark gray), after Ref.[START_REF] Sajjadi | [END_REF] 
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 72 Fig. 2 Sample geometries (dimensions in mm). Both samples are displayed with examples of the speckle pattern; the gripped area is kept paint-free to avoid slip
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 3 Fig. 3 Selection procedure for the fracture locus for a thin sample made of TA6V. (a) Broken sample. (b) Superposition of broken sample and I-DIC result before fracture. (c) Selection of elements in the critical zone. (d) Superposition of the equivalent plastic strain in the selected zone with the fracture image
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 4 Fig. 4 Superposition of shifted fracture image and critical elements for the thick sample made of TA6V
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 5 Fig. 5 Hardening curves from I-DIC analyses for thin samples made of TA6V. (a) Hardening curves for all analyzed cases in the longitudinal direction. (b) Average hardening curves for both directions

Fig. 6 Fig. 7

 67 Fig. 6 Force-elongation curves for a thick sample for its identification and verification

Fig. 8

 8 Fig. 8 Results from loading-unloading test. (a) Force-elongation curve and (b) I-DIC maximum equivalent plastic strain
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 9 Fig. 9 Fracture loci p(η) (a) and σ 1 (p) (b) for the elements in the critical section of TA6V samples
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 10 Fig. 10 Fracture locus for the damage indicator D i vs. stress triaxiality η for elements in critical section for TA6V
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 11 Fig. 11 Verification of the fracture locus in the σ 1 -p domain for all elements in the last step of the analysis for TA6V samples
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 12 Fig. 12 I-DIC results for thin samples made of U500. (a) Force-elongation curves for two thin samples in both directions. (b) Average hardening curves for both directions
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 13 Fig. 13 Force-elongation curve for a thick sample for its identification and the verification with the average model of the thin samples made of U500
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 14 Fig. 14 Verification of boundary condition extrusion hypothesis. (a) The sample is modeled completely and as a model of the ROI. (b) Force-elongation curves from the two models

Fig. 15

 15 Fig. 15 Fractographies of notched samples made of U500. (a) Entire intergranular fracture with complex surface structure (1). (b) Zoom with distortion bands (2) and microvoids on the grain boundary (3)
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 17 Fig. 17Fracture loci p(η) (a) and σ 1 (p) (b) for the elements in critical section of U500 samples

  Fig. 17Fracture loci p(η) (a) and σ 1 (p) (b) for the elements in critical section of U500 samples for two different fracture planes
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 18 Fig. 18 Fracture locus for the damage indicator D i -stress triaxiality η domain the elements in critical sections of U500 samples
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ments, the model identification for plasticity and fracture would then be one "big data" identification procedure.

Last, let us note that the experimental/numerical framework introduced herein is very generic. Other types of constitutive equations could have been investigated and other criteria probed (e.g., based on damage models). High-performance alloys were studied herein. Yet, the same analysis could have been performed on other types or classes of materials.
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