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In introduction, the presentation briefly explicates the interest and limitations of residual stress measurement methods such as X-ray diffraction and incremental hole drilling -the latter is not totally non-destructive -. These methods are often referred to as the reference surface residual stress measurement method. Then, the presentation will first consist in the description of principles of Non-Destructive Methods as ultrasound and ferromagnetic noise (Barkhausen noise), which represent two experimental methods used for residual stress assessment. Finally, various applications of the use of non-destructive methods for residual stress measurement, lead in CETIM, or described in the literature, will be described, as follows:

-the use of electromagnetic methods as Barkhausen noise and combined electromagnetic methods (such as "3MA", for surface stress on bearings,-the use of ultrasonic compressional critical waves (LCR) for surface stress on welded plates -the use of a combination of compressive and shear ultrasonic waves to control the stress on already tightened bolts, without loosening, thanks to electromagnetically coupled ultrasonic transducers

Introduction

Historically, methods used for stress assessment have long been based on strain measurement. These methods are differential and consist in measuring the material deformation before and after having changed its stress level. The stress level change may be produced for example by cutting the component or drilling a hole at its surface. The limitation of such method lies in its semi-destructivity and the time of operation needed. On another side, the X-ray diffraction method allows the stress assessment at the surface of the component but remains quite long to operate too. So, it appears that some non-destructive measurement method, that are sensitive to stress can offer some possibilities of stress assessment. As these methods need a calibration with the mechanical strain/deformation methods taken as a reference, they can provide fast stress assessment, and even in some cases a cartographic image of stress variation. It is notable that, these methods are undirect: they do not directly measure the stress but a physical parameter that is linked to that. So, we will mention "stress assessment" instead of stress measurement in the paper. So, in the current paper, we will first present the "reference methods" as hole drilling and X-ray diffraction, then the electromagnetic methods ad ultrasonic methods, which are often used in the field of stress assessment. Electromagnetic methods address the surface stress assessment, as Ultrasonics enable both surface and volume stress assessment.

The methods used "classically" for stress assessment.

One of the methods used commonly to measure the strain consists in "hole drilling method" which consist in gluing strain gages on the wall to be inspected and to measure the strain induced by the stress relaxation produced by a drilling in the center of the gauges. Such method enables the stress gradient assessment when the hole is drilled incrementally (Fig1a). Another method, based on the analysis of diffraction angles of the material diffracting grating against X-rays, allows the stress determination at 5 to 10 microns depth (Fig1b and Fig 1c). As these methods, portable on site, are recognized in the mechanical industry, they are limited when a great number of measurements is needed, due to the time of operation, or when the component to be measured is not easily accessible, for geometrical reasons by example.

As explained further, non-destructive techniques enable the relative stress assessment with both a good portability and a limited time of operation. We list now the particularities of the different NDT methods of interest for stress assessment.

-Electromagnetic and surface wave ultrasonics are used for surface stress assessment. Electromagnetic probes allow fast measurements on flat and curved surfaces. This type of measurement requires a precize calibration.

-Ultrasonic (US) surface refracted wave probes have the advantage of the linearity. So, the calibration of measurement is less complex. Its limitation consists in the fact that measuring on curved surfaces is very challenging. Generally, the active surface of US probes for stress assessment is wider than electromagnetic one, as for Barkhausen noise probes.

Electromagnetic methods for surface stress assessment

The electromagnetic method use generally the influence of stress on the demagnetization curve.

The application of a varying magnetic field creates a deformation of the magnetic field at the surface, accompanied by a magnetic noise. Both phenomena are exploited in various equipments such as Barkhausen noise systems (magnetic noise) or equipments combining different magnetic analysis, such as 3MA equipment from Fraunhoffer It is notable that the constancy of the ultrasonic coupling and the stability of measurements is improved on the different transducers using LCR measurements, by applying a pressure on the transducer, to reduce coupling dispersion. 

Volume stress assessment with ultrasonics

The acousto-elastic effect presented in the previous paragraph is exploited also to assess the stresses in the bulk volume of the inspected component. So, the railway industry combines a shear wave having two polarizations, called bi-refringent method, to assess the hoop stresses of railway car wheels, during its life [START_REF] Vionnet | Détermination des contraintes résiduelles par ultrasons dans les roues du matériel ferroviaire : le retour d'expérience de la SNCF[END_REF]. Ultrasonic time of flight (TOF) is also used to assess the tightening stress on bolts. The method consists generally in measuring the US TOF before and after tightening. Using calibration enables the stress determination in the body of the bolt itself. Meanwhile, this method is differential and requires a measurement before and after tightening, which is not always possible. So, a solution has been developed, which consists in the TOF measurement of a compressional and a shear wave simultaneously on the bolt [START_REF] Walaszek | Application of ultrasonic measurements to stress assessment on tightened bolts[END_REF]. So, based on this principle, CETIM has specially developed an US transducer sending in the same time compressional and shear waves. This transducer uses an electromagnetic method called EMAT to ensure the generation and reception of US waves without physical contact with the surface of the head of the bolt. We present in Fig 

Conclusion

We listed in the paper the various methods available for stress assessment on mechanical metallic parts. The strain-gage based methods and the Xray diffraction consist still as the mainly used methods. The robotization of X source positioning make it possible to operate X ray diffraction on site. Now, electromagnetic methods enable, through a calibration, a quick assessment of stress on ferromagnetic components, on plane and curved surfaces. This makes easy the production of an image of the component surface stress and enables a global stress analysis.

On its side, the ultrasonic method of stress assessment has the advantage to be linear, but is limited by the size of its transducers, the size of ultrasonic focus (several millimeters) and the difficulty to operate on curved surfaces. Acoustic coupling dispersion is very critical to ensure correct measurements. It appears now that opto-acoustic ultrasonics using pulsed Laser excitation have a great potential for stress assessment. In effect, such technique overcomes the limitations of current ultrasonic methods described previously. Meanwhile, we can foresee that such method may remain costly in comparison with electromagnetic or ultrasonic measurements described above. This means that all these methods are complementary, and the choice of measurement method will depend of the need.
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 1 Fig 1: drilling a hole in the middle of strain gauge arrangement (a) and x-ray diffraction stress assessment with X-Raybot robotized portable system (b) and (c)
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  [START_REF]IFZP, 3MA system[END_REF]. The eddy currents produced by the varying magnetic excitation field which limitates the depth range of measurement. We present in fig2a and 2btwo examples of electromagnetic systems used for stress assessment.[ 1 ] [ 2 ] . The measurements performed can be analysed at each location of the probe, but using an advanced tool as 3MA. This enables the production of a cartography of the stress distribution on the measured part. For example, in fig 3 is shown such type of cartography established trough 3MA measurements at the surface of a steel roller. The calibration of the measurement on some locations where stress values have previously been measured allows to know the stress gradient in depth at each location of the roller surface[START_REF] Zhang | Contrôle de la qualité de traitement thermique et thermochimique sur composants mécaniques par méthodes ultrasonores et électromagnétiques[END_REF].
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 2 Fig 2: Electromagnetic systems used for surface stress assessment (a) 3MA multimagnetic equipment from Fraunhoffer IZFP (b) BN probe on gear from Stresstech
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 45 Fig 4: Ultrasonic analysis of residual stresses on a welded joint. (a) Illustration of acousto-elastic effect on ultrasonic velocity (b) LCR ultrasonic transducer on the measured steel welded sheet. Source D.E.Bray
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 78 Fig 7: Ultrasonic assessment of preload tightening stresses on a 16mm dia steel bolt (a) Principle of electromagnetic generation of ultrasound in ferromagnetic steel (b) EMAT transducer for generating/receiving compressional and shear ultrasonic waves (c) EMAT transducer coupled on a bolt during calibration operation (d) Typical compressional and shear wave echoes on a bolt of 110 mm length

  7 the principle of EMAT bi-wave probe, an example of CETIM EMAT probe, and typical US compressional and shear echoes obtained on a bolts of 16mm diameter and 110mm length.