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Abstract

The design optimization of structure and performance of reduced activation ferritic-martensitic (RAFM) steels is
crucial for the development of future fusion reactors, which has always been a significant challenge. In this study,
we proposed a new strategy to integrate the microstructure and performance design of RAFM steels using machine
learning (ML) and calculation of phase diagrams (CALPHAD). Since the microstructures (MX, M,,C,, 8-ferrite,
coarsening phases, etc.) play important roles in mechanical properties of RAFM steels, a microstructural model was
built by ML to predict their volume fraction or presence based on the CALPHAD data. By integrating this
microstructural model with the forward and reverse models, we developed two RAFM steels with high volume
fraction of MX (0.49% and 0.42%) and excellent tensile properties. At 600 °C, the ultimate tensile strength
(UTS) of the two RAFM steels is about 100 MPa higher than that of the conventional RAFM steels. These
experimental results meet the specific design criteria, confirming the effectiveness of our design strategy. Our
research will provide a valuable guideline for the design of other advanced alloys.
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INTRODUCTION

Reduced activation ferritic-martensitic (RAFM) steels are derived from conventional 8-12 wt.% CrMoVNb
ferritic-martensitic (FM) steels. To obtain low activation capability, the long-lived transmutation elements
such as Mo, Nb and Ni in FM steels are replaced with short-lived transmutation elements such as W and
Ta". This modification is to simplify the waste management of highly radioactive components after their
service in fusion reactors. The blanket system in fusion reactors requires materials that can withstand
extreme conditions including high heat loads and exposure to high-energy (14 MeV) and high-fluence
neutron irradiation”. With decades of development, RAFM steels have become promising candidate
structural materials for blanket components of fusion reactors, because of their advantages in thermal
mechanical properties, irradiation resistance, etc.””\. The outstanding properties of RAFM steels are closely
associated with their tempered ferritic/martensitic microstructure, comprising mainly martensitic laths and
small precipitates such as M,,C, (M = Cr, W, Fe) and MX (M =V, Ta; X = C, N)®”. However, the upper
application temperature limit of conventional RAFM steels is ~550 °C'*"”, which restricts the operation of
fusion reactors at higher temperatures and consequently limits the potential enhancement of power
generation.

Conventional RAFM steels such as F82H and China low activation martensitic (CLAM) steel exhibit
comparable tensile properties but poorer high-temperature creep resistance, compared with similar
engineering FM steels such as Grade 91"'**. During the creep process of RAFM steels, the coarsening of
martensitic laths, packets and blocks occurs, leading to material softening"?. The microstructural evolution
is mainly influenced by the coarsening of M,,C, and MX precipitates. The M,,C, precipitates at lath, block,
packets and prior austenite grain boundaries (PAGBs) provide limited resistance to grain boundary
migration during creep because of their easy coarsening to > 200 nm from initial ~100 nm"*"”. In contrast,
the nanoscale MX precipitates randomly distributed in the matrix exhibit good thermal stability, which acts
as obstacles to pin dislocations during creep and decelerates the microstructure degradation*'.
Unfortunately, conventional RAFM steels contain only trace amounts of nanoscale MX precipitates. For
example, the calculated volume fraction of MX precipitates (V) in F82H is around 0.007%"", significantly
lower than the approximately 0.35% in Grade 91 steel®. Consequently, RAFM steels have lower creep
resistance compared to engineering FM steels, which is mainly attributed to the significantly lower amount
of MX precipitates.

In order to optimize Vyx in RAFM steels, researchers have mainly made great efforts to regulate the
compositions and heat treatment conditions through two methods: trial-and-error experiment and
calculation of phase diagrams (CALPHAD) modeling. For the former method, the focus is primarily on
adjusting the content of elements (such as Ti, Ta, and Zr"**). For example, the addition of 0.015 wt.% Ti
increased the proportion of nano-sized TiC particles, resulting in a twofold improvement in creep-fatigue
life of base RAFM steel””. Mao et al. enhanced 0.1C-RAFM by adding Ta and Zr elements, which promoted
the precipitation of the MX phase®. This modification resulted in a nearly 100 MPa increase in ultimate
tensile strength (UTS) at 600 °C and an approximately 1,900 h increase in creep rupture time at 600 °C/
180 MPa. The study by Jun et al. indicated that a new RAFM steel with added Ta and Ti had a creep rupture
time of 1,823 h under 550 °C/200 MPa condition, which is approximately three times that of EUROFER97
steel (592 h)"*¥. This improvement is primarily attributed to the higher V,, (0.12% vs. 0.0642%). However,
the trial-and-error experiment faces challenges in optimizing multiple elements simultaneously, limiting
further improvement of V. For the latter method, it can compensate for the shortcomings of trial-and-
error experiments in simultaneously optimizing multiple variables, thereby improving design efficiency.
Klueh et al. proposed a CALPHAD-based outline for optimizing MX precipitates*’. Following this
approach, Tan et al. developed a variety of castable nanostructure alloys (CNAs) with high V;, (> 0.4%) by
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optimizing the compositions and heat treatment conditions”"””. After testing, it was found that the tensile
properties and creep resistance of CNAs were greatly improved compared with EUROFER 97. Although
CALPHAD can predict microstructures from compositions and heat treatment parameters, it struggles to
establish quantitative relationships with properties, hindering efficient material design.

In recent years, machine learning (ML) method has been applied to discover advanced materials. The core
of this method lies in developing prediction models describing the relationships between compositions,
processing parameters, microstructures, and properties”. Once accurate prediction models are established,
the properties of thousands of candidate materials can be efficiently calculated, guiding subsequent
experimental testing. For example, Wen et al. developed a ML-based hardness prediction model to
accelerate the discovery of Al-Co-Cr-Cu-Fe-Ni alloys with enhanced hardness®™. Similarly, Yu et al.
proposed a new design strategy to screen Co-base superalloys with excellent properties from 363,000
candidates using four ML-based prediction models®. However, most ML studies mainly focus on
performance optimization, as limited experimental data poses challenges to developing accurate
microstructural models. Moreover, there are few reports on ML-based design of RAFM steels, aside from
the study by Wang et al. and our recent work”"*”.. A ML model was developed by Wang et al. to predict the
tensile properties of RAFM steels based on their compositions and heat treatments®™. In our recent work"”?,

we introduced a ML-based intelligent design model to guide the compositional and processing design of
RAFM steels. This model facilitated the development of a new RAFM steel achieving a UTS ~100-400 MPa
higher than that of conventional RAFM steels, with comparable total elongation (TE). Unfortunately, its
calculated V, of ~0.03% is significantly lower than that of FM steels (such as ~0.35% in Grade 91"")). If the
prediction problem of microstructures in this intelligent design model can be solved, it will help to quickly
discover RAFM steels with high V), and excellent tensile properties.

In this work, a combination of CALPHAD and ML has been naturally proposed to achieve the integrated
design of structure and performance. Firstly, accurate microstructural dataset was provided by high-
throughput CALPHAD to support ML modeling. Based on this dataset, a microstructural model is
constructed, taking compositions and heat treatments as inputs and microstructural attributes as outputs.
Secondly, an integrated design model is built by combining the microstructural model with the forward and
reverse models from our former work", executing the structure-property-oriented compositional and
processing design. Finally, this model is employed to develop new RAFM steels with desired
microstructures and tensile properties, followed by necessary experimental validations.

MATERIALS AND METHODS

Design strategy

An accelerated design strategy, incorporating ML and CALPHAD, was applied to develop new RAFM steels
with targeted microstructures and tensile properties, as shown in Figure 1. The process involves the
following steps:

First, three data-driven prediction models were established: a forward model, a reverse model, and a
microstructural model. The forward model predicts the tensile properties of RAFM steels based on their
compositions and processing parameters, while the reverse model suggests candidate combinations of
compositions and processing parameters to achieve targeted tensile properties. The forward and reverse
models with high accuracy were developed and validated in our previous work”. The microstructural
model includes four sub-models to predict: (1) the presence of §-ferrite at normalizing temperature (NT);
(2) the presence of coarsening phases (i.e., Laves and Z-phase) at tempering temperature (TT); (3) the
volume fraction of MX (V) at TT; and (4) the volume fraction of M,,C, precipitates (V},.c,) at TT.
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Figure 1. The designing process of novel RAFM steels with targeted microstructures and tensile properties. RAFM: Reduced activation
ferritic-martensitic.

Second, the forward, reverse, and microstructural models are combined to form an integrated design model.
The reverse model takes targeted performance metrics as inputs to propose an initial design scheme for
compositions and processing. The microstructural model then predicts the microstructural attributes of the
aforementioned design scheme. If the predicted microstructures meet the requirements, the design scheme
is accepted. If not, the reverse model is retrained, and the process is repeated until a suitable design scheme
is found. The forward model then predicts the performance of the accepted design scheme, which is
compared to the targeted performance. If the performance criteria are not met, retraining and iterations
continue until a satisfactory design scheme is founded.
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Finally, the selected design scheme undergoes validation through the CALPHAD and experimental
methods. If the new RAFM steel meets all design criteria, the process is complete. If not, the testing data are
added to the training dataset for the next iteration.

Data preparation

The dataset used in this study regarding the tensile properties of RAFM steels was from our former work"™?.
For the microstructural dataset, it was collected from phase diagrams calculated by the Thermo-Calc
software with the TCFE10 database™". Firstly, compositions and heat treatment parameters of RAFM steels
were collected from literature, and used as inputs for CALPHAD predictions. To ensure low activation and
reflect the typical compositions of RAFM steels, the following alloying elements were chosen: C, Cr, W, Si,
Mn, V, Ta, Ti, and N. The heat treatment parameters (NT; Nt: normalizing time; TT; Tt: tempering time)
were chosen based on commonly reported preparation conditions of RAFM steels, ensuring the
representativeness and reliability of the data. Secondly, CALPHAD step diagrams were digitized to obtain
the microstructural data for §-ferrite, coarsening phases (i.e., Laves and Z-phase), Vyy, and V,,c, under
different heat treatment parameters. Finally, the microstructural dataset included 209 samples with §-ferrite
and 202 samples without (named Data-I); 76 samples with coarsening phases and 144 samples without
(named Data-II); 219 samples for V,;, (named Data-III); 219 samples for V..., (named Data-IV). The data
distribution of the microstructural dataset is provided in Supplementary Figure 1. To reduce dimensional
differences and improve calculation accuracy, it was necessary to normalize the collected datasets to [0, 1].

ML algorithms

In this study, various ML algorithms were chosen to build prediction models, including decision tree,
random forest, support vector machine, gradient boosting, k-nearest neighbor, and artificial neural network.
The unique characteristics of each algorithm are outlined in the Supplementary Section 2. The decision tree
classifier (DTC), random forest classifier (RFC), support vector classifier (SVC), gradient boosting classifier
(GBC), k-nearest neighbor classifier (KNC), and artificial neural network classifier (ANNC) were used to
build the classification models. The effectiveness of these classification models was assessed based on their

34,35]

accuracy (Acc), which is calculated by

T
Acc= o Fx 100% (1)
where T represents the number of correct classifications, and F denotes the number of incorrect
classifications. An Acc of 100% indicates perfect model fitting. This study also applied several common ML
regression algorithms, including decision tree regression (DTR), random forest regression (RFR), support
vector regression (SVR), gradient boosting regression (GBR), k-nearest neighbor regression (KNR), and
artificial neural network regression (ANNR). The performance of these regression algorithms was evaluated

36,37]

using the root mean square error (RMSE) and the coefficient of determination (R?), defined as follows!
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where 7 is the number of samples; y; and y, represent the measured and predicted values of the i-th sample
(i=1,2, ..., n), respectively; and ¥ is the mean of the measured values. In theory, a perfectly accurate model
would have an RMSE of 0 and an R® of 1. The predictive performance of these models was evaluated using
the hold-out method. The 80% of the normalized dataset was used for training, and the remaining 20% was
utilized to assess model errors. According to a pedagogical analysis by Gholamy et al., this 80:20 split was
determined to be the optimal division between training and testing datasets"®.

Experimental procedures

According to the designed compositions in Table 1, two 10 kg ingots were produced by vacuum induction
melting. The ingots were homogenized at 1,200 °C for two hours before being processed through hot
forging and hot rolling to a thickness of 16 mm. Subsequently, according to heat treatment parameters listed
in Table 1, two 16-mm thick plates were normalized and tempered followed by air cooling. The
microstructural features of the RAFM steels were analyzed through scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). For SEM characterization, the samples were etched with a
mixed solution (2% hydrofluoric acid + 2% nitric acid + 96% de-ionized water) after mechanical polishing.
TEM samples were prepared by mechanical polishing followed by twin-jet polishing in a solution of 90%
ethanol and 10% perchloric acid at 20 V and -35 °C. To ensure reliable dislocation density measurements,
the line intersection method described in Refs.”*" was applied to at least three different TEM micrographs.
For non-spherical MX and M,,C, particles, two perpendicular axes (a and b) were measured by Image J
software based on more than ten TEM micrographs, and their average diameter (d) was calculated as (a + b)
/2. The volume fraction (V) of MX and M,,C, was estimated by

Zm 4 dz 3

.73

= 1—1H— (4)

At
=1

where m represents the number of precipitates in # TEM micrographs; d, is the diameter of the i-th
precipitate (i = 1, 2, ..., m); A, denotes the area of the j-th TEM micrograph (j = 1, 2, ..., n); t is TEM sample
thickness with a value of 200 nm™”. Specimens with dimensions of 4 x 20.0 mm, extracted from the plates in
the rolling direction, were subjected to tensile tests at 25, 300, 400, 500, and 600 °C. The tests were
conducted at a crosshead speed of 2 mm/min, resulting in a strain rate of around 1.67 x 10° s™.

RESULTS AND DISCUSSION

Model construction

The forward, reverse, and microstructural models each play specific roles in achieving the integrated design
of novel RAFM steels with targeted microstructures and tensile properties. The reverse model proposes
candidate design schemes of compositions and processing parameters based on targeted performance
metrics. The microstructural and forward models predict the essential microstructures and tensile
properties of these candidate designs, which are then compared to the targeted requirements. Through an
iterative process of feedback, validation, and optimization, novel RAFM steels are developed to meet the
specific structure and performance criteria. The following provides a detailed description of the
construction results of the forward, reverse, and microstructural models.

Forward and reverse models

The forward model with high reliability was constructed by the GBR algorithm to predict the tensile
properties of RAFM steels. For the reverse model, it was built by the ANNR algorithm to generate candidate
compositions and processing parameters for targeted tensile properties. These two models have been
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Table 1. Compositions and processing conditions designed by an integrated design model based on specific requirements

No. Compositions (wt.%) Processing parameters

C Cr w Si Mn \'} Ta Ti N NT (°C) Nt (min) TT (°C) Tt (min)
# 0.140 8.64 1.30 0.30 0.57 0.320 0.180 0.200 0.0003 120 21 720 62
2# 0.055 8.40 0.26 0.15 0.50 0.314 0.167 0.217 0.0030 1020 30 650 50

NT: Normalizing temperature; Nt: normalizing time; TT: tempering temperature; Tt: tempering time.

developed in our previous work™ and can be directly used in this study.

Microstructural model

The ideal microstructures of RAFM steels should avoid the presence of §-ferrite, Laves, and Z-phase. §-ferrite is regarded as an easy propagation site for
intragranular cleavage fractures”. The coarsening of Laves phase significantly weakens microstructural stability and accelerates void growth'>*, adversely
affecting the mechanical properties of RAFM steels. The coarsening of Z-phase consumes fine MX-type precipitates during long-term testing and servicing,
impairing the strength of RAFM steels”. In this section, the ML classification algorithms were applied to construct prediction models for identifying the
presence of §-ferrite at NT (named as Model-I) and the presence of coarsening phases (i.e., Laves and Z-phase) at TT (named as Model-II). For Model-I, the
inputs were compositions and NT, while Model-II used compositions and TT as inputs.

Figure 2A displays the predictive performance of Model-I constructed by six common ML classification algorithms, with each data point averaged over 100
learning processes to reduce random error. It can be learned from Figure 2A that the Model-I model developed by the GBC algorithm achieves the highest Acc
value among the selected six ML algorithms. Figure 2B shows the predictive ability of Model-II constructed by six ML classification algorithms based on Data-
IT dataset. Similar to the results in Figure 2A, Model-II constructed by the GBC algorithm has the highest Acc among the selected six ML algorithms, indicating
its best predictive ability. Based on Data-I dataset, Model-I was constructed by GBC algorithm and its detailed classification results are shown in confusion
matrix of Figure 2C. In the training sets, Model-I achieves the Acc of 100% in identifying both “with §-ferrite” and “without 5-ferrite” classes. For the testing
sets, Model-I classifies “with -ferrite” and “without 3-ferrite” with Acc of 100% and 98.0%, respectively. Model-I exhibits high accuracy (> 90%), indicating that
it has excellent predictive ability for identifying the presence of §-ferrite at NT and neither obvious overfitting nor under-fitting issues. The confusion matrix in
Figure 2D shows the detailed classification results of Model-II. As shown in Figure 2D, Model-II constructed by the GBC algorithm achieves the Acc of > 85.0%
in both the training and testing sets. The above analysis results demonstrate that the Model-I and Model-II constructed in this work have good robustness and
reliability.
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Figure 2. The mean Acc values of the (A) Model-I and (B) Model-Il models constructed by the DTC, RFC, SVC, GBC, KNC, and ANNC
algorithms; the confusion matrixes of the (C) Model-I and (D) Model-Il models constructed by the GBC algorithm. DTC: Decision tree
classifier; RFC: random forest classifier; SVC: support vector classifier; GBC: gradient boosting classifier; KNC: k-nearest neighbor
classifier; ANNC: artificial neural network classifier.

The Vyx and V., are two crucial microstructural attributes affecting the mechanical properties of RAFM
steels and need to be appropriately controlled. In this section, different ML regression algorithms were
applied to construct Model-IIT and Model-IV for predicting Vyx and V.., respectively. The compositions
and TT were set as inputs for Model-IIT and Model-1V.

Each ML algorithm has its own advantages when dealing with different types of datasets. In order to select
the appropriate algorithm, Model-III was constructed by six ML regression algorithms (DTR, RFR, SVR,
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GBR, KNR, and ANNR), and its predictive abilities were assessed through the hold-out method. The RMSE
and R* values of Model-III constructed by these algorithms are illustrated in Figure 3A. To reduce random
error, the RMSE and R’ values for each algorithm were averaged over the results of 100 learning processes.
As shown in Figure 3A, the RFR algorithm exhibits the smallest RMSE value and the largest R* value among
the six ML algorithms, indicating the best fitting effect. Therefore, the RFR algorithm was chosen to
construct the Model-III for predicting V. Similarly, for the Model-IV model, the average RMSE and R?
values of six ML regression algorithms are summarized in Figure 3B. It is clear that compared to the other
four algorithms, the SVR and GBR algorithms exhibit better predictive ability because of their smaller
RMSE and larger R’. Further analysis reveals that although the average RMSE value of the SVR algorithm is
higher than that of the GBR algorithm, its standard deviation value is smaller. Moreover, the SVR algorithm
exhibits a higher R* value and a smaller standard deviation value compared to the GBR algorithm. From the
perspective of standard deviation value, a smaller value indicates greater model stability. From the above
analyses, the SVR algorithm was selected to build Model-1V for predicting V,,,.c,. Figure 3C presents the
comparison of V,, values predicted by Model-III and calculated by the CLAPHAD method. The majority
of data points are located near the diagonal (marked by the red dotted line in Figure 3C), with R* values of
> 0.9 for both training and testing sets. An R* value of > 0.8 indicates a strong correlation, with the predicted
values closely matching the observed values**. This clearly shows that Model-IIT constructed by the RFR
algorithm has high predictive ability for V. Figure 3D plots the V..., values predicted by Model-IV
against those calculated by the CALPHAD method. Model-IV demonstrates strong predictive performance
in both the training and testing sets with an R* > 0.9, comparable to the performance of Model-III. A good
agreement between the predicted and the calculated results is also illustrated by the scatter points
distributed closely to the red diagonal. The above analysis results support a reasonable conclusion that the
prediction models constructed for the four crucial microstructural attributes of RAFM steels exhibit good
accuracy and reliability. These four sub-models (i.e., Model-I, Model-II, Model-III, and Model-IV) are
integrated together to form a microstructural model used for designing novel RAFM steels.

Design of novel RAFM steels

To achieve the design of RAFM steels with targeted microstructures and tensile properties, the forward and
reverse models as well as the microstructural model were coupled together to construct an integrated design
model, as shown in Figure 1. In this section, the effectiveness of the integrated design model is
demonstrated by designing novel RAFM steels satisfying specific structure and performance requirements.
It is crucial to avoid §-ferrite, Laves, and Z-phase in RAFM steels as they are harmful for high-temperature
mechanical properties. MX precipitates exhibit excellent thermal stability, whereas M,,C, precipitates are
prone to coarsening at high temperatures. Consequently, enhancing the strength and creep resistance may
be achieved by increasing V,, while reducing V... In this study, the targeted V, and V., are set higher
and lower than the typical levels of < 0.2% and ~2%, respectively, found in conventional RAFM steels”". The
newly designed RAFM steels are expected to exhibit a higher UTS value at 600 °C compared to conventional
RAFM steels, while maintaining a similar TE. The specific requirements are summarized as follows:

i. without §-ferrite at N'T;

ii. without Laves and Z-phase at TT;

iii. Vyy 2 0.4% at TT;

iV. Vs € 1.5% at TT;

v. test temperature (T,,,) = 600 °C, UTS 2 400 MPa, TE 2 20%.

Considering the particularity of this study, the performance requirements do not need to have a deviation of
< 10% between the predicted and targeted tensile properties, as was the case in our former work””. One of
the biggest differences between this study and our previous work" is the addition of structure
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Figure 3. The mean RMSE and R? values of (A) Model-lIl and (B) Model-IV constructed by DTR, RFR, SVR, GBR, KNR, and ANNR
algorithms; the comparison of the predicted values by (C) Model-Ill and (D) Model-1V models and calculated values by CALPHAD.
RMSE: Root mean square error; DTR: decision tree regression; RFR: random forest regression; SVR: support vector regression; GBR:
gradient boosting regression; KNR: k-nearest neighbor regression; ANNR: artificial neural network regression; CALPHAD: calculation of
phase diagrams.

requirements. It is very challenging to control the predicted performance of the proposed design scheme
within a defined range while meeting the structure requirements.

Using the targeted performance criteria (T, of 600 °C, UTS of 400 MPa, and TE of 20%) as inputs, the
integrated design model was run to design novel RAFM steels meeting both structure and performance
requirements. Table 1 lists two representative compositional and processing schemes, with the
corresponding CALPHAD results presented in Figure 4. Table 2 summarizes the microstructural attributes
of the aforementioned two design schemes calculated by the ML and CALPHAD methods. For 1# and 2#
steels, the ML prediction results show no §-ferrite or large-size coarsening phases (i.e., Laves and Z-phase),
which is well consistent with the CALPHAD calculations. The ML-predicted V,x and V,,,c, of 1# steel are
0.52% and 1.41%, respectively, which are very close to the CALPHAD-calculated values of 0.60% and 1.30%.
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Table 2. The microstructural attributes and tensile properties of two designed RAFM steels in Table 1

Microstructures Tensile properties at 600 °C
No. Methods - -
3-ferrite  Coarsening phase Vix (%) Vs (%) UTS (MPa) TE (%)
# ML Without Without 0.52 1.41 412 215
CALPHAD 0.60 1.30 - -
Experiment 0.49 1.38 404 21.0
2# ML Without Without 0.48 - 445 20.2
CALPHAD 0.50 - - -
Experiment 0.42 - 422 19.3

RAFM: Reduced activation ferritic-martensitic; UTS: ultimate tensile strength; TE: total elongation; ML: machine learning; CALPHAD: calculation
of phase diagrams.
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Figure 4. The equilibrium volume fraction of phases at different temperatures calculated by the Thermo-Calc software: (A) 1# steel and
(B) 2# steel.

Similarly, the V,, of 2# steel predicted by ML is nearly identical to that calculated by CALPHAD (0.48% vs.
0.50%). These analyses indicate that the ML predictions are in good agreement with the CALPHAD
calculations, and the microstructural model constructed in this study exhibits strong predictive ability.

Experimental validation

To further verify the practical effectiveness of the design schemes proposed by the integrated design model,
1# and 2# steels listed in Table 1 were prepared and characterized. Figure 5 shows the SEM images of the
newly designed 1# and 2# steels. It can be seen from Figure 5A(1) that the 1# steel is a fully martensitic
structure without §-ferrite, Laves, and Z-phase. Similarly, the 2# steel has a low-carbon martensitic structure
without these phases, as shown in Figure 5A(2). Using the standard linear intercept method, the mean prior
austenite grain sizes of 1# and 2# steels are measured to be 18.8 and 9.7 m, respectively. The micrograph of
1# steel in Figure 5B(1) reveals that the PAGB and lath boundary (LB) are decorated with M,,C, and MX
precipitates, as observed in other RAFM steels"*>**). However, it is difficult to find M,,C, carbides distributed
along PAGB and LB in 2# steel, as illustrated in Figure 5B(2). Some MX precipitates distributed in the
matrix can be clearly observed in 2# steel. The above SEM analyses confirm that both 1# and 2# steels
exhibit a fully martensitic structure without §-ferrite, Laves, and Z-phase, which is consistent with the
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o

e e

Figure 5. SEM micrographs of the designed RAFM steels: [A(1) and B(1)] 1# steel and [A(2) and B(2)] 2# steel. SEM: Scanning electron
microscopy; RAFM: reduced activation ferritic-martensitic.

predictions from ML and CALPHAD.

The typical TEM micrographs of 1# and 2# steels are shown in Figure 6. As seen in Figure 6A(1) and B(1),
the martensitic lath structures in both steels are decorated by dislocations and small precipitates. The lath
width and dislocation density of 1# steel were measured to be around 334 nm and 2 x 10" m?, respectively,
whereas 2# exhibits a narrower lath width of 317 nm and a higher dislocation density of 3 x 10" m™. As in
conventional RAFM steels'**, the main precipitates observed in 1# steel are M,,C, and MX, as shown in
Figure 6A(2) and (3). M,,C, precipitates have an average size of 48.4 nm and a number density of 2.32 x
10* m®, primarily forming along PAGBs, sub-grain boundaries, and within martensitic laths. MX
precipitates with an average size of 24.2 nm and a number density of 6.57 x 10 m™ are randomly
distributed in the matrix. In 2# steel [Figure 6B(2) and (3)], only a large amount of MX precipitates
randomly distributed in the matrix are observed, measuring 22.5 nm and 7.04 x 10* m~ in average size and
number density, respectively.

The experimental measurement value for V.., in 1# steel is about 1.38%, nearly matching the CALPHAD
calculation of 1.30% and the ML prediction of 1.41%. Based on the experimental analysis results, the
statistical V,, of 1# steel is around 0.49%, which is less than the 0.6% calculated by CALPHAD and the
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Figure 6. Typical TEM images of the designed RAFM steels: [A(1)-(3)] 1# steel and [B(1)-(3)] 2# steel. TEM: Transmission electron
microscopy; RAFM: reduced activation ferritic-martensitic.

0.52% predicted by ML. This difference may arise from variable distributions of MX precipitates in different
regions. Additionally, the possible presence of complex Ta/Ti-bearing oxides in 1# steel, similar to those
found in CNA1"), can reduce the amount of Ta/Ti available for forming MX precipitates, resulting in a
lower experimental V,, compared to calculated values. Similarly, the measured V), in 2# steel is 0.42%,
which is lower than the predicted results from CALPHAD (0.50%) and ML (0.48%). Although the measured
Vux in both 1# and 2# steels is lower than the values predicted by CALPHAD and ML, it still meets our
design requirement of 2 0.4%. The predictions concerning the microstructural attributes of §-ferrite,
coarsening phases, and V., are relatively accurate, confirming the reliability of our microstructural model.

The tensile tests of the prepared 1# and 2# steels were conducted at 25-600 °C, with their engineering stress-
strain curves shown in Figure 7A and B. Table 2 summarizes the measured tensile properties of 1# and 2#
steels at 600 °C. For 1# steel, the UTS reaches 404 MPa and the TE is 21.0%, meeting the specific design
targets of UTS 2 400 MPa and TE 2 20%. For 2# steel, although the UTS of 422 MPa meets the strength
requirement, the TE of 19.3% is slightly lower than the target of 20%. However, the difference of 0.7% from
the targeted TE is considered acceptable for material design. As shown in Figure 7C and D, the tensile
properties of 1# and 2# steels are compared to those of the conventional RAFM steels (i.e., Eurofero7"*),
CLAM", JLF-1*" and F82H""). The results indicate that both 1# and 2# steels exhibit higher UTS at the
test temperatures of 25-600 °C, while their TE remains comparable to that of the conventional RAFM steels.
Significantly, the UTS of 1# and 2# steels at 600 °C is ~100 MPa higher than that of the conventional RAFM
steels, highlighting their superior tensile strength at elevated temperatures.
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Figure 7. Stress-strain curves of RAFM steels at 25-600 °C: (A) 1# steel and (B) 2# steel; temperature-dependent tensile properties of
1# and 2# steels compared with literature data of Eurofer97™% CLAM®™Y JLF-1%% and F82H™: (C) UTS and (D) TE. RAFM: Reduced
activation ferritic-martensitic; Eurofer97: European RAFM steel; CLAM: China low activation martensitic; JLF-1: Japanese low activation
Fe-9Cr—2WVTa; F82H: Japanese low activation ferritic 8Cr—2WVTa steel; UTS: ultimate tensile strength; TE: total elongation.

In summary, the integrated design model has effectively guided the design of novel RAFM steels with
targeted microstructures and tensile properties, as evidenced by experimental results. SEM and TEM
analyses confirm that the microstructures of 1# and 2# steels prepared in our laboratory meet the design
goals, exhibiting a fully martensitic structure without §-ferrite, Laves, and Z-phase. Both V}x and V¢, in
1# and 2# steels also meet the specific structure requirements. Tensile testing at 600 °C indicates that 1# steel
meets all performance criteria, while 2# steel meets the strength requirement but has a TE 0.7% below the
target, which is still acceptable for material design. These results validate the effectiveness of the integrated
design model for optimizing the compositions and processing conditions of RAFM steels to achieve
targeted microstructures and tensile properties.
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Discussion
The strengthening mechanisms of RAFM steels primarily include boundary strengthening (Aa,,), solid
solution strengthening (Ac,,), dislocation strengthening (Ac,,), and precipitation strengthening from both
MX-type (Ao, \x) and M,,C,-type precipitates (Ao, y,,c,)-Which are calculated by!

48,54-57]

1
AO'bS == kh—p dpa 2 (5)
Aog = YkLT (6)
Aoy, = 0.25MGb\Jp (7)
0.7 MGh,/ Vyx
ACps.mx = T (8)
AGps—M23C6:MaG Muz3ce Amz3ce (9)

where k; , is a constant (0.62 MN"*); d_is the average size of prior austenite grains; the hardening
constant k; for the main solute atoms W and Cr are 75.79 MPa at.% " and 9.95 MPa at.% ", respectively"*;
C, is the atomic fraction of element i (i.e., W or Cr); the exponent z is 3/4 for substitutional solid solution"”;
M is the Taylor factor (3)'*’; G is the shear modulus (84 GPa)"; b is the Burgers vector (2.5 x 10" m)*’; p is
the dislocation density; dyx and d,,,c, are the average sizes of MX and M,,C, precipitates, respectively; a is
strength factor [a = 0.1757 [n(2.7013d,,,¢,)]"”; and Ny,.c, is the number density of M,,C, precipitates.

Table 3 summarizes the microstructural features of 1# and 2# steels, together with literature data of the
conventional RAFM steels!****"*>***l The strengthening contributions at room temperature, calculated by
Equations (5)-(9), are also included in Table 3. The comparison between 1# and 2# steels and conventional
RAFM steels indicates that:

i. Compared to 2# steel, 1# steel has a larger grain size but a higher solute atom concentration, leading to
enhanced Ac,. In contrast, 2# steel exhibits finer grains and achieves the higher Ac,. The conventional
RAFM steels show intermediate values for both aspects.

ii. Compared to other strengthening contributions, dislocations exhibit the highest strengthening effect in
1#, 24, and conventional RAFM steels. The higher dislocation density in 2# steel (3 x 10" m™) raises its Aoy,
to 272 MPa, compared to 223 MPa in 1# and conventional RAFM steels with dislocation density of 2 x 10™
m>.

iii. For 1# and 2# steels, the particle sizes of MX precipitates are 24.2 and 22.5 nm, with calculated V, of
0.49% and 0.42%, respectively. Consequently, 1# and 2# steels exhibit Ao, ,x of 128 and 127 MPa,
respectively, which are ~70-110 MPa higher than those of conventional RAFM steels.

iv. The M,,C, precipitates in 1# steel have a size of 48.4 nm and a number density of 2.32 x 10* m?,
contributing to a Ao, s, of 180 MPa, which is higher than ~98-154 MPa calculated in conventional RAFM
steels.

The above analysis indicates that compared to conventional RAFM steels, the superior room-temperature
strength of 1# steel primarily stems from increased Ao, \;x and Ao, ;... For 2# steel, its enhanced room-
temperature performance is primarily driven by the improvement of Ac, Aoy, and Ao, . At elevated
temperatures, the strengthening effects from grain boundaries, dislocations, and M,,C, decrease
significantly, while the nanoscale MX precipitates with excellent thermal stability can exert effective pinning
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Table 3. Comparison of microstructural features and calculated strengthening contributions at room temperature for 1#, 2#, and
conventional RAFM steels

Microstructural parameters 1# 2# Conventional RAFM'2%%27:51.63-661
Prior austenite grains Size (m) 18.8 9.7 ~10-60
Aoy, (MPa) 143 199 -80-196
Solute atoms W, Cr (at.%) 0.393,9.234 0.078, 8.954 ~0.3-0.6,~8.5-9.8
Ao, (MPa) 90 63 -80-107
Dislocations Density (m™) 2x10" 3x10" -2x10"
Acy, (MPa) 223 272 223
MX Size (nm) 24.2 22.5 ~15-30
Density (m™) 6.57 x10%° 7.04 x10%° ~10"-10%°
Vi (%) 0.49 0.42 -0.002-0.15
AG .y (MPa) 128 127 -12-55
My5Ce Size (nm) 48.4 - ~70-200
Density (m™) 2.32x10%° - 10"-10%°
AG s nizscs (MPa) 180 -98-154

RAFM: Reduced activation ferritic-martensitic.

effects. Therefore, the excellent high-temperature tensile properties of 1# and 2# steels are mainly related to
the improved strengthening effect of MX precipitations. Moreover, according to previous studies” ", the
1# and 2# steels with high V| can exhibit excellent creep resistance. To further evaluate their suitability for
fusion environments, long-term creep tests under various stress levels, temperature gradients, and
environmental conditions are recommended. A more comprehensive creep constitutive model will also be
developed to better predict material behavior and support the life assessment of fusion reactor structural
materials.

CONCLUSIONS

In this study, a new design strategy was presented to develop RAFM steels with targeted microstructures
and tensile properties using ML and CALPHAD methods. This strategy centers on utilizing microstructural
and forward models to screen compositions and processing parameters suggested by the inverse model,
meeting specific structure and performance criteria.

The key microstructural model, consisting of four sub-models, was developed to predict microstructural
attributes based on CALPHAD data. It achieved an accuracy of >85% in predicting the presence of 5-ferrite
and coarsening phases (i.e., Laves and Z-phase), and R® of > 0.9 for predicting Vyx and V... Validated by
CALPHAD and experiments, this microstructural model demonstrates strong reliability in guiding the
microstructural optimization of RAFM steels.

An integrated design model was developed by combining the microstructural model with forward and
reverse models, optimizing the compositions and processing for desired microstructures and tensile
properties. Using this model, two novel RAFM steels with high V)« and excellent tensile properties were
designed and experimentally analyzed. In both steels, no §-ferrite, Laves, and Z-phase were observed, and
the Vi (0.49%, 0.42%) and V¢, (1.38%, 0%) met the structure requirements. Tensile testing at 600 °C
revealed a ~100 MPa increase in UTS compared to conventional RAFM steels. These experimental results
are almost consistent with the targeted microstructures and tensile properties, confirming the effectiveness
of our design strategy.



Li et al. J Mater Inf 2024;4:27 | https://dx.doi.org/10.20517/jmi.2024.44 Page 17 of 20

While this study has developed two new RAFM steels with high V;, and excellent tensile properties, further
investigations into long-term creep, irradiation, and corrosion resistance are required to fully assess their
applicability under fusion conditions. Future research should focus on refining the integrated design model
to accommodate complex service environments. Beyond developing high-performance RAFM steels, this
model shows potential for application in the design of other advanced materials.
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