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1. Abstract

The mechanical reliability of electronic devices is heavily dependent on the integrity of solder joints, which
undergo complex plastic deformation, creep, and fatigue under thermal and mechanical cycling. The Sn—40Pb—
2.5Sb alloy is favored in these applications due to its metallurgical stability and improved mechanical strength,
attributed to the addition of antimony.

2. Introduction and Problem Statement

Characterization of the stress—strain curve of such alloys is problematic. Classical phenomenological models,
such as the Anand viscoplastic model, require a high volume of experimental testing for parameter calibration,
and their accuracy often degrades under varying loading paths. The research identifies a critical research gap: the
need for a robust, efficient, and predictive model capable of capturing nonlinear and rate-dependent behaviors
without the computational and experimental burden associated with classical censtitutive approaches. The
motivation for this work lies in utilizing deep learning to create a surrogate model that can reduce the need for or
complement traditional laboratory-based testing.

3. Experimental Procedure and Data Acquisition

The dataset used in this study consists of experimental stress—strain data obtained for the Sn—40Pb—2.5Sb alloy
with a grain size of approximately 2.4 um. The data were divided intoitraining and testing sets as follows:

e Training Set: Data collected at a strain rate of 0.01 sfI".
o Evaluating Set: Data collected at strain rates,of 0.0066 s[1*, 0.0033 s(J*, and 0.0013 s[*.

The raw experimental dataiunderwent significant cleaning, where random noise and outliers were removed to
ensure the stability of the neural network training process. The dataset was structured as time-series sequences,
essential for the sequential learning capability of the LSTM model.

4. Methodology: LSTM Model Architecture

The core of this researchs the development of an LSTM neural network implemented in MATLAB. LSTM
networks were selected for their ability to mitigate the vanishing gradient problem, allowing the model to capture
long-term dependencies in sequential data—a prerequisite for predicting path-dependent mechanical curves.

A LSTM neural network with the following architecture was designed to capture the nonlinear dynamics of
stress-strain evolution:

e Input Layer: 7 neurons (representing a 7-step lag).

e Hidden Layers: A dual-layer LSTM structure featuring 32 neurons in the first layer and 64 neurons in
the second layer. This depth allows the network to abstract hierarchical features from the input data.

e  OQOutput Layer: A fully connected layer with a single neuron, predicting the next stress value in the
sequence.
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The developed model employed the Adam optimization algorithm, which is well-suited for non-stationary
objective functions, using the Mean Squared Error (MSE) as the primary loss function.

5. Preprocessing Strategies and Comparative Analysis

A significant contribution of this research is the systematic evaluation of two distinct data preprocessing
protocols, highlighting that the quality of input data is as critical as the neural network architecture itself.

Method 1: Standard Normalization

This baseline method utilized min—max normalization ([0, 1]) based strictly on statistical parameters derived
from the training data. While this approach is standard practice to prevent data leakage, it proved limited in
managing the inherent fluctuations in the raw mechanical data, leading to moderate predictive performance.

Method 2: Weighted Time-Dependent Scaling and Filtering
The second method introduced a more sophisticated approach consisting of the following steps:

1. Noise Reduction: Application of a weighted moving-average filter to smooth the input-sequences. This
successfully eliminated nonphysical, random fluctuations while preserving the essential mechanical
characteristics (e.g., yielding and hardening).

2. Cumulative Scaling: Rather than using static normalization, statistics were updated cumulatively. The
final scaling parameters were calculated by combining training data statistics with historical test data
statistics (weights of 0.8 and 0.2, respectively). This approach takes into account the temporal nature of
the stress—strain path and ensures that the model remains grounded in the evolving mechanical context
without violating causality.

6. Results and Discussion

The performance of the models was rigorously assessed using MAE (Mean Absolute Error), MSE, RMSE
(Root Mean Squared Error), and the square of correlation factor (R?).

The results clearly demonstrate the superiority of Method 2. Using Method 1, the model achieved R? values
ranging from 0.90 to 0.92, showing reasonable but incomplete alignment with experimental data; while by
implementing Method 2, the model demonstrated a substantial performance boost. The main achievements of
implementing method 2 of preprocessing are as follows:

e R? Increased to the range of 0.993-0.996.
e A significant decrease was observed in MAE, MSE, and RMSE.

e At a strain rate’ of 0.0033 s[]!, the model achieved an R? of 0.9959, demonstrating near-perfect
correlation with experimental curves.

Considerable improvement in accuracy confirms that the success of an LSTM model is heavily dependent on
feature engineering. The application of weighted moving-average filtering effectively removed noise, allowing
the LSTM to better identify the subtle transitions in the stress—strain curve, particularly during the transition from
elastic to plastic deformation. The cumulative scaling method successfully adapted the model to different strain
rates without the need for retraining.

7. Conclusion

This study shows that LSTM neural networks provide a highly effective framework for modeling the
mechanical response of Sn—40Pb-2.5Sb solder alloys. By exploiting the temporal memory inherent in the LSTM
architecture, the model can accurately predict stress—strain curves, offering a viable, low-cost alternative to the
exhaustive experimental and calibration procedures required by conventional constitutive models.



The success of the proposed preprocessing strategy—specifically the integration of filtering and time-
dependent scaling—highlights the importance of data refinement in deep learning applications for materials
science.
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Abstract

Lead-based solder alloys are still widely used in many electronic systems and industrial joining applications,
particularly where thermal stability, reliable mechanical performance, and suitable processability are required.
Among these alloys, Sn-40Pb-2.5Sb is of particular interest due to the role of antimony in improving mechanical
strength, microstructural stability, and creep resistance. However, the stress—strain behavior of this alloy under
mechanical loading is inherently nonlinear, path-dependent, and strongly influenced by metallurgical features,
making its accurate prediction by conventional constitutive models challenging. In the present study, a data-driven
approach based on a Long Short-Term Memory (LSTM) neural network was employed to predict the stress—strain
curve of the Sn-40Pb-2.5Sb alloy. Experimental mechanical test data were first preprocessed, normalized, and
organized as sequential input data for the LSTM model. The network architecture was designed to capture the
dependency between successive points along the stress—strain curve and to reconstruct the evolution of the alloy’s
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mechanical response. The model was trained using the Adam optimization algorithm. Its predictive performance
was evaluated using statistical criteria such as R?, MAE, and MSE. The results demonstrated that the proposed
model can accurately reproduce both the overall trend and the detailed features of the experimental stress—strain
curves, showing good agreement with the measured data. The findings of this study indicate that LSTM-based
modeling is a promising and efficient tool for predicting the mechanical behavior of solder alloys, reducing
dependence on costly experimental testing, and advancing intelligent data-driven approaches in materials
engineering.

Keywords: Sn-40Pb-2.5Sb alloy, stress—strain curve, LSTM neural network, deep learning, data-driven modeling, mechanical
behavior.
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