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Introduction

Scanning Electron Microscopy (SEM) is a powerful tool to observe material behavior and deformation at a small scale by an analysis of numeric images. Recently, these observations have been extended to access to the quantitative mechanical characterizations with a nanometric spatial resolution [START_REF] Reu | All about speckles: Speckle size measurement[END_REF][START_REF] Reu | All about speckles: Edge sharpness[END_REF][START_REF] Reu | All about speckles: Speckle density[END_REF]. To estimate certain properties in fundamental mechanics, it is necessary to measure displacements and deformations at the micron and sub-micron scales. The Digital Image Correlation (DIC) [START_REF] Chu | Applications of digital-image-correlation techniques to experimental mechanics[END_REF][START_REF] Sutton | Determination of displacements using an improved digital correlation method[END_REF][START_REF] Sutton | Application of an optimized digital correlation method to planar deformation analysis[END_REF], which was developed in the 1980s is one of the methods applicable to micro/nanometric measurements. [START_REF] Li | Fabrication technique of micro/nano-scale speckle patterns with focused ion beam[END_REF][START_REF] Sabate | Residual stress measurement on a MEMS structure with high-spatial resolution[END_REF]. The DIC method is an optical technique that is widely used in mechanics because of its ability to determine displacement fields, to access to deformation fields [START_REF] Réthoré | Shear-band capturing using a multiscale extended digital image correlation technique[END_REF][START_REF] Zhu | Fabrication of speckle patterns by focused ion beam deposition and its application to micro-scale residual stress measurement[END_REF], and to detect cracks, for material property identification procedures. Moreover, it is easy to implement and has a high accuracy. This robust method has emerged for the experimental quantification of 2D deformation fields in microstructural-scale planes [START_REF] Besnard | A space-time approach in digital image correlation: Movie-DIC[END_REF][START_REF] Stinville | Sub-grain scale digital image correlation by electron microscopy for polycrystalline materials during elastic and plastic deformation[END_REF][START_REF] Valle | Digital image correlation development for the study of materials including multiple crossing cracks[END_REF]. DIC method has been carried out [START_REF] Sutton | Image Correlation for Shape, Motion and Deformation Measurements[END_REF] and called SEM-DIC.

The combination of these powerful techniques SEM and DIC has been used in a wide range of materials to study nanoscale and microscopic phenomena [START_REF] Kammers | Small-scale patterning methods for digital image correlation under scanning electron microscopy[END_REF][START_REF] Kammers | Digital image correlation under scanning electron microscopy: Methodology and validation[END_REF][START_REF] Sutton | Metrology in a scanning electron microscope: theoretical developments and experimental validation[END_REF]. However, experimental data using SEM-DIC and issued from mechanical localization (fracture, sliding bands, ...) remain limited. With SEM-DIC, the first difficulty is to have sufficient speckle contrast in the SEM images. However, the accuracy of the measurements is directly linked to the contrast given by the material arrangement. Most of the materials give uniform contrast under SEM imaging. For these materials, some techniques have been developed to retrieve a good contrast. One of them is to chemically etch the observed surface. These techniques offer the possibility to mark the whole surface of the specimen in one process, but some chemical modifications of the material can occur. A second way is to deposit particles of another material [START_REF] Reyntjens | A review of focused ion beam applications in microsystem technology[END_REF][START_REF] Scrivens | Development of patterns for digital image correlation measurements at reduced length scales[END_REF][START_REF] Zhu | Fabrication of speckle patterns by focused ion beam deposition and its application to micro-scale residual stress measurement[END_REF]. This process enables to cover the total surface of the specimen, but the added material can diffuse into the specimen.

The more recent techniques use the ablation principle using Focused Ion Beam (FIB). Two methods were considered, the first one consists of depositing a layer of platinum and then milling it using FIB [START_REF] Zhu | Fabrication of speckle patterns by focused ion beam deposition and its application to micro-scale residual stress measurement[END_REF]. The second method consists in milling directly the specimen surface of the specimen using FIB [START_REF] Li | Fabrication technique of micro/nano-scale speckle patterns with focused ion beam[END_REF]. Using these two last techniques makes marking the total surface of the specimen more difficult, but the process is easier for small surfaces. It can be noticed that even for small milling depth (a few tens of nanometers), local damages have been observed in the literature [START_REF] Li | Study of damage generation induced by focused helium ion beam in silicon[END_REF] generating local residual strains [START_REF] Salvati | Nanoscale structural damage due to focused ion beam milling of silicon with Ga ions[END_REF][START_REF] Zhu | Residual stress measurement in thin films using a slitting method with geometric phase analysis under a dual beam (FIB/SEM) system[END_REF] on the specimen surface. In the present work, these induced residual strains are neglected for two main reasons. Firstly, contrarily to the previous studies, our specimen has large dimensions and the damaged depth is therefore extremely small comparatively to the specimen thickness. Secondly, all loading steps are compared to the initial step where the damaged surface is already present.

The major difficulty is linked to the SEM and the problem of image stability and distortion [START_REF] Sutton | Metrology in a scanning electron microscope: theoretical developments and experimental validation[END_REF]. In contrast to the proven performance of the DIC methods using optical images, SEM-DIC suffers of lakes directly associated with instability and distortion of the SEM tools. This issue of image drift has been analyzed in previous studies [START_REF] Mansilla | A New Methodology to Analyze Instabilities in SEM Imaging[END_REF][START_REF] Stinville | Sub-grain scale digital image correlation by electron microscopy for polycrystalline materials during elastic and plastic deformation[END_REF] and, leading to these recommendations, the local measurement displacement error can be evaluated to nearly 0.05 pixel [START_REF] Mammadi | Development of Optical Technique For Measuring Kinematic Fields in Presence of Cracks, FIB-SEM-DIC[END_REF].

The last difficulty, linked to the material behavior to be analyzed, is to correctly observe and separate strain localization and fracture developments. Using conventional DIC in optical condition, some works have been done on materials with developed cracks [START_REF] Sutton | Image Correlation for Shape, Motion and Deformation Measurements[END_REF] but it is always difficult to localize cracks and to measure accurately strain fields. As the conventional DIC was developed on continuum mechanics basis, this method is clearly not adapted to the observation of cracked materials. Recently, a global approach gave interesting results [START_REF] Bertin | Crystal plasticity parameter identification with 3d measurements and integrated digital image correlation[END_REF], but this method supposed the knowledge of the crack position before image analysis. A more recent work propose a local approach [START_REF] Berfield | Micro-and nanoscale deformation measurement of surface and internal planes via digital image correlation[END_REF][START_REF] Jin | Pointwise digital image correlation using genetic algorithms[END_REF], adding a specific enrichment of the kinematical field transformation, taking into account the presence of cracks [START_REF] Valle | Digital image correlation development for the study of materials including multiple crossing cracks[END_REF][START_REF] Valle | New development of digital volume correlation for the study of fractured materials[END_REF][START_REF] Valle | Crack analysis in mudbricks under compression using specific development of stereo-digital image correlation[END_REF]. This method, the Heaviside-based digital image correlation (H-DIC), has the advantage to analyze images without knowing the crack positions, orientations and magnitudes of aperture and shear. As the proposed enrichment of this method is the sum of a classical first displacement gradient tensor (representing local strains) and a jump vector (representing the local kinematic behavior of crack), it can be possible to measure discontinuous displacement fields. However, actually, the strain tensor is computed from the displacement field (which should be continuous), using finite differences (FD) [START_REF] Allais | Experimental characterization of the local strain field in a heterogeneous elastoplastic material[END_REF]. This process does not guarantee the good separation of the strain from the displacement field which can amplify in presence of crack. The most important problem is that the strains, evaluated using discontinuous displacement give over-evaluated wrong values. The aim of the proposed paper is to :

• Describe an optimized procedure of separation of the strain part and the crack part.

• Define the process of marking and analysis using FIB and SEM equipment.

• Evaluate the performances of the SEM-DIC tool.

• Investigate these developments to the study of a metallic composite material.

Methods and materials

Separation of strains and cracks using a Heaviside-based digital image correlation method

Heaviside-based digital image correlation method [START_REF] Valle | Digital image correlation development for the study of materials including multiple crossing cracks[END_REF] is an adapted technique based on local DIC approach to be able to extract cracks using an enrichment of the kinematical transformation used in DIC process Eq. 1. This method was used to capture cracks without knowing their position and orientation and it was applied to different materials and in different domains [START_REF] Bourdin | Measurements of plastic localization by heaviside-digital image correlation[END_REF][START_REF] Hedan | One-year monitoring of desiccation cracks in tournemire argillite using digital image correlation[END_REF]. This method was also extended in stereo to capture cracks with out-of-plane displacements (H-SDIC) [START_REF] Valle | New development of digital volume correlation for the study of fractured materials[END_REF], and in 3D using CT equipment for the study of cracks inside materials (H-DVC) [START_REF] Valle | New development of digital volume correlation for the study of fractured materials[END_REF]. The kinematical transformation can be expressed as : * = + 
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Heaviside-DIC method [START_REF] Allais | Experimental characterization of the local strain field in a heterogeneous elastoplastic material[END_REF] where is the position of the subset in the reference image, -0 is the position in the subset and is a translation in the plane. The jump/step function defines the magnitude of the kinematic discontinuity in both the horizontal and the vertical directions represented by the jump vector ′ in Fig. 1. Using polar coordinates of the discontinuity ( * , * ), the Heaviside function describes the precise discontinuity at any orientation * as well as the distance * from the center of the subset:

-0 = , , * , * = cos * + sin * - * (2) 
where (x,y) are the coordinates of a point in the subset. Fig. 1 illustrates the location of the kinematic discontinuity. The Heaviside function thus describes this discontinuity and allows the displacement of one side of the subset with respect to the other with a magnitude equal to the jump vector ′ . Schematically, the process can be represented as in Fig. 1, where the use of the Heaviside function authorizes the subset to be cut into two parts, and where each part corresponds to a particular kinematical transformation 1 and 2 :

1 = + 1 + -0 2 = + 2 + -0 (3) 
• On domain H=0 depending on * , *

1 = + 1 + -0 (4) 
• On domain H=1 depending on * ,

* 2 = + 2 + -0 (5) 
Finally, the optimized solution was computed using a Newton Raphson algorithm where all parameters were computed at the same time, and for each subset (i.e. local approach). It can be written as:

, , , , , , ′ , ′ , * , * (6) 
with ′ , ′ the components of the jump vector, , , , the first gradient tensor.

The jump vector ′ calculated during the optimization process has been extracted to analyze sliding movement at crystal scale [START_REF] Bourdin | Measurements of plastic localization by heaviside-digital image correlation[END_REF], without using a post-processing algorithm based on the displacement maps. This approach has the 1), (e) strain bias, (f) strain standard deviation. Rectangles correspond to calculation zone, near and far the crack. advantages of giving the local value of the jump and no other hypothesis was added to extract the searched parameter ′ using post-processing of the displacement field. Actually, the employment of FD method from a discontinuous displacement field (obtained from H-DIC) gives wrong strains at the vicinity of the crack path and high noisy data far from it (Fig. 1 (a)). This fact is due to the basis of the finite difference method which is only valid on continuum functions [START_REF] Allais | Experimental characterization of the local strain field in a heterogeneous elastoplastic material[END_REF]. To solve problem it is proposed, using an identical approach than those previously employed for the jump vector ′ evaluation, to extract the local gradient tensor calculated during the optimization process [START_REF] Bourdin | Measurements of plastic localization by heaviside-digital image correlation[END_REF] (Fig. 1 (b)). To compare the post-processing approach using FD method and the local strain approach using the first gradient without post-processing step, a pseudo strain indicator was calculated in the spirit of Tresca :

= | 1 -2 | 2 (7) 
where 1 and 2 are the principal strains calculated from the displacement field using finite differences (FD) between neighborhood subsets or directly using local first gradients . Displacement and strain results are compared using synthetic images mimicking a sinusoidal evolution of the strains superimposed to a crack (discontinuous displacement). DIC computation processes are performed using equal size subsets of 48 × 48 pixels, and repeated every pixels (grid step equal to 1 pixel). Results are obtained by averaging data along the crack axis. In Fig. 2, profiles were extracted to better see the behavior of different analyses. Fig. 2 (a) shows the excellent result of the imposed displacement using the H-DIC compared to conventional DIC. Fig. 2 (b) and (c) show bias error (systematic error) and standard deviation (arbitrary error) on the calculated displacement for the two algorithms. It can be retrieved the earlier results [START_REF] Valle | Digital image correlation development for the study of materials including multiple crossing cracks[END_REF] showing an equivalent response of the two algorithms far from the crack and an excellent capture of the crack by H-DIC method contrarily to DIC. Fig. 2 (d), (e), (f) present the plots of the average strain, strain bias and strain error, respectively. These figures show that the use of the FD method to extract the local strains is a good process for conventional DIC outside of the vicinity of the fractured zone (zone called âĂIJfar the crack tipâĂİ on Fig. 2 (d)). However far and in crack zones, the use of a FD method on H-DIC displacement maps is not an appropriate choice. Indeed, as H-DIC method produces high-frequency displacement errors contrarily to conventional DIC, which can be assimilated as a low pass filter, the FD method gives high noises on strain maps (Fig. 2 (f)). Regardless of the presence of a crack in the subset, the better solution for strain extraction is to use the first gradients of Eq. 1 (Table 1). Table 1 confirms that the displacement errors are very low when the area does not contain any crack (0.003 pixel for DIC and 0.004 pixel for H-DIC). Without crack in the zone and in contrast to FD approach of H-DIC, the results of Table 1 confirms that FD approach of DIC [START_REF] Allais | Experimental characterization of the local strain field in a heterogeneous elastoplastic material[END_REF] and first gradients of H-DIC can be used to measure the strains. In presence of one crack, the displacement errors remain unchanged for H-DIC (0.004 pixel) but increase of one order of magnitude with a value close to 0.03 pixel for the DIC. The best choice to study the strains in presence or not of cracks is the use of the first gradients of H-DIC algorithm because the strain errors and the strain bias were in the ranges of 0.064 to 0.072% and 0.457 to 0.466%, respectively. The errors and the bias measured from the FD approaches (DIC and H-DIC) were significantly greater (Table 1) with the values between one to two orders of magnitude higher than the first gradients of H-DIC algorithm. 

Marking process

SEM-DIC requires the presence of a random pattern on the surface of the material. This pattern must have a recognizable and a resolvable structure at an appropriate scale serving the problem of interest. Random pattern marking remains a big challenge because of the small size studied and the very low amplitudes of mechanical phenomena (cracks and strains). Scrivens et al. [START_REF] Jin | Microscale characterization of granular deformation near a crack tip[END_REF] developed chemical vapor exposure and UV lithography with active random models for nanoscale and micro-scale measurements (1 -10 2 ). Berfield et al. [START_REF] Berfield | Micro-and nanoscale deformation measurement of surface and internal planes via digital image correlation[END_REF] randomly created speckle models with a fine-point airbrush for micro-scale (100 2 ) measurement and fluorescent nanoparticles for nanoscale measurements ( 102 ) [START_REF] Li | Fabrication technique of micro/nano-scale speckle patterns with focused ion beam[END_REF]. On the other hand, ion-beam assisted deposition is a process in which the precursor gas is allowed to chemisorption on the sample surface, so that it will be broken down into volatile and non-volatile components by the bombardment of an incident energetic ion-beam (10 4 2 ). The non-volatile component, such as platinum (Pt), remains on the surface as a deposit. The reaction occurs only at positions where the ion-beam passes through the holes of a prepared mask model causing a designed speckle pattern [START_REF] Zhu | Fabrication of speckle patterns by focused ion beam deposition and its application to micro-scale residual stress measurement[END_REF]. Another way to create a SEM contrast is to use the FIB method by milling (10 4 2 ). The marking process of optimal speckle models by ion milling has been studied by Li et al. [START_REF] Li | Fabrication technique of micro/nano-scale speckle patterns with focused ion beam[END_REF]. In the same way, our microstructure was built with a FIB system using an input pattern image ( Fig. 3 (c)). Characteristics of this image can be controlled by the user and allow us to build a random speckle pattern on the investigated surface Fig. 3 (d). In our study, this dual-beam microscope (FIB-SEM, Helios NanoLab G3 CX) ( Fig. 3 (a)) was used because it is easy to implement and image characteristics can be adapted to our material at our scale of measurement. This milling technique is repeated 10 times on the specimen surface ( Fig. 4 ). The SEM image obtained from the natural aspect of the specimen ( Fig. 3 (b)), where the two phases ( and Al) of the composite material can be observed. Fig. 3 (c) shows the synthetic speckle pattern used for the milling of the specimen. Fig. 3 (d) presents the corresponding milled surface of the specimen. It can be observed that the specimen surface exhibits different aspects linked to the different phases of the composite material. Using FIB milling to create speckle patterns not only extends the application of FIB but also offers an efficient patterning technique for DIC method. In our experiments, FIB Helios field FIB-SEM ( Fig. 3 ) is employed with the following milling parameters : acceleration voltage of 30 , beam current of 2.5 , working distance (WD) of 4mm and Horizontal Field Width (HFW) of 160 .

Imaging acquisition process

The principal difference between a conventional SEM imaging and a SEM quantitative imaging for metrology, is to respect the same principle applied using an optical system. As the acquisition of the SEM maps was done before loading and after unloading, parameters of the SEM microspope should not be modified during the entire test. The SEM parameters were selected according to the references of Kammers and Daly [START_REF] Kammers | Digital image correlation under scanning electron microscopy: Methodology and validation[END_REF] (20 , WD = 16 , HFW> 100 ), Stinville et al. [START_REF] Stinville | Sub-grain scale digital image correlation by electron microscopy for polycrystalline materials during elastic and plastic deformation[END_REF] (5 , WD = 5 , HFW = 85 ) and Mello et al [START_REF] Mello | Distortion correction protocol for digital image correlation after scanning electron microscopy: Emphasis on long duration and ex-situ experiments[END_REF] (5 , 5 <WD< 10 , HFW = 60 ), to minimize the distortion errors associated with SEM imaging. According to these works, acceleration voltages ( 15) and HFW (160 ) have been used to minimize the charging effects and further reduce drift distortion. In order to achieve higher spatial imaging resolution and electron beam stability, working distance was chosen equal to 10 . Thanks to these parameters, the elimination of SEM beam defects associated with a scanning generator microscope is optimized [START_REF] Mammadi | Development of Optical Technique For Measuring Kinematic Fields in Presence of Cracks, FIB-SEM-DIC[END_REF] .It has been possible to measure displacements with an accuracy better than 0.05 pixel, corresponding to 6. [START_REF] Sabate | Residual stress measurement on a MEMS structure with high-spatial resolution[END_REF] (magnification = 125 ∕ ). To better investigate the metrological performances of our tools, it is necessary to continue the analysis on the chosen material. This one is briefly presented below. 
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Figure 6: Stress strain plots given by the loading machine, for Step 1 (blue) and Step 2 (red). The rectangles correspond to captured images for DIC evaluation. 1 , 2 relate to plastic compression strain evolution of the specimen

Material description

Al/ -Al-Cu-Fe composites combine a ductile Al matrix with brittle Al-Cu-Fe intermetallic reinforcement. Because -Al-Cu-Fe particles are hard particles, plastic deformation of the Al/ -Al-Cu-Fe composite takes place in the Al matrix only [START_REF] Joseph | Mechanical properties of Al/ -AlCuFe composites synthesized by the SPS technique[END_REF][START_REF] Laplanche | Microstructures and mechanical properties of Al-base composite materials reinforced by AlCuFe particles[END_REF]. However, due to the high-volume fraction of -Al-Cu-Fe particles (40%), the latter percolate to form a hard skeleton that must be first fractured to allow plastic deformation in the Al matrix [START_REF] Laplanche | Microstructures and mechanical properties of Al-base composite materials reinforced by AlCuFe particles[END_REF]. This also yields to very localized plastic deformation. Therefore, these composite materials are particularly well suited for testing a DIC method adapted to local plastic deformation and fracture. Small cylinders ( = 8 mm, h = 8 mm) of Al/40 vol% -Al-Cu-Fe composites were produced by the Spark Plasma Sintering (SPS) powder metallurgy technique. They were reactively sintered at T=823 K under a uniaxial pressure P = 100 MPa for 2 min. All details regarding powder processing and SPS parameters can be found elsewhere [START_REF] Joseph | Mechanical properties of Al/ -AlCuFe composites synthesized by the SPS technique[END_REF].

Evaluation of the speckle characteristics

To choose speckle characteristics and to evaluate the performances of our experimental approach, three parameters have been used to drive our choice. The first was an evaluation of the milling depth by Atomic Force Microscopy (AFM) measurement (Fig. 5 (b)) corresponding to a profile of depth (see the white straight line of Fig. 5 (a)). The second is the resulting image histograms and covariograms (Fig. 5 (c) and(d)), and the third, is a rigid body movement test and the error evolution during the time. For the phase of the material, the maximum depth reached 120 nm and the minimum depth is 30 nm. The Al phase is more milled with a maximum depth of 300 nm and a minimum depth of 200 nm. The speckle is less marked on the phase because its sputtering rate is lower than that of the Al phase. (Fig. 5). The graylevel histograms shows a more marked contrast on the phase (Fig. 5 (c)). It shows that on the Al phase a significant contrast with a maximum value close to 180 can be seen, in comparison with the phase where the contrast is less marked with a value of close to 90. The auto-correlation curve shows that the correlation technique is less efficient on the phase than on the Al phase (Fig. 5 (d)), introducing more calculation errors. It can be concluded that the measurement error should be greater on the phase.

Sample preparation, mechanical testing and microscopy

A compression sample, with a cross section of 2.5mm×2.5mm and a length of 6mm, was extracted from a SPS cylinder using a wire saw. It was mechanically polished using successive higher grades of SiC abrasive sheets and further polished for a good quality surface with diamond sprays up to a mirror surface aspect. Then, artificial random speckle zones were designed on the polished surface using FIB milling. Ten zones were thus created and chosen to be distributed over the sample surface. Each zone was captured 3 times by SEM imaging before the first loading/unloading cycle, after the first loading/unloading cycle ( 1 ) and after the second loading/unloading cycle ( 2), (see dotted lines in Fig. 6). Note that, for the sake of clarity, the nonlinear "toe-in" portion of the stress strain curves, resulting from small misalignment of the loading device, have been linearly fitted with the straight portion of the elastic stage. From the stress-strain curves reported in Fig. 6, it can be estimated that the SEM imaging of the speckle zones were performed at strains of 0% and at approximately 0.67% and 1.23% (Fig. 6). The sample was deformed at room temperature and a nominal constant strain rate of ̇ = 1.4 × 10 -4 -1 . Compression tests were performed on an Instron 1195 type testing machine using an inverted compression device similar to the one described in [START_REF] Bonneville | Deformation regimes in the intermetallic alloy, Ni 3 Al[END_REF].

After each loading-unloading cycle (i.e. step 1 and step 2), the sample is replaced at the same initial position in the SEM, and each zone is recovered. As it is difficult to retrieve the exact positions and orientations, the presented displacement maps are not representative of the actual movements of each zone during the mechanical test. However jump maps and strain maps do not need the exact positions and orientations to give genuine data. To show the ability to capture unperturbed maps, with discontinuities (cracks on Fig. 7 (b)) and visible gradients, a single pair of measured displacement components is plotted in Fig. 7 for the zone Z1, and after the step 1 and step 2.

Results

A comparison between the conventional DIC and H-DIC is proposed to highlight the results obtained on simulated images. Three cases with a subset size of 64 × 64 pixels are proposed leading to evaluate the strain results and the location of cracks :

• Conventional approach: conventional DIC method coupled to finite difference method (DIC )

• Conventional enriched approach: HDIC method coupled to finite difference method (H-DIC )

• New proposed approach: H-DIC method using the first gradients of Eq. 1 (H-DIC ) Fig. 8 is plotted after the second loading/unloading cycle ( 2 ), which is more representative of the two mechanical behaviors (fracture and strain). It can be seen the same conclusion as for the mimicking images Fig. 2 (d)(f), retrieving the effects of the crack presence. Fig. 8 (a) shows that, using the FD method on conventional DIC measurements, large bands around the crack are significant and do not allow to discriminate the crack effect on the real strain values. Fig. 8 (b) shows H-DIC measurements using FD method where the strain errors are higher and do not allows to observe the zones of low strains. However, if the internal is used to calculate the equivalent strain H-DIC-the crack effect is reduced and the real strains are less perturbed. This new proposed approach allows us to discriminate the precise crack localization and the strains. Table 2 presents the average values of equivalent strain obtained using the three previous cases (DIC , H-DIC and H-DIC ) for the ten zones (Fig. 4). Values of strains correspond to average values calculated on the total area of each zones along the loading axis (y-axis). The errors are calculated using a global average (zone (20 × 20 pixels). This principle is used to obtain an error evaluation only due to the noise level. For each step of loading, the measured values by DIC approaches is compared with the global value issued from the plate displacements of the loading machine. Moreover, one column for the step 1 describes if pre-cracks were observed on each zone and, for the step 2, crack column describes if developed cracks were detected. All observed pre-cracks and cracks were obtained using maps issued from H-DIC algorithm.

In Table 2 and for the two steps, it can be osberved that zones 3, 4 and 6 give higher mean strain values than the other zones. This can be attributed to an effect of the structure (3D), giving zones weaker than others.

After the first loading/unloading cycle, it can be noted that the reasidual compression strain values calculated from DIC and H-DIC are lower than 1 (except for zone 6). This fact can be directly linked to the earlier mentioned nonlinear 'toe-in' portion of the stress-strain curve, relative to an in-homogeneous reparation of strains/stresses during the onset of the experiment. However, values of the strain calculated from the second step of loading are closer to 

Discussion

Focus on the second loading/unloading cycle

To highlight the efficiency of the new proposed approach, a focus of two zones is presented : Fig. 9 Z1 and Z4. These zones have the particularity, with coexisting cracks and residual strains. For each zone and after the second loading/unloading cycle, Fig. 9 presents the final SEM images, the equivalent strain maps extracted from the first gradients, and the jump maps ′ (Eq. 1).

The strains and the cracks are well developed. It can be observed that the cracks are localized in the phase and near the interface of Al phase and phase, while the large strains are preferentially concentrated in the Al phase. This observation confirms that the phase has a brittle behavior while the Al phase has a ductile behavior. It can be noted that the local plasticity is developed from cracks, and can link, for example, two cracks. It can be interesting to see the initiation of these cracks using the first loading step, and observing micrographs to confirm their presences.

Focus on the first loading/unloading cycle

A focus on zones Z1 and Z4 are presented because they show the presence of pre-cracks (Fig. 10). The same observations and comments can be done with the zones Z8 and Z10. Fig. 10 (a) and (d) correspond to the pictures of the equivalent strain maps and the SEM images. It can be noted that the amplitude of strain (0 < < 0.05%) is lower than the strain error measured on simulated image (see Table 1). However, Fig. 10 (b) and (e) represent the superimposition between the ′ map and the SEM image at the initial step, where it can be noted the presence of small cracks. Fig. 10 (c) and (f) are the micrographs and a zoom of red boxes from (b) and (e), where it can be observed the corresponding little cracks. Even if there is more noise in this step of loading, the cracks can be observed in the place where they were developed in the last step of loading. For example, the large crack in Fig. 9 (c consequence of the propagation of the small crack observed in Fig. 10 (b). The same observation can be done with Fig. 10 (e) where the developed crack is initiated by the small one observed in Fig. 10 (d). It can be also seen that all observed pre-cracks are localized at an interface between Al and phases. This work confirms that, if it is necessary to measure strains in presence of pre-cracks and cracks during a mechanical process, H-DIC using offers a essential advantage.

Conclusions

The residual strain and fracture separation of a composite metallic material have been measured using experimental tools based on FIB-SEM-DIC. The H-DIC method were employed to solve the problem of kinematical discontinuities that result from plastic deformation and challenge conventional digital image correlation method DIC. Using this method, the strain directly calculated from a discontinuous displacement field generates a high level of strain errors. As it can be possible to extract the internal displacement jump (Eq. 1) to access to kinematical local movement (sliding and opening) and it is proposed to also use the first gradients to give access to local strain. This process gives the advantage to avoid a discontinuous field to access to strains (using FD method). To show the performances of this particular extraction, simulated images were created to mimic a crack surrounded by a strain field. The results have shown an excellent separation between the crack jump and the strain. It has been shown the advantage of using local parameters instead of derivating discontinuous displacement fields.

The speckle patterns, which were necessary for the DIC methods, are created by milling using FIB, and finally SEM is used to capture images. To validate this process, histograms, auto-correlations and AFM profiles were used to evaluate the quality of the milling and imaging processes. The accuracy of the displacement linked to the stability of the SEM was evaluated to 0.05 pixel (6.25 nm), and give access to displacement jump of the crack, and the strains.

After this first validation and a short presentation of the analyzed material, the specimen was milled in ten zones distributed on the surface. Two loading/unloading cycles were applied to the specimen, using an ex-situ loading machine. Using the experimental images, the results obtained in the simulation part were retrieved, confirming better performances using local H-DIC parameters instead of derivated ones.

It has been shown that the FIB-SEM-DIC is a very suitable technique to study separately the cracks and the strains. It has been observed the two different behaviors of the two different phases of the tested material, highlighting the brittle behavior of the phase and the ductile behavior of the Al phase. A second analysis was done to focus on the initiation of some observed cracks. To do that, results were extracted after the first loading/unloading cycle and compared to micrographies of the sample surface. Two pre-cracks were observed at this state.

This experimental test demonstrates that the H-DIC method coupled with FIB milling and SEM Imaging is able to detect preliminary fractures, before their propagation. It also gives information about the microstructure response of a metallic composite material under strains. It gives the opportunity to better understand how strains and cracks are linked from each other, in a complex material under mechanical straining.

Figure 1 :

 1 Figure 1: Subset representation of the effect of Heaviside function from the initial (a) to the final (b) state. The kinematical transformation is composed by a rigid body movement (not represented here) a displacement jump ′ and a deformation.

Figure 2 :

 2 Figure 2: Comparison between conventional (DIC) and (HDIC), using internal and derivated parameters. (a) Average imposed and measured displacement, (b) calculated displacement bias, (c) calculated displacement standard deviation and finite difference (FD) (d) Average imposed and measured strain (see Table1), (e) strain bias, (f) strain standard deviation. Rectangles correspond to calculation zone, near and far the crack.

  Dual-beam microscope (b) Zone Z1 before patterns (c) Speckled patterns (d) Zone Z1 Speckled patterns

Figure 3 :Figure 4 :

 34 Figure 3: (a) FIB Dual-Beam microscope (b) Zone Z1 before FIB patterning , (c) Speckle pattern bitmap image (d) Zone Z1 after FIB patterning

Figure 5 :

 5 Figure 5: Speckle quality evaluation. (a) AFM Image of a zone including the two phases. (b) Height profile from the corresponding white line. (c) Histograms of phases Al and . (d) Auto-Correlation of phases Al and .
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Figure 7 :

 7 Figure 7: Ux and Uy measured displacement components from H-DIC computation for zone Z1 and first loading/unloading cycle Step1 (a), and for second loading/unloading cycle Step2 (b)

Step2Figure 8 :

 8 Figure 8: For Zone 10 Step2 and for subsets of 64×64 pixels equivalent strain computed from (a) DIC using FD method ( ) , (b) H-DIC using FD method ( ) and (c) H-DIC using first gradients ( ).

Figure 9 :

 9 Figure 9: Maps after second loading/unloading cycle, and for tow zones (Z1, Z4). (a,d) SEM image, (b,e) equivalent strain H-DIC and (c,f) norme of displacement jump vector || ′ ||

  ) top left should be a

Figure 10 :

 10 Figure 10: Crack initiation localization after the first loading/unloading cycle for two zones (Z1 and Z4). (a-d) Strain fields, (b-e) magnitude of displacement jump vector (red square), (c) and (f) zoom of the magnitude of displacement jump vector and SEM corresponding micrographies.

Table 1

 1 Comparison between different Tresca strain mean values computed from loading machine : Overall average and Local average Internal H-DIC error and bias and External H-DIC error and bias.

	Mean Internal External Strain %							
		Displacement error (pixel)		Strain error %			Strain bias %	
		DIC	H-DIC	DIC FD H-DIC FD H-DIC ∂U ∂ X	DIC FD H-DIC FD H-DIC bias ∂U ∂ X
	Zone without crack	0.003	0.004	0.089	1.812	0.072	0.262	0.780	0.466
	Zone including one crack	0.04	0.004	0.908	6.340	0.064	7.092	9.280	0.457

Table 2

 2 Comparison between different mean compression strain values computed from, loading machine (Global ), DIC , HDIC and H-DIC Pre-cracks on the zone and + + + defines large developed cracks on the zone). Measured mean values and standard deviations are presented for each studied zones

	Mean Compression Strain							
	%	Step 1 ε p1 = 0.67%			Step 2 ε p2 = 1.23%	
	DIC ε y	H-DIC ε yFD	H-DIC ε y ∂U ∂ X	Pre-Crack	DIC ε y	H-DIC ε yFD	H-DIC ε y ∂U ∂ X	Crack
	Zone1 Zone2 Zone3 Zone4 Zone5 Zone6 Zone7 Zone8 Zone9 Zone10 0.246 ± 0.183 0.277 ± 1.940 0.294 ± 0.202 0.016 ± 0.182 0.005 ± 0.860 0.007 ± 0.182 0.212 ± 0.210 0.220 ± 1.340 0.213 ± 0.219 0.380 ± 0.388 0.372 ± 3.460 0.374 ± 0.445 0.398 ± 0.256 0.400 ± 2.760 0.375 ± 0.249 0.218 ± 0.406 0.217 ± 1.160 0.222 ± 0.176 0.671 ± 0.163 0.670 ± 0.995 0.675 ± 0.182 0.099 ± 0.196 0.103 ± 1.570 0.110 ± 0.165 0.159 ± 0.145 0.166 ± 0.922 0.166 ± 0.156 0.205 ± 0.159 0.205 ± 1.270 0.206 ± 0.168	+ --+ ---+ -+	1.100 ± 25.90 1.160 ± 26.20 1.080 ± 0.546 +++ -0.903 ± 0.199 0.990 ± 1.430 0.904 ± 0.177 -1.270 ± 0.599 1.240 ± 2.240 1.260 ± 0.570 ++ 1.496 ± 0.328 1.480 ± 3.200 1.380 ± 0.467 -0.915 ± 0.551 0.919 ± 2.350 0.918 ± 0.283 -1.670 ± 0.331 1.660 ± 1.840 1.580 ± 0.314 + 1.040 ± 0.240 1.050 ± 1.940 1.000 ± 0.230 + 0.846 ± 0.247 0.855 ± 1.270 0.840 ± 0.206 -0.917 ± 0.203 0.924 ± 1.360 0.932 ± 0.170 0.590 ± 1.290 0.485 ± 9.550 0.571 ± 0.569 +++
	dimension) of the local standard deviations					

∕

(+ defines 1-2

whatever the method used. A focus on the obtained standard deviations shows that for H-DIC , errors are 10 times higher than the other methods, retrieving the particular sensitivity to noise of this strain calculation method. Other method errors are near, but it can be noted that the presence of developed cracks (step 2, Z1 and Z10) induces a higher error level using classical strain evaluation with DIC. It can be also retrieved that, using H-DIC, it is necessary to employ the local first gradients to calculate the strain, compared to use the FD method. In what follows, only this last case H-DIC is used to analyze the local behavior of the sample.
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