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The evaluation of creep rupture life is complex due to its variable formation mechanism. In this
paper, machine learning algorithms are applied to explore the creep rupture life span as a function
of 27 physical properties to address this issue. By training several classical machine learning models
and comparing their prediction performance, XGBoost is finally selected as the predictive model for
creep rupture life. Moreover, we introduce an interpretable method, Shapley additive explanations
(SHAP), to explain the creep rupture life predicted by the XGBoost model. The SHAP values are
then calculated, and the feature importance of the creep rupture life yielded by the XGBoost model
is discussed. Finally, the creep fracture life is optimized by using the chaotic sparrow optimization
algorithm. We then show that our proposed method can accurately predict and optimize creep
properties in a cheaper and faster way than other approaches in the experiments. The proposed
method can also be used to optimize the material design across various engineering domains.

Keywords Creep property prediction, XGBoost, Shapley additive explanations, Sparrow optimization
algorithm

The nickel-based single-crystal superalloy is the primary material that is used in aero-engine and gas turbine
blades with excellent high-temperature performance’. To meet the design requirements of high-performance
aero-engines, research and development activities with respect to nickel-based single-crystal superalloys are of
great significance. In the current study, the creep property of the given material greatly limits the life cycle of the
product. This is because the creep deformation and fracture of the material under high-temperature stress cause
the product to fail?. Therefore, creep life is defined as the core research object of this paper because of its high
scientific value. Even though the creep rupture life can be determined experimentally, the required measurements
are often time-consuming and laborious due to lengthy creep tests and the high cost of alloy manufacturing,
especially in cases when the alloy under study consists of noble metal elements such as Ru, Ti, and Ta’.

The creep property of an alloy is related to many variables that can be grouped into four categories: chemical
composition factors, processing parameters, test conditions, and microstructural factors. The main chemical
compositions of nickel-based superalloys are highly varied*, including nickel (Ni), rhenium (Re), cobalt (Co),
chromium (Cr), and other alloy components. Additionally, the processing parameters, including the solution
treatment time, heating temperature, test stress, and other parameters, are extremely complicated. The micro-
structural factors can be calculated from the chemical composition factors and processing parameters.

Since the experimental method is unable to meet the requirements of alloy design, several theoretical meth-
ods for accelerating the prediction of the creep fracture life spans of alloys have been proposed. Dang et al.
performed creep fracture tests on three Mg-Al-Ca diecast alloys and used the Larson-Miller parameter (LMP)
to predict the creep life. The results showed that the method performed well for specific temperature and stress
levels. Li et al.® investigated the creep properties of the K417 alloy at different high-temperature conditions and
developed a physical analysis model to describe the influence of microstructural factors. As an example of using
the time-temperature parameter (TTP) method, Larson and Miller” developed a predictive model for creep life
at low temperatures. Similarly, an isothermal method® was proposed to describe the relationship between the
creep property and stress under the conditions of constant temperature and changing stress for inferring the

1School of Traffic & Transportation Engineering, Central South University, Changsha 410083, China. 2School
of Intelligent Manufacturing and Mechanical Engineering, Hunan Institute of Technology, Hengyang 421002,
China.*email: pengjieliu_1112@163.com

Scientific Reports|  (2024) 14:20716 | https://doi.org/10.1038/s41598-024-71431-1 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-71431-1&domain=pdf

www.nature.com/scientificreports/

creep life of an alloy indirectly. In conclusion, the above traditional theoretical methods can achieve rapid creep
life predictions, but they cannot reveal the complicated functional relationships between the creep life and its
many influencing factors. Therefore, the accuracy of such models is limited.

With the development of big data and artificial intelligence, machine learning has been successfully applied
to material performance prediction’!!, the discovery of new materials'?, and other applications'*-'°. Data-driven
approaches tend to be superior to other methods in terms of time efficiency and predictive performance. Since
machine learning can learn the complex functional relationships between material properties and many factors,
it is suitable for the task of predicting creep rupture life. Venkatesh and Rach'” developed and demonstrated
a new method for life prediction using a BP (backward propagation) neural network. The results showed that
the prediction accuracy of this method was significantly improved over that of linear models. By adopting the
Bayesian neural network and Markov-chain Monte Carlo method, Yoo et al.'® predicted creep fracture life with
an accuracy of 93.2% and ranked the importance of the constituent elements of the tested alloy.

This paper not only predicts creep life but also explains the results of the predicted creep life and finally opti-
mizes the chemical compositions and processing parameters by an optimization algorithm. The remainder of
the paper is structured as follows. In “Machine learning methods” section, we use machine learning algorithms
to build a mapping function between creep rupture life and 27 features, including chemical composition factors,
processing parameters and microstructural factors. In “Explanatory methods for interpreting creep rupture life”
section, a novel method, Shapley additive explanations (SHAP), is introduced to interpret the predictive results
regarding creep rupture life. In “Optimization based on improved sparrow search algorithm” section, the cha-
otic sparrow optimization algorithm is applied to improve the creep rupture life and achieve the best solution.
Finally, conclusions are provided in “Conclusions” section. The overall framework of this paper is shown in Fig. 1.

Machine learning methods

Acquisition of the data structure

The creep rupture life dataset used in this study is obtained from previous publications'*~*! and consists of 264
instances of superalloys. Each sample in the dataset contains 27 features describing its physical properties, which
can be classified into the following four categories: chemical composition factors, processing parameters, test
conditions and microstructural factors. A detailed description of the 27 features in the creep dataset is shown in
Table 1. The distribution histograms of the 27 input features, as depicted in Fig. 2, reveal that certain features such
as (1satt, 2satt, and 2satT) exhibit a high degree of variability and pronounced heterogeneity. Such characteristics
can introduce several challenges to the predictive tasks in machine learning. The inherent complexity of these
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Fig. 1. Overall framework of this study.
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Index | Symbol | Description Minimum content | Maximum content
1 Ni Nickel 57.4135 77.26

2 Re Rhenium 0 7.5

3 Co Cobalt 0 10

4 Al Aluminum 4.15 7.5

5 Ti Titanium 0 5

6 w Masurium 0 18.6

7 Mo Molybdenum 0 4.21

8 Cr Chromium 0.6 11.73

9 Ta Tantalum 0 12

10 C Carbon 0 0.1

11 B Boron 0 0.05

12 Y Yttrium 0 0.05

13 Nb Peloponium 0 2.59

14 Hf Hafnium 0 2

15 Stt Solution treatment time (h) 2 4

16 1satt The first-stage aging treatment time (h) 4 5

17 2satt The second-stage aging treatment time (h) 16 32

18 StT Solution treatment temperature (°C) 1180 1348

19 1satT The first-stage aging treatment temperature (°C) 982 1145

20 2satT The second-stage aging treatment temperature (°C) | 704 899

21 T Test temperature (°C) 204 1800

22 S Test stress (MPa) 70 759

23 r Stacking fault energy (mJ/m?) 34.00666 119.4323
24 Dy, Diffusion coefficient (m?/s) 1.41E-25 0.00131
25 G Shear modulus (GPa) 52.20007 71.05828
26 L Lattice parameter (nm) 0.313652 0.362381
27 X’ Mole fraction of the y/ phase 0.50187 0.90197

Table 1. Description of the data features.

features may necessitate the employment of more sophisticated modeling techniques that can accommodate the
diverse data patterns. Additionally, the variability could lead to increased model sensitivity to feature scaling and
parameter tuning, requiring meticulous calibration to achieve optimal performance.

Data standardization

Data standardization is often the first step in machine learning tasks. As shown in Table 1, a total of 27 features
that affect creep life vary widely in terms of their value ranges. For example, the value of the diffusion coeffi-
cient Dy ranges from 1.41E-25 to 0.00131 m?/s, while the solution treatment temperature ranges from 1180 to
1348 °C. Therefore, this may become an obstacle during the model training process. Here, we use the min-max
scaling method? to achieve isometric scaling of the original data. The min-max scaling method is employed to
preprocess the 27 features, hence, all descriptors are mapped to [0, 1]. The method is defined as follows:

X — Xonin

X*= T
Xmax - Xmin

; (1)
where X,in and Xynax represent the lower and upper limits of a feature X, respectively. Furthermore, from the
original dataset, it can be seen that the creep life spawns of the samples are distributed in the interval from 30 to
5180 h. We use logarithmic scaling for the creep life, as shown in Eq. (2). This enables us to efficiently convert
the predicted creep life. Finally, the value of the feature after data normalization is used as an input parameter
for the machine learning model mentioned in Table 2.

Y* = log(Y). )

XGBoost algorithm

Before the machine learning task is completed, we perform a Pearson correlation analysis of the creep dataset.
Figure 3 shows a heat map that is an indication of the relationships between the 27 features and the creep rupture
life. This is, however, only a simple linear analysis and may not be able to explore the more complex nonlinear
relationships between the variables. Therefore, several machine learning models with strong representational
capabilities are discussed in the following sections.
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Fig. 2. The histogram distribution for the 27 input features.

XGBoost (eXtreme Gradient Boosting) is a successful machine learning library based on the gradient boost-
ing algorithm proposed by Chen®. It has been extensively used in industry due to the portability of the dis-
tributed version and its powerful predictive capabilities. As an improved GBDT (Gradient Boosting Decision
Tree) algorithm?*, XGBoost consists of a large number of decision trees strung together to handle classification
and regression tasks accurately and efficiently. Compared with GBDT, XGBoost is mainly optimized in the
following aspects. First, XGBoost adds a second-order Taylor expansion to the cost function, which improves
the accuracy of the algorithm. Second, the regular penalty term?® is utilized in the cost function to reduce
the model complexity and prevent overfitting. The Fig. 4 visually illustrates the procedural workflow of the
XGBoost algorithm, beginning with the initial step of “Bootstrap aggregation”. This phase involves the utiliza-
tion of resampling techniques to generate multiple subsets from the original dataset, encompassing a diverse
range of classes. These subsets serve as the foundation for the subsequent stage known as ‘CART Trees, which
includes classification and regression trees, are binary models that are constructed and intertwined with each of
the data subsets. The subsequent phase, termed ‘Weighting increase, embodies the iterative nature of gradient
boosting. This process dynamically adjusts the decision boundaries by focusing on and augmenting the weights
assigned to misclassified points from previous iterations, thereby enhancing the overall accuracy of the model.
The final stage cleverly combines the fitting results obtained from all the CART Trees generated throughout the
workflow. By employing a weighted average of these results, the XGBoost model is capable of formulating an
optimized and robust prediction.
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Fig. 4. The schematic diagram of XGBoost.
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Empirical analysis and comparisons with other models

In this study, the dataset is split into training and test sets using a 10-fold cross-validation method. This method
randomly divides the dataset into 10 subsets. Each time one of these subsets is considered as the test set, the
remaining 9 subsets are used as the training sets. Using this approach, the machine learning model can be trained
and tested 10 times to obtain a more comprehensive evaluation index. To reflect the accuracy of the predictive
models, three evaluation parameters are adopted in this paper?, including the coefficient of determination (R?),
mean absolute error (MAE), and root mean squared error (RMSE). Suppose that y;,y2, - - y, are the actual values,
Y1.Y2 - - ¥ are the predicted values, and ¥ is the mean of y;; then,

RR—1— > i _)’i)z

- n — ’ (3)
2ict (J’ - yi)z

n

1~
MAE:;E’%_}/{
i=1

, (4)

RMSE =

1o -
" Z (i — )" (5
i=1

Without the loss of generality, we establish other classic predictive models for a performance comparison,
including a decision tree?’, a support vector machine®, a neural network?, a random forest*® and Light GBM?!
and so on. Table 2 provides a brief description of each model.

Here, we implement the methods in Table 2 using the Scikit-learn library®* with version 3.7 of Python,
which is available at https://www.python.org/. In addition, XGBoost and LightGBM are implemented in Python
using the XGBoost and LightGBM libraries, respectively. To ensure optimal performance of these models, we
utilized the Optuna library* for hyperparameter tuning. Optuna is a state-of-the-art framework for automated
hyperparameter optimization, which allowed us to systematically search for the best hyperparameters for each
model. The test platform includes a device equipped with an AMD Ryzen-7 4800H CPU and 16 GB of RAM.
The above 10 machine learning models are trained and tested separately by employing 10-fold cross-validation.

The line chart in Fig. 5 shows the R?, RMSE and MAE distributions corresponding to the 10 machine learning
models used in this paper. Figure 5 shows that complex machine learning models (i.e., NN, GB, RF, Light GBM
and XGBoost) achieve high prediction accuracy, and their corresponding R? values are larger than 0.95. The
results also show that the prediction performance of LightGBM and XGBoost is better than that of the other
models. In particular, for XGBoost, R? = 0.9759, RMSE = 0.1428, and MAE = 0.1058; these results are better
than those of the other models. It is also seen that the performance of the three relatively simple machine learn-
ing models (LR, KNN, and SVM) is poor, and their R2values are low. Due to the obvious nonlinear relationships
between the creep rupture life and the 27 features examined in this study, these three simple models are simply
unable to reveal the complex mapping function relationships.

Finally, we utilize scatter plots to illustrate the fitting performance of the top three best-performing models
and the bottom three underperforming models. As shown in Fig. 6, the experimental value of the creep rupture
life is represented on the X-axis, and the predictions of each model are shown on the Y-axis. Each graph contains
a 1:1 straight line representing a perfect fit. The closer the scatter points to the straight line, the better the fit of
the model. It can be seen that the prediction effect of the XGBoost model is the best. Therefore, in this paper, we
use XGBoost as the final model for the prediction of the creep life.

Models Notes

LR Linear regressor

KNN K nearest neighbor

SVM Support vector machine
ETR Extra tree regressor

DT Decision tree

GB Gradient boosting regressor
NN Neural network

RF Random Forest

LightGBM | Light gradient boosting machine
XGBoost eXtreme gradient boosting

Table 2. Introduction to different machine learning models.

Scientific Reports |

(2024) 14:20716 | https://doi.org/10.1038/s41598-024-71431-1 nature portfolio


https://www.python.org/

www.nature.com/scientificreports/

1.1

1.01

0.9

0.61

0.51

0.4

—*— R-Square —@— MAE A —&— RMSE R R

75539 0_9642 09125

0.8765

0.6

0.5

510 09546 09549 09692

0.924

N
~

0.2019 0.1962

=)
t W
MAE and RMSE

e
—_
Ne
(93]
e
—_
(o))
S
BN
=}
[\S)

0.1451  0.1489

0.1084 lo.losgi 0.1
]

LR

| | | | | | | | —1o.0
KNN  SVM  ETR DT NN GB RF  LightGBM XGBoost

Fig. 5. Results of the creep rupture life prediction models, including their R?, RMSE and MAE values. A model
with a larger R? value and lower of RMSE and MAE values has higher fitting accuracy.

Explanatory methods for interpreting creep rupture life

In machine learning, accuracy, complexity, and interpretability are the three most important concepts. In gen-
eral, complexity and interpretability are in opposition to each other*’. The XGBoost model used in this research
has strong fitting capabilities due to its complex structure. However, due to its large number of parameters and
complex working mechanisms, XGBoost is often regarded as a black-box model. To reveal the internal mecha-
nisms of the 27 features that affect the creep rupture life, this section attempts to explain the XGBoost model
using model interpretation methods.

Principles of the SHAP method

Model interpretability is divided into two categories: global interpretability and local interpretability. Global
interpretability is based on the entire studied dataset to help people understand the internal working mechanism
and complex logic of the model, while local interpretability analyzes the specific decision-making process of
the model for a single sample. In this paper, SHAP is used to improve the interpretability of the machine learn-
ing model. SHAP is a method proposed by Lundberg et al.** that provides global and local interpretations and
further possesses a solid theoretical foundation relative to those of other model interpretation methods. SHAP
assigns an importance value to each feature of the test learning model. This facilitates the provision of a reliable
explanation for a complex predictive model. The key idea of SHAP is to use a surrogate model g to represent
the black-box model f that is hard to directly explain. The explanatory model g is defined as a simple linear
function, as expressed in Eq. (6):

M
fe ~g(d) =+ iz )
i=1

where f(x) is the original complex machine learning model’s prediction function, which takes an input x and
outputs a prediction, g(z’) is an approximation of the function f (x), which is constructed to be more interpret-
able. It is a linear function of the features z’, which are some transformed or perturbed versions of the original
features x. z; € {0,1}M denotes a feature being observed (z; = 1) and the unknown feature (z; = 0); M represents
the total number of features, which is equal to 27 in this paper; ¢; represents the contribution value of the i-th
feature to the model prediction result, and the sum of each feature’s contribution is similarly equal to the output
f (x) of the original model.

In SHAP, the Shapley value explanation is represented as an additive feature attribution method, i.e., a linear
model. This view also connects the LIME (Local Interpretable Model-Agnostic Explanations)*® and Shapley
values®. In previous studies, it was shown that Shapley values represent a unique solution that can satisfy three
properties at the same time: symmetry, the dummy property, and additivity. To calculate the Shapley value of
each feature, the mathematical expectation of the function conditioned on a subset of the input features is defined
as E[f (x)|xg]. The contribution value of the i-th feature (¢;) is a weighting of all mathematical expectations, as
shown in Eq. (7):
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Fig. 6. Predictive performance of the six machine learning models on the creep dataset. Note: The X-axis
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where ¢; represents the average contribution of feature i to the prediction function, the summation is taken over
all subsets S of the set N excluding feature i. The term |S| denotes the cardinality of subset S, and |N|is the total
number of features. The function f,(S) is the prediction value of the model when only the features in subset S

SI=Dt s o weight that reflects the proportion of subsets that include S in

are considered. The coefficient %
all possible subsets of N, ensuring that each feature’s contribution is fairly distributed.
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Local interpretation based on individual samples

The most prominent advantage of SHAP is that it can correspond to the influence of the features in each sample,
and it can also show its positive and negative effects of these features. First, we show how SHAP values are locally
attributed to individual samples in the creep dataset.

We take the first sample in the dataset as an example to explore the impacts of these features on the model
output. Figure 7 shows how each feature contributes to the predictive result by pushing it from the base value,
which is defined as the average value of all sample predicted values in the dataset. In this example, this base value
is equal to 5.93, while the predictive result of the XGBoost model is equal to 4.30. As shown in Fig. 7, the red and
blue arrows indicate the positive and negative SHAP values of the features, respectively. On the right side of the
output value (f(x)), the feature represented in blue in the graph pushes the predicted value toward lower values,
while on the left side of the output value, the feature represented in red pushes the predicted value toward larger
values. The longer the length of the arrow in the figure, the greater the contribution of the corresponding feature
is. We see that 2satt (17.0) and 1satt (4.0) are related to the negative SHAP values, and a consequent reduction in
the creep rupture life is expected. On the other hand, Re (0.16) and especially T (256.0) are related to the positive
SHAP values, and the creep rupture life is expected to increase.

Global interpretation based on all the samples

The global interpretation is the aggregation of the local interpretation information of all samples so that it can
fully reflect how each feature affects the creep life. For each sample, a set of SHAP values can be generated, and
Fig. 8 shows the distribution of SHAP values for each feature based on the entire dataset. The Y-axis in the graph

represents all features are ranked by their global contributions ZJZ\L 1 |¢l_(j) , and the X-axis represents the SHAP

values ¢;". Each point represents a sample, from low (blue) to high (red), with different colors representing
the values of the features. In addition, the importance of each feature is ranked from top to bottom. In Fig. 8, it
can be seen that XGBoost generates the following four important factors for creep rupture life prediction: the
test temperature (T); second-stage aging treatment time (2satt); first-stage aging treatment time (1satt); and
mass percent of Cr (Cr). Furthermore, the test temperature is an extremely important feature that is negatively
correlated with the creep rupture life. For a high test temperature (such dots in the graph are shown in red), the
SHAP values are negative, and for a low test temperature (such dots in the graph are shown in blue), the SHAP
values are positive. Shortening the experimental time can help to increase the creep rupture life. According to
the same analysis, the contribution of each feature to the creep life can be discovered. It is worth mentioning
that although the second-stage aging treatment time is negatively correlated with the creep rupture life, it is
seen in Fig. 8 that a short second-stage aging time results in a reduction in the creep life. In terms of chemical
composition, Cr has the most obvious effects on the creep rupture life. Figure 8 shows that the creep fracture
life is negatively correlated with Cr content because an increase in Cr content compromises the phase stability
of the alloy and thus affects the creep resistance of the alloy. In addition, we can also find that increasing Ta, Re,
and W, three refractory elements, results in increasing the creep rupture life. This is because these elements can
increase the dissolution temperature of the y’ phase and improve the temperature bearing capacity. To quantita-
tively analyze the contribution of each feature, we obtain the average of the absolute values of the SHAP values
for each feature, and the feature importance rankings are shown in Fig. 9. These feature importance rankings
not only enhance the transparency and interpretability of the black-box machine learning models but also guide
the design of further experiments for optimizing creep rupture life.

Optimization based on improved sparrow search algorithm

In this section, the XGBoost model is used as the mapping function between the creep life and the main variables,
which is also the objective function. We then establish a single-objective optimization model that maximizes the
creep rupture life. To enhance the global search ability and convergence speed of the model, a chaotic sparrow
search optimization algorithm is proposed by importing the Tent chaotic sequence and Gaussian mutation.

Model establishment
Here, we choose all 27 features as decision variables and XGBoost as the mapping function. Let
X = [X1,X2, X3, - - X,]1(n = 27) denote 27 features which can be classified into four categories, that is, chemical

XGBoost

. -
higher « lower

f(x) base value
4.30 5.93
3.75 4.00 4.25 4.50 4.75 5.00 525 5.50 5.75 6.00 6.25 6.50
Re=0.16 | T=256.0 | 2satt=17.0 Isatt=4.0| Cr=8.53 Ta=2.92| S=401.0

Fig. 7. Explanation for the first sample obtained using the SHAP method.
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Fig. 8. SHAP summary plot of the XGBoost model.

composition factors, processing parameters, test conditions and microstructural factors. Furthermore, f(X)
demonstrates the creep rupture life predicted by the XGBoost model. As a result, the optimization algorithm
can be constructed as the following mathematical model.

max (f (X))

lein = Xl = lemo
Xomin < X2 =< Xomaxs
X3min =< XS = XSmax>

Kumin < Xy < Xymax(n = 27),
S X = 100.

where Xymin and Xpmax are the lower and upper bounds according to the raw dataset, respectively, and their
specific values are shown in Table 1. Notably, an equality constraint is established to ensure that the total sum of
the 14 chemical element contents equals 100%. To solve this model, we employ an improved heuristic optimiza-
tion algorithm which will described in the next section.

Solution of the model

How to find an optimal set of parameter combinations in a high-dimensional search space is the problem to be
solved by combinatorial optimization, and this section uses an optimization algorithm to determine the optimal
combination of chemical composition factors and processing parameters. Currently, heuristic optimization algo-
rithms are widely applied in the engineering field because of their simplicity and practicality. The main idea of
such algorithms is to search for the optimal solution within a certain range by simulating the collective behavior
of decentralized systems, e.g., in nature. Many swarm intelligence optimization algorithms have been proposed
based on the swarm behaviors of ants, birds, bees, wolves, whales, sparrows, and other intelligent creatures. The
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Fig. 9. Feature importance rankings for predicting the creep rupture life.

sparrow search algorithm (SSA) proposed by Xue et al.* in 2020 is a new type of swarm intelligence optimiza-
tion algorithm. Compared with other algorithms, such as the particle swarm optimization (PSO)*, ant colony
optimization (ACO)*, and gray wolf optimization (GWO) algorithms®, it provides higher search accuracy, faster
convergence, and higher levels of stability and robustness. Therefore, here, we use an improved SSA algorithm
to improve the creep rupture life.

Standard SSA algorithm

The sparrow search algorithm (SSA) is inspired by the foraging and antipredation behaviors of sparrows. Its
core idea is to abstract the foraging process of sparrows as a producer-scrounger model with reconnaissance
and early warning mechanisms.

The producers are highly adaptable and have a wide search range, guiding the population to search and forage.
To obtain better fitness, scroungers follow the producers for food. At the same time, to improve the success rate of
predation, some scroungers monitor the producers or forage around them. In cases where the entire population
faces predators or realizes danger, the group immediately carries out collective antipredation behavior.

The core of the SSA algorithm is the producer-scrounger model, and its modeling process is as follows.
Assuming that there are N sparrows in a D-dimensional search space, the position of the i-th sparrow in the D
-dimensional search space is X; = [Xj1, X2, ... Xip](i = 1,2,..., N), where X, represents the position of the i
-th sparrow in the d-th dimension.

The producers often account for 10% to 20% of the population, and the equation for position updating is:

t —i
t+1 _ ) Xy exp(7), Ra < ST
Yid { x4+ Q-LRy>ST ° ©)

where t represents the current number of iterations, T is the maximum number of iterations, « is a uniform
random number between 0 and 1, Q is a Gaussian random number, L is a 1 x d matrix with all entities equal to
1,and R; € [0,1]and ST € [0.5,1] represent the warning and safety values, respectively. In cases where R, < ST,
the population does not detect the presence of predators or other dangers, and the search environment is safe.
Producers can extensively search to guide the population to obtain a higher degree of fitness. When R, > ST, a
sparrow detects a predator and releases the danger signal, and the population immediately performs antipreda-
tion behavior, adjusts its collective search strategy, and quickly moves closer to a safe area.

Aside from the producers, the remaining sparrows act as scroungers and update their positions according
to the following formula:
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) aowh=xl\ . n
1+1 Q exp( 2z )t> 3

X = s 10
xbf{H + % 25:1 <rand{—1,1} . (10)

H n
>,l§§

where xw!, represents the worst position of the given sparrow in the d-th dimension during the ¢-th iteration
of the population, and xf}'l represents the optimal position of the sparrow during the t 4 1-th iteration of the
population. For i > n/2, the i-th scrounger does not obtain food and is in a state of starvation and low fitness.
To obtain higher energy, it needs to fly to other places for foraging. In cases where i < n/2, the i-th scrounger

randomly finds a location near the current optimal foraging location.

¢ +1
x;; — xby

Chaotic sparrow search optimization algorithm

The CSSA (chaotic sparrow search optimization algorithm) algorithm is improved by using Tent chaos and
Gaussian mutation. Chaos, as a nonlinear phenomenon in nature, is widely used to optimize search problems
due to the randomness, ergodicity, and regularity of the underlying chaotic variables*’. This effectively maintains
the diversity of the population, further helps the algorithm jump out of local optima and improves the global
search performance. Through rigorous mathematical derivation, it is shown that the traversal uniformity and
convergence speed of the Tent map are better than those of other forms of chaotic maps. Therefore, the CSSA
algorithm uses Tent mapping to generate the chaotic sequence of the optimized algorithm. The Tent mapping
expression is shown in Eq. (11). It randomly generates an initial value z; between 0 and 1 and then uses the itera-
tive process in Eq. (11) to generate the Tent sequence.

o 22,0 <z < 1
200 -z, (1)
The Gaussian variation is obtained through a Gaussian distribution, which specifically refers to replacing the
original parameter value with a random number conforming to a normal distribution with mean u and variance

0% during the mutation process.
mutation (x) = x(1 + N(0,1)), (12)

where x is the original parameter value, N(0,1) represents a normal random variable with a mean of 0 and a
standard deviation of 1, and mutation (x) is the value obtained after Gaussian mutation. The normal distribution
characteristics show that the key search area of Gaussian mutation is a local area near the original individual.
This helps the algorithm find the global minimum point with high efficiency and high precision and improves the
robustness of the algorithm*. In summary, the CSSA algorithm introduces the Tent chaotic search and Gaussian
mutation operations. The pseudocode of this algorithm is presented below.

The framework of the CSSA
Input:
T: the maximum number of iterations N: the number of sparrows P: the number of producers

S: the number of scroungers R,: the alarm value

Initialize the population by using Tent chaos and define its relevant parameters.
Output: Xjeq.fy

1. While (t < T)

2. Rank the fitness values to find the best and worst individuals in the current iteration.
3.fori=1:P

4. Use equation (9) to update the sparrow’s location;

5. end for

6. forj=1:S

7. Use equation (10) to update the sparrow’s location;

8. end for

9. Calculate the fitness value f; of each sparrow and the average fitness value f,,; of the population.
10. if f; < faug

11. Perform Gaussian mutation according to equation (12);

12. Get the current new location;

13. If the new location is better than before, update it;

15. end while

16. return Xjq5,f;

Results and discussion
To verify the optimized performance of the CSSA algorithm, we conduct several additional sets of optimiza-
tion experiments based on the sparrow search algorithm (SSA), gray wolf optimization (GWO) algorithm, and
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particle swarm optimization (PSO) algorithm. To compare the convergence speeds and optimization perfor-
mances of the four algorithms, we obtain the curve of the fitness value (In(creep rupture life)) versus the number
of iterations for each algorithm. As shown in Fig. 10, the CSSA has the fastest convergence rate, and its optimal
solution is the best. It is also seen that the PSO and GWO algorithm evolve extremely slowly and tend to quickly
reach a local optimum. Despite SSA converging faster than GWO and PSO, this premature convergence leads
to it obtaining a suboptimal solution. In addition, the stability of the selected optimization algorithm is also an
important criterion. Therefore, we perform 30 separate runs for each algorithm and set the number of iterations
to 1000. The results in Table 3 show that the CSSA algorithm has the highest convergence rate and the lowest
standard deviation. In addition, the best solution and average solution of the CSSA algorithm are the highest,
and this also confirms the optimization efficiency of the CSSA. Figure 11 shows the distributions of the results
for the considered optimization algorithms. The stability of the CSSA algorithm is higher than that of the other
three algorithms.

Table 4 shows the best combination of these 27 features obtained by the CSSA algorithm. Initially, we observe
that the sum of the chemical element contents (i.e., the numerical values of the first fourteen features) comprising
Ni-based single crystal superalloy amounts to 100%, fulfilling the equality constraint specified in model (8). Aside
from Ni, Ta has the largest proportion of approximately 11.872%. This is also consistent with our conclusion in
“Explanatory methods for interpreting creep rupture life” section that the creep life is positively correlated with
the Ta content. Therefore, in industrial production processes, increasing the Ta content is essential for improving
the creep rupture life. Moreover, the processing parameters are equally important to the creep rupture life, such
as the second-stage aging treatment time (2satt) and the first-stage aging treatment time (Isatt). This further
suggests that adjustment of 1satt and 2satt enhances the creep resistance of the tested alloy. It should be noted
that when all the features are fully considered, a satisfactory creep rupture life can be achieved.

Conclusions

In the field of developing new materials and improving material compositions, the data-driven approach ofters
irreplaceable advantages. Many of the previous studies on creep rupture life focused on performing large numbers
of experiments, but this is not cost-effective and requires considerable time. With the accumulation of indus-
trial big data, machine learning can provide a simpler and more efficient solution for creep life prediction and
optimization. In this paper, we establish 10 different machine learning models to predict creep fracture life and
finally select XGBoost by comparing the accuracy rates of the tested models. To gain insights into black-box ML
models, we then propose using the SHAP model to explain the working mechanism of creep rupture life. The
process of interpretation is divided into two steps: (1) visualizing the positive and negative feature contributions
of each feature using the corresponding SHAP values and (2) ranking the importance levels of features based
on global interpretation methods. Ultimately, we obtain an optimal combination of 27 features with the chaotic
sparrow search optimization algorithm. In summary, the proposed method can provide theoretical guidance for
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Fig. 10. Iteration curves of the four optimization algorithms.

Optimization algorithm | Convergence rate | The best solution | The average solution | Standard deviation
PSO 25/30 8.8733 8.6878 0.16928
GWO 26/30 8.8121 8.6429 0.17557
SSA 25/30 8.5424 8.3536 0.18396
CSSA 27/30 8.9014 8.7559 0.12881

Table 3. Statistical results obtained by four different optimization algorithms.
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Fig. 11. Distributions of the optimized results yielded by four algorithms.

Ni (%) Re (%) Co (%) | Al(%) Ti (%) W (%) Mo (%) | Cr (%) | Ta(%)
60.199 2.163 0.101 4.150 3.227 10.485 0.674 4.399 11.872
C (%) B (%) Y (%) Nb (%) | Hf (%) Stt (h) 1satt (h) | 2satt (h) | StT (°C)
0.025 0.048 0.025 2.444 0.188 3.139 4.138 22.524 1299.178
1satT (°C) 2satT (°C) | T (°C) S(MPa) |I'(mJ/m? |Dg(m?/s) |G(GPa) |L(nm) X' (=)
1104.011 885.346 893.655 | 119.791 | 41.332 0.001 67.710 0.343 0.596

Table 4. One of the optimization results of the CSSA.

improving creep life. In future works, we will extend the approach in this paper by incorporating other param-

eters, such as activation energy and lattice misfit.
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