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From microscale properties to macroscale description

Effective material concept and a practical approach to UT simulation in application to welded parts 

-

  Ultrasonic beam splitting and skewing and attenuation of the coherent wavefront  Structural noise in the echo responses Frequency: scattering effect depending on the grain size 𝐷 relative to the main wavelength λ -Grain anisotropy: scattering effect related to the impedance contrast between the grains associated with the single crystal anisotropy factor (Zener factor A) Wave interactions and scattering effects Example of the effect of a local weld deposit (plane wave source at the upper interface -2D FE simulation) Coherent wave and structural noise -If λ ≫ 𝐷, we keep a coherent wavefront to perform UT imaging in depth  Damped coherent plane wave -"average field" 𝑢  Added scattering effects -coda 𝛿𝑢 Phenomenological observations for UT inspection in the Rayleigh regime Example of simulation: L0-Bscan of a SDH flaw in a microstructured material -calculation considering microstructured material -calculation considering an effective material Pragmatic philosophy for UT simulation Global response without approximation (reference solution) deterministic according to the provided description HIGH 3D COMPUTATIONAL COST ! ⇒ reference solutions only JTR COFREND, Matériaux fortement hétérogènes | 03 novembre 2022 Commissariat à l'énergie atomique et aux énergies alternatives Commissariat à l'énergie atomique et aux énergies alternatives -www.cea.fr

-

  microstructure at the grain-scale Micro to macro -Simulation approaches in austenitic weld materials Modelling strategy applied to the weld material in CIVA Dedicated simulation tools for NDT on welds UT performance estimationvariation analysis -imaging UT inspection simulation  Anisotropic viscoelastic constitutive law  Correlated to main columnar grain orientation  Orientation variations into the weld bevel microstructure at the grain-scale Nicolas LEYMARIE | JTR COFREND, Matériaux fortement hétérogènes | 03 novembre 2022 Commissariat à l'énergie atomique et aux énergies alternatives Commissariat à l'énergie atomique et aux énergies alternatives -www.cea.fr Ultrasonic models for macroscale simulation in CIVA Ray-based models and FEM hybrid approaches in CIVA Ultrasonic models in CIVA -Ray-based approaches already in use  Homogeneous anisotropic weld parts descriptions + Efficient straight ray model (historically used in CIVA) + Good results if domain size >> 𝜆 and weak contrast between domains -Unrealistic artefacts and wave mode conversions due to fictive interfaces -Excessive approximation for some weld descriptions  Inhomogeneous anisotropic weld descriptions + Interface removal reduces ray artefacts in the weld + Well-adapted for TFM imaging techniques -Regularisation of map descriptions with a smoothed procedure causing sometimes unrepresentative data -Increase in computational time (iterative procedure for ray prop.) Ray-based HF models in CIVA for welding structures Straight ray paths and refraction into the weld using piecewise description Curved ray paths into the weld and refraction on the bevel interfaces with regular orientation map description N. Gengembre, 2000 A. Gardahaut, 2013 Needs for FEM to complement HF models in CIVA  Main advantages of ray models (HF) … -Fast modal ToF computations (useful for TFM imaging) -High efficiency to compute radiated ultrasonic field (e.g. in a local ROI of potential defects)  … and drawbacks -Amplitude estimations can be locally wrong (caustics, shadowing or tunnelling effects) -Neglected edge diffractions and surface waves CIVA -Issues of ray-based approaches Principle of the FE BEAM solution in the framework of the ADVISE project  Ray-based calculation of the source field in the coupling above the specimen  Automated build-up of the high-order SFEM hexahedron mesh CONFORMAL MESH 4 TH ORDER ELEMENTS 2 OR 3 ELEMENTS / 𝜆 𝑇 Straight or V-shaped weld chamfer Plane or cylindrical extrusion Cartesian observation grid Ray tracing pre-treatment to adjust the region of interest Automated build-up of the SFEM domain decomposition method 3D MEs or sub-domains Final mesh Radiated source field computed by ray model applied as a boundary condition Ultrasonic models in CIVA -Weld-oriented SFEM hybrid technique Nicolas LEYMARIE | JTR COFREND, Matériaux fortement hétérogènes | 03 novembre 2022 Commissariat à l'énergie atomique et aux énergies alternatives 16 PoC using FEM technique allowing 3D field computation with high performances  A SFEM kernel accounting for both anisotropy and energy loss effects of the coherent wave propagating in the weld  Optimal calculation costs -Low memory load ( < 6 GB in more complex 3D case with 30M of points) -Very efficient in 2D (feasible ML database) -Acceptable computation time in 3D for reference 𝑻 x 20𝝀 𝑻 x 20 𝝀 𝑻 at 2MHz Ultrasonic models in -Weld-oriented SFEM hybrid technique 3D field computation on the backwall of a cylindrical welding component  PA probe with focusing law on the backwall -2MHz wedge probe (nominal L45) -linear 48 elements -point focusing law -Ogilvy description using anisotropic damped material properties -Simulated time for wave propagation to the bottom: 20 µs Superposed SFEM results with ray tracing analysis Point focusing law computation considering an isotropic metal Solidification and grain growth modelling using Cellular Automate Finite Element (CAFE)  CAFE simulation principles: -Fixed FE domain (regular lattice of cubic cells) -Each cell has internal variables  a state index (e.g., gas, liquid, solid)  other parameters (e.g., Euler angles) -Rules applied to change the state index and parameters of the cells to mimic transformation from gas to metal  nucleation of crystals from the melt  growth of crystals in the melt  melting of solid… -For more details see references of the CEMEF team:  Gandin Ch.-A., Rappaz M. Acta materialia 45 (1997)  Chengdan X., et al. Materialia 21 (2022).  Type of provided data for UT simulations  Vtk grid data of Euler's angles in the Bunge convention Simulated microstructure -PhD of Chengdan X., CEMEF  Simulated process: 3 passes deposition using Gas tungsten arc welding (GTAW)  Part: 316L stainless steel with narrow U chamfer NEMESIS -Virtual microstructure generation from technical welding parameters  Simulations using either the CIVA ray model or a high-order FEM, (FE BEAM in-house solution, CIVA 2024)  Simulation using low-order FEM on regular grid  Consider the unique monocrystal properties -austenite cubic material with a Zener's factor 𝐴 Source term: plane wave with Gaussian support in space, Hanning in time (central frequency 5MHz) -Modelling time: 3 µs to reach the bottom of the part -Scheme step size in time: 5e-4 µs i.e. 6000 iterations -Computation time ~3hworkstation Intel® Xeon® W-2155 Processor (13.75M Cache, 3.30 GHz); # of Cores 10 (# of Threads 20)  Comparison of UT beam propagation with and without weld part (XZ-plane) -Observation of the behaviour in the XZ plane (central cutting plane y = 5 mm)  Disturbed beam compared to base metal calculation  Beam splitting into three parts  Significant energy loss along the natural focal axis of the beam Observation simulations using microstructure data -micro vs. macro comparisons
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