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Introduction Results

• Multiphysics laser-processing: CoCrFeNi (HEA)

• Phase Field (PF) simulations are accurate but costly

• High-dimensional CALPHAD data

• Need for real-time Digital Twin prediction

Motivation

Physics Guided AI pipeline

• Free-Energy Tensor Compression

• Multicomponent PF simulations

• Real-time surrogate predictions

Objective

Approach: Physics to Surrogate Pipeline 

CALPHAD

CALPHAD Thermodynamic Tensor

Co-Cr-Fe-Ni Gibbs Free Energies

Tensor Computation

• Rank-structured TDT factorization [1]

• c-T mode loading vectors

• Smooth Quadratic T trends

• Oscillatory c response

Quadratic Free-Energy Distillation

Multiphysics Simulations

Model Predictions
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FCC and LIQUID phases

𝐺𝑐 𝑇
𝐶𝑃𝐷 ≈ ෍

𝑟=1

𝑅

𝜆𝑟𝐴𝑟 ⊗ 𝐵𝑟 ⊗ 𝐶𝑟 ⊗ 𝐷𝑟

• Compact analytical Free-Energy

• Quadratic in (c,T)

• Capture FCC/LIQUID

• PF ready thermodynamics

𝑮𝒄 𝑻
𝑸𝒖𝒂𝒅

 𝑮𝒆𝒒 + ෍

𝜶
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Full CPD
Full QUAD

Surrogate Model: Attention Based DT

• PF simulation: Knowledge Base

• Target State Space Vector as Query

• Attention weight: Nearest case

• Predicts T, η in real time

Target: 358W, 55cm/s

G000225N

Laser-processing [2] & Composition Range

PF O/P: T  𝜼𝑳𝑰𝑸 𝜼𝑭𝑪𝑪  cCo cCr  cFe

Heat Transfer, Phase-Field, Fluid Flow

Elemental distribution maps @ 370 W, 50 cm/s
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Error

MLFEM

FEM vs AI surrogate model comparison with error analysis

Findings

Composition-sensitive meltpool T prediction

     
       

     

       

     

      

      

Temporal peak-temperature 

response histogram

cT1 cT2

Predicted meltpool depth at 45 and 70 cm/s

Diffuse-Interface PF modeling [3]

Contact

Canonical Polyadic Decomposition (CPD)
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