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Highlights
» Developed ML model predicts fracture toughness and crack growth rate.
» Superior accuracy shown with RMSE: 0.052 for KIC, 0.084 for CGR.

« Input parameter weight factors differ for each output prediction.

ML enables hydrogen embrittlement identification and characterization.
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This study focuses on developing a machine learning (ML) model, specifically a Bayesian-
optimized deep neural network, leveraging numerical simulation data for the prediction of
fracture toughness (Kj¢) and crack growth rate (CGR) in Quenched-and-Tempered Steel (AISI
4140 alloy) under hydrogen embrittlement conditions. The proposed model demonstrated
superior accuracy with Root Mean Squared Error (RMSE) values of 0.052 for K;c and 0.084
for CGR, surpassing conventional ML models including random forest (0.094 for K¢, 0.139
for CGR), gradient boosting (0.184 for K¢, 0.196 for CGR), support vector regression (0.142
for K¢, 0.110 for CGR), and decision tree regression (0.119 for K¢, 0.133 for CGR). The findings
also revealed that input parameters such as temperature, hydrogen concentration, and
hydrostatic stress carry higher weight factors compared to other parameters in predicting
Kic. Similarly, the prediction of high CGR values, ranging from 5.9 x 107 to 9.5 x 10™>m/s,
was associated with the importance of hydrostatic stress, strain rate, and initial crack length
in the prediction model. This underscores the model's ability to capture the intricate
dependencies of output objectives on input features. Furthermore, a comprehensive case
study, informed by the ML model, highlights the potential for tuning specific processing
input parameters to manage hydrogen embrittlement effectively, contributing to a deeper
understanding of its dynamics.

Access through your organization

Check access to the full text by signing in through your organization.

Introduction

Hydrogen embrittlement presents significant challenges in engineering, particularly in
materials such as steels, due to its profound detrimental effects [[1], [2], [3]]. It involves the
infiltration of hydrogen atoms into the steel matrix, leading to localized pressure buildup.
This internal pressure becomes a catalyst for crack initiation and propagation, making the
material extremely vulnerable to brittle fracture [[4], [5], [6]]. Consequently, it significantly
diminishes the material's capacity to absorb energy through plastic deformation, even
under relatively low stress levels. This phenomenon is of utmost importance in pressure
vessels and piping applications, where material integrity and reliability are crucial
considerations [[7], [8], [9]].
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In recent years, extensive research efforts, combining both experimental and numerical
approaches, have been undertaken to unravel various facets of hydrogen embrittlement
[10,11]. These investigations have delved into understanding the intricate mechanisms, the
degradation of material sensitivity, the influence of environmental factors, and more [[12],

[13], [14]]. In addition to conventional numerical and experimental techniques, the realm of
hydrogen embrittlement characterization has witnessed recent advancements with the
emergence of machine learning (ML) approaches [[15], [16], [17]]. These innovative
methodologies have been developed to effectively assess and understand hydrogen
embrittlement across various alloy types.

For instance, Kim et al. [18] introduced a pioneering ML approach, focusing on predicting
hydrogen embrittlement in austenitic steels with a particular emphasis on alloying
elements and test conditions, which unveiled the significant influence of Ni and Mo on the
embrittlement index. Another approach combined hydrogen thermal desorption
spectroscopy (TDS) with ML, creating a regression artificial neural network (ANN) model to
predict hydrogen-induced mechanical property degradation in steels [19]. The study
demonstrated a strong correlation between TDS data and steel properties, enhancing
predictive accuracy. Zhang et al. harnessed machine learning to develop a Fe-H force field
for probing hydrogen embrittlement through molecular dynamics simulations [20]. Their
findings reveal that elevated hydrogen concentrations ahead of a crack tip accelerate crack
propagation, with the degree of acceleration varying based on the type of grain boundary.
Meng et al. [21] developed a neural network interatomic potential to probe hydrogen
embrittlement at the atomic scale, training it with a comprehensive reference database
from density functional theory (DFT) calculations. This model adeptly managed the complex
aspects of hydrogen behavior, trapping, and desorption in a-iron, delivering quantitative
DFT-level accuracy. In their study, Feng et al. [22] explored the influence of hydrogen
embrittlement on various mechanical properties of 316 Stainless Steel, including ductility,
tensile strength, and fatigue lifetime, using the MLP-Regressor model to predict S-N curves
with and without hydrogen charging. In another work, Phan et al. [23] presented an
innovative approach that combined molecular models and Random Forest Regression to
predict burst pressure in the context of hydrogen embrittlement. The proposed method not
only addressed model uncertainty but also established connections between dimensionless
influence functions for both elastic and plastic components of fracture toughness.

While ML approaches have demonstrated remarkable potential in understanding and
predicting hydrogen embrittlement, existing research primarily relies on data from
experiments and atomic-scale simulations. These methods, however, can be limited in
scope and computational cost. Numerical simulations, on the other hand, offer a powerful
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tool for investigating complex phenomena at various scales but have seen limited
application in generating data for ML models within the context of hydrogen embrittlement
[[24], [25], [26], [27], [28]]. This research addresses this gap by establishing a novel
framework that integrates comprehensive numerical simulations of fracture toughness with
machine learning. This combined approach focuses on quenched-and-tempered steels,
specifically AISI 4140, under hydrogen embrittlement conditions. By leveraging the
strengths of both numerical simulations and Machine Learning, we aim to achieve a deeper
understanding of the mechanisms governing hydrogen embrittlement in this critical
material. Numerical simulations can provide detailed data on material properties and
hydrogen diffusion, while ML can analyze vast amounts of data to identify complex patterns
and relationships. This combined approach will not only contribute to the fundamental
understanding of hydrogen's influence on material properties but also pave the way for the
development of robust and efficient predictive models. The designed model will enable the
prediction of how environmental parameters influence the toughness and degradation of
quenched-and-tempered steel. This capability will facilitate the design of real-world
structures with greater confidence and minimize the need for trial-and-error approaches.

Section snippets

Computational method

In this section, an ML-based model is presented, capable of predicting the fracture
toughness (K;c) and crack growth rate (CGR) in AISI 4140 alloy under hydrogen
embrittlement conditions. For this purpose, a comprehensive dataset was first collected for
the training process. Hydrogen embrittlement was examined through numerical
simulations conducted under various conditions and parameters, thereby creating a robust
data space for ML modeling. Detailed methodologies and parameters for the...

Validation of BDNN model

The significance of incorporating regression analysis and comparing it with conventional
ML models as the initial steps in validating our ML model lies in their role as benchmarks.
Regression analysis provides a fundamental baseline for understanding the relationship
between numerical-calculated and ML-predicted results. By contrasting regression results
with the performance of conventional ML models, it is also established a solid foundation
for assessing the predictive capabilities of our ML...
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- Conclusion

In this study, we introduced an ML model, specifically a Bayesian-optimized deep neural

network, empowered by numerical simulation data, to predict K;c and CGR in AISI 4140

alloy under hydrogen embrittlement. The main results are as follows.

1) The key outcomes highlight the model's robust predictive performance, as evidenced by
high R? values of 0.945 for K;c and 0.913 for CGR, coupled with low RMSE values of 0.052
and 0.084, respectively....

2) The investigation unveiled significant relationships...
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