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Eddy Current Probes Based on Magnetoresistive Array Sensors as Receivers

Eddy Current (EC) Technique is a powerful method for detection of surface notches and of buried flaws during inspection of metallic parts. This technique is used for inspection at different industrial domains like aeronautics and nuclear one. Classical winding coils are the most commonly used EC sensors. Nevertheless, when the size of flaws decreases or the defect is rather buried deep inside the material, traditional winding coil probes turn out to reach their limits. For this reason, other technologies are investigated to improve this technique.

Magnetoresistive sensors present the advantages of flat frequency response and dimensions at the micron size. These sensors are hence very attractive for the detection of buried defects that require low frequencies because of skin depth effect. Also, they are suitable for small surface defects due to high spatial resolution because of their manufacturing down to one hundred µm without losing their field sensitivity.

An optimization of such probes based on magnetoresistive sensors (GMR -giant magnetoresistive and MTJmagnetic tunnel juntions) specially designed to be integrated into an eddy current probe has been experimentally studied. Measurements using MR array probes consisting of 32 GMR-and MTJ-elements, an ASIC, subsequent readout components, and emitters for EC generating inside the material under test are shown. These probes have been developed in the IMAGIC-project1 for detection and imaging of surface breaking defects and buried flaws. The performances of developed probes have been investigated for several mock-ups.

Introduction

Eddy Current (EC) technique is widespread, ensuring buried or surface-breaking flaws detection in conductive materials. However, when the crack's size decreases or the flaws are rather deep, using of conventional EC winding coil probes becomes rather difficult. Probes with magnetoresistive sensors as receivers are investigated as a solution [START_REF] Decitre | New design of Eddy Current Probes[END_REF][START_REF] Marchand | Flexible and array eddy current probes for fast inspection of complex parts[END_REF][START_REF] Dogarun | [END_REF][4]. Magnetoresistive sensors are attractive for EC testing because of their flat frequency response for a large frequency range and high sensitivity. At low frequencies they are more sensitive than conventional winding coils of fixed size. Thus, GMR (Giant Magneto Resistance) sensors are promising for low frequency application, i.e. sub-surface flaws detection, because of the skin depth effect [4][5][START_REF] Pelkner | MR-based eddy current probe design for hidden defects[END_REF]. In order to increase the spatial resolution of detection GMR and TMR (Tunnel Magneto Resistance) could be used [START_REF] Wincheski | [END_REF]. These sensors show good field sensitivity and spatial resolution due to the possibility of their miniaturization during fabrication. Moreover arrays of 32 or more elements could be realized in order to decrease inspection time.

In this paper testing results of GMR/TMR based probes for buried flaws and surface cracks are shown. These probes have been developed in the IMAGIC-project ("Integrated Magnetic imagery based on spIntronics Components", 2011 -2014, EU-project reference: 288381) [START_REF] Pelkner | MR-based eddy current probe design for hidden defects[END_REF][START_REF] Sergeeva-Chollet | Development of Eddy Current probes based on magnetoresistive sensors arrays[END_REF][START_REF] Ribes | Results of MR based ET probes for buried flaw detection over different metallic materials[END_REF]. In the developed probes ASICs (application-specified integrated circuit) for processing of 32 MR-elements sensor signals are placed on board of the PCBs (Printed circuit board) [START_REF] Caetano | A CMOS ASIC for Precise Reading of a Magnetoresistive Sensor Array for NDT[END_REF]. Steel, Aluminum and Titanium samples have been investigated. In case of Aluminum and Steel buried flaws detection has been studied. In case of Titanium, a material with lower conductivity, surface defects in micron range have been tested [START_REF] Pelkner | Eddy Current testing with high-spatial resolution probes using MR arrays as receiver[END_REF].

MR probe design

During IMAGIC-project two different types of GMR/TMR EC probes for buried flaws and small surface breaking cracks detection have been developed. Several geometries of excitation coils have been investigated for these two applications [START_REF] Pelkner | MR-based eddy current probe design for hidden defects[END_REF][START_REF] Sergeeva-Chollet | Development of Eddy Current probes based on magnetoresistive sensors arrays[END_REF]. Simulations of eddy current distribution in materials of interest have been made. These simulations are made using two different simulation tools: semi-analytical model of CIVA software developed in CEA LIST and commercial FEM-software OPERA. Parametric studies for EC probes optimization are made using CIVA. OPERA is employed for magnetic and current distribution.

First, optimization of emitter has been made. Different coil geometries had been investigated: single wire coil in planar alignment, double coil in planar alignment and single wire coil in perpendicular alignment (see Fig. 1). Figure 1 shows the general lay-out of different geometries, current density distribution within the material and current distribution for different frequencies from 100Hz to 8000Hz illustrating the penetration depth.

Based on this study double coil geometry of the emitter has been chosen for buried flaws and sub-surface flaws detection because of the larger penetration depth. The optimal distance between the coils has been found by simulations.

For surface cracks' detections one wire excitation coil has been selected. This arrangement has shown to be most advantageous for high excitation frequencies.

For both applications the emitter frequency has been adapted. In case of small surface breaking defects the frequency should be in the order of some MHz. For buried flaws low frequencies have to be used to generate a sufficiently high eddy current density to detect buried flaws, the simulations have been made for frequency optimization for different depth according to the application cases. For surface cracks' detection GMR/TMR sensor arrays of small size in the order of 60 µm for each element have been developed as receivers. Arrays with 32 and more elements have been fabricated.

One wire has been chosen as emitter for these probes. The advantages of such emitter geometry are following: it could be placed at the same PCB as receiver arrays and ASIC (Fig. 3), and it could be very close to the surface of testing material that will reduce the excitation loss. MR sensor array is placed just behind the wire in order to be placed also very close to the surface of material under test. Emitter consists of a bonding ribbon and is electrically connected to PCB.

Sensors and ASIC are connected with wire bonding and ASIC is connected with PCB also due to wire bonding. Emitter, sensor array, and ASIC are protected by an epoxy resin.

Performances of EC probes based on TMR arrays with a high number of small MR elements have been studied. Spatial resolution and the possibility of detection of µm-sized surface cracks have been evaluated. The excitation frequency f = 1.3 MHz has been chosen for the inspection with TMR probe. The gain of 40 dB has been used for pre-amplification of signals. NI system has been used for recording data [START_REF] Pelkner | Eddy Current testing with high-spatial resolution probes using MR arrays as receiver[END_REF].

Measurements have been performed on Ti mock-up with the notch of following dimensions: length × width × depth = 1000 × 30 × 50 µm 3 .

The extremities of defect are seen as the normal component of the field is detected. This notch is well detected with SNR of 8 dB (Fig. 4). 

Conclusions

During the IMAGIC-project EC-probes based on TMR and GMR probes with adapted ASIC have been developed. Performance of these probes have been evaluated in cases of buried flaws and surface cracks detection.

For buried flaws application, developed probes have demonstrated their capability of detection. Defects at ligament of 4.5 mm in Aluminum mock-up are well detected. However, more investigations concerning number of layers of emitter coils should be done in order to increase the performance of developed probes.

For surface cracks detection application the obtained results are very promising in terms of the possibility of detection and spatial resolution.

Using of MRarray based probes will reduce testing time with the possibility of greater area inspection at one time.

Optimization of electronics (ASIC and supporting components, sensing elements and emitter) in the case of buried flaws detection is a subject of future work of probes development.
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Vertical detection has been proposed after analyzing of receiver/emitter coupling, signature of flaws and signal answer obtained by CIVA and OPERA for both high frequency and low frequency applications.

During the project, the consortium has developed receivers of GMR and TMR sensors arrays for buried flaws and for small surface breaking cracks detection of different size. All arrays are sensitive to the normal component of magnetic field. Sensitivity of GMR elements is 20V/T. Receivers based on TMR sensors consist of arrays of MgO-based magnetic tunnel junctions with sensitivity of 150V/T measured with 2V bias.

IMAGIC consortium also has developed ASICs in order to process the signals coming from a high number of MR-elements [START_REF] Caetano | A CMOS ASIC for Precise Reading of a Magnetoresistive Sensor Array for NDT[END_REF]. The ASIC comprises of amplifying and multiplexing among other functions. Additional electronics has been placed onto PCB of the prototypes to adjust sensor signals and amplification gain. 

Probes for buried flaws detection

The emitter coil is realized by printed circuit technology. Double coil emitter has been chosen following the simulation results. PCB with MR sensor array and electronics is fixed perpendicular to the PCB with emitter coils (Fig. 2). The MR sensing elements are placed exactly in the center between two coils otherwise the emitter field is detected by the sensor immediately. MR elements are sensitive to the normal component of magnetic field. To avoid the interference between emitter field and sensor, a compensation circuit is integrated on the emitter coil to balance or unbalance the current between the two coils.

Arrays of size of 1mm for each element have been fabricated for this application. Sensors are connected with bonding wires and protected with epoxy resin.

Performances of the developed probes for detection of buried flaws have been evaluated.