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Abstract: In this study, the tensile properties of tempered martensite steel were analyzed using a
combination of an experimental approach and deep learning. The martensite steels were tempered in
two stages, and fine and coarse cementite particles were mixed through two-stage tempering. The
samples were heated to 923 and 973 K and held isothermally for 30, 45, and 60 min. They were then
cooled to 723, 773, and 823 K; held isothermally for 30, 45, and 60 min; and furnace-cooled to room
temperature (296 + 2 K). The combination of low tempering temperature and short holding time in the
first stage resulted in high tensile strength. When the tempering temperature at the first stage was 923 K,
the combination of low tempering temperature and long holding time at the second stage resulted in
high total elongation. This means that decreasing the number of coarse cementite particles and
increasing the number of fine cementite particles improve the strength—ductility balance. Using the
results obtained by the experimental approach, an image-based regression model was constructed that
can accurately suggest the relationship between the microstructure and tensile properties of tempered
martensite steel. We succeeded in developing image-based regression models with high accuracy using
a convolutional neural network (CNN). Moreover, gradient-weighted class activation mapping (Grad-
CAM) suggested that fine cementite particles and coarse and spheroidal cementite particles are the
dominant factors for tensile strength and total elongation, respectively.
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1. Introduction

Rare metals are often added to steels to improve their material properties. Alternatively, the use
of large amounts of rare metals is essential to generate renewable energy for realizing a carbon-neutral
society [1]. Therefore, minimizing the amount of rare metals used in steels is important to realize a
carbon-neutral society. However, many rare metals must be used to develop next-generation steels
with high strength and excellent ductility [2,3]. Therefore, it is necessary to achieve the conflicting
social needs to improve the materials properties of steels and reducing the amount of rare metals. This
means that the material properties of pure iron and carbon steels without alloying elements need to
be improved.

The material properties of pure iron and carbon steels were improved without alloying elements
from various perspectives [4—6]. In particular, numerous studies have been conducted on the control
of tempered martensite microstructure [6—9]. For instance, Liu et al. [6] investigated the mechanical
properties of carbon steel with different ferrite grain sizes and cementite particle distribution by
tempering martensite. According to a previous report [6], the mechanical properties of high-
carbon (above 0.55 mass%C) steel depend on the spacing between cementite particles. Additionally,
we demonstrated that the strength—ductility balance can be improved by dispersing both small and
large cementite particles in tempered martensite high-carbon steel without alloying elements [9].
However, the cementite particle size distribution has not been optimized sufficiently because of the
limited heating patterns in a previous study. This means that there is still a potential to improve the
tensile properties of tempered martensite steels without alloying elements. If the mechanical properties
can be further improved by optimizing the tempered martensite microstructure, then steel materials
without alloying elements can be expected.

In addition to the experimental approaches, the development of materials research using deep
learning has been remarkable in recent years [10—12]. For instance, we developed a properties-to-
microstructure-to-processing inverse analysis model [ 10]. Moreover, the developed model showed that
a microstructure with Widmanstitten ferrite, bainite, and martensite is beneficial to obtaining good
mechanical properties. In another report, it has been demonstrated that image regression analysis is
useful for linking the microstructure and tensile properties of steel [11]. Therefore, deep learning is
also likely to be useful for understanding the relationship between microstructure and tensile properties
of tempered martensite steels without alloying elements. In order to perform inverse analysis in the
future, it is meaningful to construct a regression model with high accuracy that suggests the
relationship between microstructure and tensile properties of tempered martensite steel without
alloying elements.

This study has two main purposes. First, the tempering conditions were optimized to improve the
mechanical properties of tempered martensite steel without alloying elements using an experimental
approach. Second, using the results obtained by the experimental approach, an image-based regression
model was constructed that can accurately suggest the relationship between the microstructure and
tensile properties of tempered martensite steel without alloying elements.

2. Materials and methods

In this study, eutectoid steel (Fe-0.8C-0.013A1-0.0005N (mass%)) was used as the test sample.
Samples were pre-annealed at 1273 K for 5 min and then water-quenched to room temperature
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(296 £ 2 K). The pre-annealed samples were tempered in two stages, and fine and coarse cementite
particles were mixed through two-stage tempering. The pre-annealed samples were heated to 923
and 973 K and held isothermally for 30, 45, and 60 min. They were then cooled to 723, 773, and 823 K;
held isothermally for 30, 45, and 60 min; and furnace-cooled to room temperature.

A tensile test was performed on the tempered samples at room temperature using a universal
testing machine (AG-Xplus, Shimadzu, Kyoto, Japan) at a strain rate of4.17 x 10 s™!. The strain was
estimated by measuring the length in the gauge region using an optical camera. Microstructural
observations were conducted using scanning electron microscopy (SEM).

Based on those experimental results, regression models were constructed using a convolutional
neural network (CNN) [13]. Figure 1 shows the architecture of the CNN-based image regression model
used in this study. The network consists of complex layers of neurons in a multilayer nonlinear
structure and automatically predicts material properties without completely losing positional
information in the microstructural images. A total of 108 microstructural images were used as input
data, and the values of tensile strength and total elongation were used as output data. Ten images were
randomly cropped from each microstructural image and used for the CNN-based image regression
model. Among the 1080 images, 972 and 108 images were used for training and testing, respectively.
The features in this study have no materials science meaning such as cementite particle fraction, size,
and size distribution. The CNN merely extracts image features by convolution and downsampling. In
addition, gradient-weighted class activation mapping (Grad-CAM) [14] was used to visualize the area
in the microstructural image on which the model focused to determine the values of tensile strength
and total elongation.
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Figure 1. Architecture of the convolutional neural network-based image regression model.

3. Results and discussion

Figure 2 shows the relationship between the tensile strength and elongation of each sample. The
dashed line corresponds to the strength—ductility balance index. As shown in Figure 2a, the tensile
strength increased and the total elongation decreased with decreasing tempering temperature in the
first stage. Furthermore, the tensile strength—total elongation balance improved with decreasing
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holding time in the first stage. These results suggest that the combination of low tempering temperature
and short holding time at the first stage results in high tensile strength. When the tempering at the first
stage were conducted at 923 K for various periods, the total elongation increased with decreasing
tempering temperature at second stage (Figure 2b). Moreover, the tensile strength—total elongation
balance was improved with increasing holding time at the second stage (Figure 2c). These results
indicate that the combination of low tempering temperature and long holding time at the second stage
results in high total elongation. In addition, a decrease in the holding time at the first stage and an
increase in the holding time at the second stage can improve the strength—ductility balance. This
implies that decreasing the number of coarse cementite particles and increasing the number of fine
cementite particles improve the strength—ductility balance. In our previous report [9], although we
found that the strength—ductility balance can be improved by dispersing both small and large cementite
particles, the cementite particle size distribution is not optimized. In this study, we succeeded in
experimentally demonstrating the cementite particle size distribution that further improves the
strength—ductility balance.
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Figure 2. Relationship between tensile strength and total elongation. (a) Effect of first
stage conditions, (b) tempering temperature, and (c) holding time at the second stage.

Microstructures of samples A and B (indicated in Figure 2¢) are shown in Figure 3. The tensile
strength and total elongation of samples A and B are 617 and 579 MPa and 25.7% and 22.1%,
respectively. This means that the strength—ductility balance of sample A is better than sample B. In the
case of the steel used in this study, the equilibrium volume fraction of cementite particles is estimated
to be approximately 12.2%, and the volume fraction of cementite particles was approximately 12% in
all the samples. Therefore, the effect of the cementite particle volume fraction on the tensile properties
can be neglected. Additionally, our previous study [9] evaluated the effect of various factors (dislocation
density, ferrite grain size, texture, and features of cementite particles) on tensile properties of tempered
martensite steels. As a result, we revealed that the cementite particle size distribution had the greatest
influence on the tensile properties. Therefore, we focus on the cementite particles size distribution in
this study. In the case of sample A, coarse and fine cementite particles were observed, and areas with
high density of fine cementite particles were confirmed. In contrast, coarse and spheroidal cementite
particles were mainly observed in sample B, although fine cementite particles were also confirmed.
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These results also suggest that decreasing the number of coarse cementite particles and increasing the
number of fine cementite particles improve the strength—ductility balance.

Figure 3. Microstructures of samples: (a) A and (b) B indicated in Figure 2c (6.: coarse
cementite, dx. fine cementite).

Figure 4 shows the accuracy of the tensile strength and total elongation regression models
obtained using CNN. The coefficients of determination of the tensile strength (Figure 4a) and total
elongation (Figure 4b) models were 0.951 and 0.894, respectively. Therefore, it can be inferred that
the regression models were constructed with high accuracy. On the basis of the constructed models,
this study attempted to visualize the dominant factors for tensile strength and total elongation using
Grad-CAM. Figure 5 shows the original SEM images and important areas in the microstructural
images indicated by the tensile strength and total elongation models. The areas that contribute to the
increases in tensile strength (Figure 5a) and total elongation (Figure 5b) are highlighted in red. The
tensile strength and total elongation of the sample with the microstructure shown in Figure 5a
are 617 MPa and 25.7%, respectively. In addition, the tensile strength and total elongation of the
sample with the microstructure shown in Figure 5b are 518 MPa and 32.5%, respectively. For tensile
strength (Figure 5a), fine cementite particles and areas with high density of fine cementite particles are
highlighted. The Ashby-Orowan equation can be used to evaluate the precipitation strengthening effect
of small cementite particles [9,15]:

)

° b

_0.538be0'51 (R)
T B

where o) is the increment related to the precipitation strengthening contribution, b is the Burgers vector,
G is the elastic modulus of the steel, and f and R are the volume fraction and mean radius of the
cementite particles, respectively. According to this formula, the smaller the cementite particles, the
more pronounced the precipitation strengthening effect. Thus, the validity of the results obtained using
Grad-CAM was proved. For total elongation (Figure 5b), coarse and spheroidal cementite particles
were mainly highlighted. We reported that voids nucleate preferentially at the interface between the
matrix and coarse cementite particles, but the nucleated voids are difficult to coalesce because the
spacing between large cementite particles [9]. Therefore, the existence of coarse cementite particles
can improve local elongation. Moreover, according to Eq 1, the larger the cementite particles, the more
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weakened the precipitation strengthening effect. This indicates that coarse cementite particles
contribute to the improvement of total elongation. This theory is consistent with the results obtained
using Grad-CAM.

650 f
625 ¢

Predicted (MPa)

525 |
500 |

600 |
575 ¢
550 ¢

3
@ Lo
&
" $4% 4
=0 k- 3
N | : 3
i . 3
-sl !f >
. ] e *
o 8 []
: i!é o Train data
Test data
500 525 550 575 600 625 650
Observed (MPa)

0.350 ¢
0.325 1
0.300 1
02751
0.250 |

0.225
0.200

(b)

i

Al

8
. !i !' 0
P
il
= -
« Train data
« Test data

0.200 0.225 0.250 0.275 0.300 0.325 0.350

Observed

Figure 4. Comparison of actual and predicted values in regression models of (a) tensile
strength and (b) total elongation obtained using a convolutional neural network.

Figure 5. Important areas in the microstructural images indicated by (a) tensile strength
and (b) total elongation models (a: ferrite, #: cementite).
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We demonstrated that the strength—ductility balance can be improved by dispersing both small
and large cementite particles [9]. Experimental results obtained in this study indicated that decreasing
the number of coarse cementite particles and increasing the number of fine cementite particles further
improve the strength—ductility balance. In addition, we succeeded in developing image-based
regression models with high accuracy using CNN in this study. Finally, inverse analysis should be
performed to propose the optimal cementite particle size distribution that maximizes the strength—
ductility balance of tempered martensite steel. Maximization of the strength—ductility balance of
tempered martensite steel with optimal cementite particle size distribution will be carried out using the
constructed regression models in the future.

4. Conclusions

In this study, the tensile properties of tempered martensite steel were analyzed using a
combination of an experimental approach and deep learning. The following results were obtained:

(1) The combination of low tempering temperature and short holding time in the first stage
resulted in high tensile strength.

(2) When the tempering temperature at the first stage was 923 K, the combination of low
tempering temperature and long holding time at the second stage resulted in high total elongation.

(3) We succeeded in developing image-based regression models with high accuracy using CNN.
Moreover, Grad-CAM suggested that fine cementite particles and coarse and spheroidal cementite
particles are the dominant factors affecting tensile strength and total elongation, respectively.
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