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    Abstract


    The technological properties of fusion welds are formed due to the simultaneous effects of different physical phenomena which occur on different length scales. In the multi-scaled modelling method designed to make microstructure modelling more tractable, a fine meso sub-mesh resides in each element of a coarse macroscopic global mesh. Of the same manner, a fine micro sub-mesh resides in each element of a coarse mesoscopic global mesh. In this work, a transient non-linear multi-scale finite element heat flow-mechanical model to determine micro-residual stresses was developed. Thermal cycles calculated to predict macro, meso and micro-residual stresses, were imposed as load conditions. The numerical procedure was developed in a three-dimensional domain using the coupling DREAM.3D-ABAQUS, and the construction of ABAQUS user-defined subroutines. A non-standard domain decomposition method based on the concept of Representative Volume Elements (RVEs) was used to include the polycrystalline nature of the specimen. The micro-submodel developed to identify temperature, strain and stress contours at different step times, requires the meso temperature gradient information as prescribed driven (load) boundary conditions. A strong dependence of micro residual stresses on grain size is clearly observed.
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    Introduction


    Material properties are dependent upon the microstructural characteristics of the part. Developing an accurate and sufficient representation of the microstructure obtained in fusion welds is critical to precisely estimate material properties. Since the material properties of welded parts are an important function of the welding processing parameters, a fundamental understanding of how welded components behave in load-bearing applications depends on understanding the evolution of thermal cycles and residual stresses during component fabrication. A few researches have been conducted to simulate the thermal cycles, thermal gradients, stress formation, and part distortion at the micro level [1-4]. One of the reasons is that the technological properties of fusion welds are formed due to the simultaneous effects of different physical phenomena that occur on different length and time scales. Length scales for processes and materials are generally classified as nanoscale (< 100 nm), microscale (100 nm to 100 µm) and mesoscale (> 100 µm). The length can be an external dimension of a component, or the internal dimension of a material such as the crystalline grain size.


    The characterization of mechanical and physical properties, on meso, micro, and nanoscales, is crucial for a fundamental understanding of materials behavior to assess other characteristics of materials in the actual service (i.e., elastic-plastic deformation, residual stresses, time-dependent creep and relaxation properties, fracture toughness, fatigue, yield strength, etc.). Even though, differences between the mechanical and physical properties of macro scale materials and those of meso and microscale materials are great, the data related to the properties of micro and meso scale materials are lack of. So, the mechanical and physical properties of micro and mesoscale materials should be studied vigorously. In particular, the understanding mechanics and physics of materials at the micro-scale are essential because material can no longer be considered homogeneous when the process size dimensions approach the material grain size [5]. The interaction of the residual stresses with localized stress concentrations and crack-like defects must also be taken into account to predict component reliability in load bearing and thermomechanical applications.


    The residuals stress profiles and their magnitudes are difficult to quantify [6]. Although residual stresses and plastic strains have been studied for many decades, accurate calculation and measurement of these still remains a major issue. Differences in calculated and measured residual stresses are attributed to lack of an accurate stress-strain constitutive relation, experimental errors, and the use of Finite Element (FE) bulk coarse grids [6,7]. The more textured the material, or the higher the inter granular stress (micro stress), or when there are chemistry changes, the less likely for measured and simulations to agree. An explanation is that traditional welding simulations do not consider the polycrystalline nature of the specimen in the FE mesh step. Thus the uncertainties in the numerical calculations procedures include the inaccuracies in the calculation of thermal cycles as well as the approximations in the assumed stress-strain relation, particularly when important solid-state transformations take place [6,7]. Computational models [8-18] however can provide a detailed description of the residual stress distribution and microstructure development in weldments, though a prerequisite for the calculations is the detailed and accurate time-temperature history obtained from numerical simulations.


    Modeling the influence of the entire thermal cycle of the welding process with a physically based multi-scale model for the material can provide new understanding of the microstructure and distortion evolution due to the welding process [1,2]. The multi-scale analysis framework covers micromechanical stress and failure analysis, as well as thermal analysis, of extended microstructural regions. Actual investigations aim to integrate dendritic morphology evolution with micro-residual stresses and dislocation evolution into a fluid-thermal-metallurgical-mechanical multi-scale approach. In this work, the sub-modeling technique (a separate analysis that can be used to any number of levels) was used to mesh a local part of the model with a refined mesh based on interpolation of the solution from an initial, relatively coarse, macro global model (see Figure 1). The meso-sub-model is the global model for the subsequent micro sub-model. The strategy used to calculate temperature gradients, plastic strains and residual stresses at the macro, meso and micro-scale level, is very flexible to be used to any number of levels [1-3]. The multi-scale submodeling approach can be used to capture weld pool features at the macro-meso scale level, and micro residual stress and secondary dendrite arm spacing features at the micro-scale level. The major advantage of this model, in addition to the ability to calculate macroscopic parameters such as temperatures, plastic strains, residual stresses, etc., is the possibility of predicting the distribution and evolution of even microscopically small crystal defects such as dislocations.


    The main objective of this research was to initiate the development of microstructural models to identify fusion welding process parameters for preserving the single crystal nature of gas turbine blades during repair procedures. Representative Volume Elements (RVEs) generated with the digital microstructure code DREAM.3D were included in the analysis to represent the polycrystalline aggregate. Of similar manner, by using the calculated numerical thermal results, microstructure evolution using the phase field method could be easily predicted at these sub-level scales.


    The Model


    The welding conditions chosen to solve the 3-D transient nonlinear heat conduction (Eq. 1) and equilibrium (Eq. 2) governing differential equations are documented in our previous work [19].


    ∂ ∂x k ∂T ∂x + ∂ ∂y k ∂T ∂y + ∂ ∂z k ∂T ∂z + Q ˙ =ρ c p ∂T ∂t (1)


    Here, ρ is the density, cp is the specific heat, k is the thermal conductivity, T is temperature, t is time, and Q the internal heat source term. In the present research, Q is zero and the latent heat was not considered.


    ∂ σ ji ∂ x j =0(2)


    Here, σ ji is the stress tensor.


    The thermal gradients calculated with the thermal model already described in our previous related research [19-22], were imposed as load conditions to calculate micro residual stresses based on the proposed multi-scale strategy. Details of the thermo-mechanical analysis can be found in the above mentioned works. Following the literature recommendations [23,24], a cubic box with an edge size (Lo) is used to represent the polycrystalline aggregate with


    L 0 = < d gr > n gr 1/3 0.7 (3)


    Where <<em>dgr> is the average grain size, and ngr is the number of grains.


    Two random polycrystalline Representative Volume Elements (RVEs) of edge size Lo = 50 um and number of grains 4 and 12 each were generated with the code DREAM.3D. By using the Eq. 3, the dimensions of the average grain size in the virtual specimens are 22 and 13.9 um respectively. The von Mises yield criterion was used in the model. The use of the von Mises equivalent quantities implies plastic isotropy of the material. Mises stresses and equivalent plastic strains identify the yield condition for a multiaxial stress state; that is one in which more than one direct stress exists. To observe the strong dependence of micro residual stress on grain size in specimens subjected to similar thermal gradient initial conditions, four materials with the mechanical properties described in Table 1 and Figure 2 were included into the finite element analysis. The mechanical properties of SS 410 steel in annealed condition, and 2.25Cr-1Mo steel were obtained from Mukherjee, et. al. [25], while the mechanical properties of AISI-SAE 1524 steel and IN-738 LC alloy were obtained from Bonifaz [19]. In the 4 grains aggregate, each grain was assigned the mechanical properties of a unique material, while in the 12 grains aggregate, randomly groups of three grains were assigned the mechanical properties of a unique material. The calculations were performed with ABAQUS® code using an 8 node C3D8 representative finite element mesh.


    Results and Discussions


    It is known that dendrite secondary arm spacing belongs to the micron-scale and that the cooling rate belongs to the macro-scale [22], so, a connection between scales is yet unclear. The present research is an effort to clarify the link between solidification grains substructures with micro residual stresses and cooling rate. By performing three-dimensional transient non-linear thermo-mechanical simulations, thermal histories, thermal cycles, strains and stresses that occur during the welding process at the sub-level scale were numerically investigated. The multi-scale submodeling approach was used to capture weld pool features at the macro-meso scale level, and micro-residual stress features at the micro-scale level. Figure 3 shows temperature distribution and Mises stress distribution at documented step times in two virtual specimens of 4 and 12 grains generated using the coupling DREAM.3D-ABAQUS [26,27]. At similar thermal gradients, differences in micro residual values are clearly observed. Higher Mises values are found in the polycrystalline aggregate composed of 12 grains (grain size 13.9 um). Results demonstrate that materials display strong size effects when the characteristic length scale associated with non-uniform plastic deformation is on the order of microns.


    Conclusions


    1. A 3D transient non-linear multi-scale finite element heat flow-mechanical model to determine micro-residual stresses was developed.


    2. A strong dependence of micro-residual stresses on grain size is clearly observed.


    3. The micro-submodel developed to identify temperature, strain and stress contours at different step times, requires the meso temperature gradient information as prescribed driven (load) boundary conditions.


    4. With the present sub-modeling strategy, the development of a physics-based model for simulating initiation and propagation of cracks in weld samples, starting at the microstructural length scale, can be easily achieved.


    
      Figure 1: The multi-scale mesh strategy applied in an initial coarse macro global model. The zoomed-in volume illustrates the finite element submodeling technique. The RVE-finite element polycrystalline meshes constructed by using the coupling DREAM.3D-ABAQUS. View Figure 1

    


    
      Figure 2: Temperature dependent yield stress of AISI-SAE 1524 steel, IN-738 LC alloy, SS 410 steel in annealed condition, and 2.25Cr-1Mo steel. View Figure 2

    


    
      Figure 3: Temperature distribution and micro-residual stress distribution at documented step times in two random polycrystalline aggregate of 4 and 12 grains generated using the coupling DREAM.3D-ABAQUS. The units of Mises residual stresses are in Pascal. View Figure 3

    


    
      Table 1: Mechanical properties of AISI-SAE 1524 steel, IN-738 LC alloy, SS 410 and 2.25Cr-1Mo steels. View Table 1
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