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Abstract: To address the limitations of empirical models, which ignore nonlinear interactions
among components and lack microscopic validation, as well as the dual challenges of “black-
box” nature and data scarcity faced by pure machine learning models, a multi-scale research
framework of “data drive, mechanism support, and microscopic validation” was established. A
standardized database covering ternary to quinary slag systems was constructed. Ten supervised
learning algorithms were compared to identify the optimal model for each system. To overcome
the limitations of pure machine learning in the quinary system, a coupled GANPL-CatBoost
model was proposed. This model, based on the CatBoost gradient boosting framework,
incorporated corrected optical basicity as a physical prior feature and utilized a genetic algorithm
to optimize sample weights and hyperparameters, achieving deep integration of physical
constraints and data-driven. The mean absolute percentage error (MAPE) for prediction was
reduced to 9.431%. Furthermore, molecular dynamics simulations were conducted using the
large-scale atomic/molecular massively parallel simulator (LAMMPS). Based on the Born-
Mayer—-Huggins potential and the Nernst-Einstein relationship, the dominant charge conduction
mechanism of Ca*", the evolution of ion coordination, and the essence of component interactions
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were systematically quantified at the microstructural level. Consequently, a closed-loop system
of “macroscopic prediction, microscopic elucidation, and multi-scale validation” was formed,
providing an efficient tool for the intelligent design of CaF,—based slag systems.

Key words: electroslag remelting; electrical conductivity prediction; machine learning;
molecular dynamics; optical basicity; CaF,—based slag system
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Fig. 1
data-driven semi-empirical expansion
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Table 2 Interatomic potentials used for all systems
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Ca-Ca 329 051. 60 0.016 . 436
Ca-F 496 191. 50 0.0165 . 867
Ca-0O 717 827. 00 0.0165 . 867
Ca-Si 26 674. 68 0.016 0
F-F 730 722. 80 0.017 1.734
F-O 1 046 135. 40 0.017 1.734
F-Si 43 406. 00 0.0165 0
0-0 1497 049. 00 0.017 1.734
0-Si 62 794. 37 0.016 5 0
Si-Si 4142.15 0.016 0
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Table 3 Statistical analysis of composition, temperature, and corresponding electrical conductivity for
CaF,~based slag systems

. R TR % T g
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f%/ME 1. 00 0 0 0 0 1623 0.09
25% 28. 00 12.58 10. 00 0 0 1773 0.73
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Fig. 2 Probability density of each feature variable in electrical conductivity database
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Table 5 Feature variable importance analysis based on XGBoost
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Table 7 Performance comparison between modified
optical basicity model and traditional
empirical formulas
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Fig.6 Comparison of probability density and KDE for each feature variable before and after data expansion
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Fig. 7 Comparison of predicted values and actual
values of GANPL-CatBoost model
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Fig.8 Comparison of actual values and predicted

values in extrapolation experiment
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Table 8 Validity verification results of MD method and proposed model

MD J7ik A A
5 ERAE LIRS IR LRSI
AR R ZE/ %% X IR 22 /%
S-cm™ S-cm™ S-cm™
1 2. 648 2.456 7.3 2.598 1.9
2 1.285 1.378 7.2 1.312 2.1
3 2.295 2. 686 17 2.234 2.7
4 2. 506 2.934 17.1 2. 445 2.4
5 1. 823 2.267 24. 4 1. 756 3.7
6 1.4 1. 657 18.4 1.363 2.6
7 1.21 1.398 15.5 1. 189 1.7
8 1. 85 2. 145 15.9 1. 892 2.3
SEX AN R 22 /% — — 15. 4 — 2.4

R9 NFINEEMATH S
Table 9 Component compositions for molecular
dynamics simulation
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Fig. 9 Multi-scale correlation analysis plot of machine learning-based feature variable importance and

molecular dynamics verification
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