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ARTICLE INFO ABSTRACT
Keywords: The low high-temperature mechanical properties of reduced activated ferrite martensitic (RAFM)
CLAM steel

heat-resistant steels limit the maximum operating temperature of nuclear fusion reactors. How-
ever, it is difficult to improve the strength of the material without reducing its plasticity. In this
study we prepared a China low activation martensitic (CLAM) steel with a layered structure
through hot rolling followed by low-temperature tempering, which successfully improved its
strength and ductility. In addition, we elucidate the ductility mechanisms in such lamellar
structural materials. When the strength of the grain boundaries exceeds that of the grains, cracks
will continuously extend along the layered grain boundaries, eventually resulting in a delami-
nation fracture mechanism. When the grain strength exceeds that of the grain boundaries, cracks
will continuously form through the relative sliding of the grain boundaries, and a large number of
small cracks will initiate and propagate longitudinally along the layered boundaries. Both forms
of crack propagation cause longitudinal expansion along the layered grain boundaries. The
resulting longitudinal extension of cracks markedly diminishes local stress concentration to
promote plastic deformation, thereby significantly increasing the ductility of the material.
Employing the combination of this delamination ductility mechanism with interface strength-
ening and precipitation strengthening, the strength of the CLAM steel for nuclear applications is
shown to be enhanced by ~30 % without loss of elongation. The current delamination ductility
strategy provides a unique pathway to develop materials with ultrahigh strength and superior
ductility at economical material costs.

Ductility mechanism
Lamellar structure
Delamination cracks
Local stress concentration

1. Introduction

Reduced activated ferrite martensitic (RAFM) heat-resistant steels are considered as potential structural materials for nuclear
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fusion energy reactors due to their superior thermal conductivity, thermal expansion, and resistance to radiation-induced swelling and
helium embrittlement as compared to austenitic stainless steels (Peng et al., 2018; Liu et al., 2019). Prior to 1980s, the austenitic and
ferritic stainless steels were mainly used to the cladding structural materials in the nuclear fusion reactors (Noda et al., 1988).
However, after long-term service, these steels tend to show high levels of radioactivity which is difficult to handle. Bloom et al. (1984)
first proposed the concept of reduced activated materials. They believed that after irradiation, the high radioactivity of a material
mainly arises from the highly active elements in its composition. Accordingly, such active elements such as Ni, Nb, Mo, Co were
restricted as additions to reduced activated materials, whereas low activity elements such as Ti, V, Ta, W could be added.

In 1989, Klueh et al. (2000) successfully prepared a 9Cr2WVTa steel and significantly reduced its radiation intensity after service.
Subsequently, many countries developed different types of RAFM steels through adjustments of the chemical element composition of
9Cr2WVTa steel such as EUROFER 97 in Europe (Dethloff et al., 2014), F82H in Japan (Noh et al., 2016), and a China low activation
martensitic (CLAM) steel in China (Tang et al., 2019). However, due to the relatively fixed elements of RAFM steel, there is no sig-
nificant difference in the mechanical properties of different types of RAFM steel developed by the various countries. As the output
power of nuclear fusion reactors is positively proportional to their reaction temperature (Zinkle et al., 2017), the low maximum
operating temperature of RAFM steels has also become a major constraint on the further development of such nuclear reactors.

At present, the methods to further improve the room-temperature and high-temperature mechanical properties of RAFM steel are
usually precipitation strengthening and subgrain strengthening (Li et al., 2017, 2023; Ritchie et al., 2011; George et al., 2019; He et al.,
2021). Oxide dispersion strengthening (ODS) process can improve the room and high temperature mechanical properties of steels by
introducing a large number of nanoscale oxide particles. However, due to the interaction between oxide precipitation and dislocations,
it is easy to cause stress concentration and promote microcrack initiation, so the ductility of ODS steels is not ideal (Shi et al., 2019). In
addition, the large degree of plastic deformation can also significantly refine the precipitation phase and subgrain size in these steels.
For example Jin et al. (2018) prepared an ultrafine subgrained 9Cr2WVTa steel by multi-pass rotary-swaging and post-annealing to
successfully increase the yield strength from 650 to 1100 MPa but the maximum elongation decreased from 25 % to 10 % due to the
high stress concentration near the precipitation phase and subgrain boundaries. Unlike other structural materials, ductility is more
important for RAFM steel. Due to its continuous exposure to irradiation during service, the radiation hardening acts to continuously
reduce its ductility, such that excellent initial tensile ductility is particularly important for these steels (Peng et al., 2018; Liu et al.,
2019). Accordingly, the critical issue at present is to find a process that can simultaneously improve both the strength and plasticity of
RAFM steels.

Currently, one of the effective ways to simultaneously improve the strength and ductility in steels has been to use transformation-
induced (TRIP) and twinning-induced (TWIP) plasticity effects (Chandan et al., 2022; Li et al., 2022). Deformation-induced martensite
and nanotwins can absorb large amounts of energy, thus delaying the proliferation of dislocations and avoiding local stress concen-
trations (Wang et al., 2020; Tang et al., 2019). However, as both the TRIP and TWIP effects are characteristic of the austenitic
structure, which has fewer interfaces and poorer radiation resistance (Yu et al., 2018), they are generally not suitable for RAFM steels.
Another way to simultaneously improve strength and ductility is by refining the grain size (Lai et al., 2022; Tiamiyu et al., 2018; Yin
et al., 2023), although this method is also not ideal as the binding force between the high-angle grain boundaries will significantly
decrease under elevated-temperature service conditions that can lead to intergranular sliding and a significant reduction in
high-temperature strength (Zhang et al., 2022b; 2022¢; Jiao et al., 2019; Tian et al., 2016). In addition, the heterostructure (nano
grains in a micro grain structure) could also simultaneously improve the strength and ductility of steel, where the strength results from
the nano grains and the ductility from the micro grains. However, due to the poor high-temperature strength of nanograins, such
heterostructures are also not ideal for RAFM steels (Zhu et al., 2023).

An alternative approach to generating strength and ductility is to create a lamellar grain structure, as recently presented by Li et al.
(2023) and Liu et al. (2020). However, their research on lamellar structures is focused on TRIP steels, and due to the complex phase
transition in these alloys, the influence of the lamellar structure on the strength and ductility cannot be clearly explained. In this study,
we prepared a CLAM steel (which only has a ferritic microstructure) with a layered structure through a hot rolling and
low-temperature tempering process. The room temperature and 600 °C tensile properties of this steel were tested and indicated that
the layered structure exhibits a new ductility mechanism. Based on these observations, we analyzed the crack propagation behavior of
this layered CLAM steel under tensile conditions at ambient and high temperatures, in order to clarify the ductility mechanisms
dominant in such layered structural materials.

2. Methods

In this study, we prepared a layered CLAM steel through hot rolling and low-temperature tempering. The mechanical properties of
the steel at room and 600 °C were evaluated using uniaxial tensile tests. The microstructure of the steel before and after stretching was
characterized by optical microscopy (OM), scanning electron microscopy (SEM) in conjunction with electron backscatter diffraction
(EBSD), and transmission electron microscopy (TEM).

2.1. Materials

The CLAM steel, with a chemical composition of Fe - 8.91 % Cr - 1.4% W - 0.54% Mn - 0.15 % Ta - 0.15 % V- 0.09 % C - 0.06 % Si
(wt.%), was melted in a vacuum induction furnace and then cast as ingots of 65 mm x 65 mm x 80 mm in dimensions. The ingots were
solution treated in an air furnace at 1200 °C for 2 h to homogenize the microstructure and completely dissolve primary carbides, prior
to hot and then warm rolling to extensively elongate the prior-austenite grains along the rolling direction. With a starting hot rolling
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temperature of 1150 °C, the ultimate rolling temperature was 1050 °C with a deformation rate of 45 %; with the starting warm rolling
temperature at 850 °C, the ultimate rolling temperature was 800 °C with a deformation rate of 60 %. During subsequent cooling, the
austenite was completely transformed into martensite to form a laminated martensite microstructure (Fig. 1). Finally, the steel was
tempered for 30 min at 700 °C to transform the martensite into ferrite and allow the full precipitation of carbides, thereby increasing
the ductility of the steel. By comparison, the current heat-treatment process for the RAFM steel is hot rolling, followed by austenitizing
and tempering treatments to achieve an equiaxed grain structure (Wang et al., 2015; Dethloff et al., 2014; Noh et al., 2016; Tang et al.,
2019).

2.2. Uniaxial tensile testing

Uniaxial tensile properties were measured at room temperature (RT) and at 600 °C, using a constant displacement rate of 0.5 mm /
min under displacement control. Dog-bone shaped specimens measuring 15 mm x 5 mm x 1.5 mm were obtained from the middle of
the as-rolled steel sheets along the rolling direction (RD) using electrical discharge machining. The uniaxial tension tests were per-
formed on an AGS-X plus PC-controlled mechanical testing system manufactured by Shimadzu Co. Ltd, Japan in accordance with
ASTM E8-04 Standard. A contactless laser Xtens Compact laser extensometer was utilized to measure the tensile strain of the material.
The reported data represent the average of three separate tests.

2.3. Microstructure characterization

The phase diagram of the material was simulated using JMATPRO software, developed by Sente Software in the UK, which can
simulate the phase diagram and mechanical properties of metals. The microstructure of the as-prepared steels was characterized by OM
and SEM in conjunction with EBSD. To prepare the specimens for OM and SEM observations, they were mechanically polished and
etched with Vilella reagent, comprising 1 g picric acid, 5 ml hydrochloric acid, and 100 ml ethanol. The specimens for EBSD obser-
vations were also mechanically polished and electropolished to remove the surface damage caused by grinding. The electrolyte used
for electropolishing was composed of 11 vol.% perchloric acid and 89 vol.% ethanol. OM observations were carried out with a GX71 /
Leica Dmirm optical microscope with EBSD analyzes conducted using a field emission scanning electron microscope (SU-70 Hitachi
field-emission SEM, Japan) at a voltage of 15 kV and tilt angle of 70° The selected scanning step was 0.1 pm, with an analyzed area of
1.5 x 1.0 mm? for each specimen. Evaluation of the EBSD data was carried out with orientation imaging microscopy (OIM, HKL-
Channel 5) software. To identify low-angle (LAGBs: 2-15°) and high-angle grain boundaries (HAGBs: >15°), band contrast plus
grain-boundary (GB) maps were utilized. The boundaries with an orientation difference below 2° were excluded.

Microstructural characterization of the samples was performed using a Tecnai G2 transmission electron microscope (TEM) at an
accelerating voltage of 200 kV. Specimens were mechanically polished to a thickness of ~50 pm and then further thinned at 20 V and
-20 °C using a twin-jet electrochemical polisher in an electrolyte that consisted of 10 vol.% perchloric acid and 90 vol.% ethanol.
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Fig. 1. Microstructure of the laminated martensite microstructure of the CLAM steel after rolling along the rolling direction (RD) and normal
direction (ND).



J.H. Zhou et al. International Journal of Plasticity 171 (2023) 103813

3. Results
3.1. Microstructure characterization

Fig. 2a and b shows the EBSD orientation map, band contrast and the grain boundary map of the CLAM steel after the rolling and
tempering treatment. The steel exhibits a lamellar structure of high-angle grains, with an average width and length of 2 and 5 pm with
the length direction parallel to the rolling direction. A significant amount of subgrain structures can be observed inside the grain
boundaries of the high-angle grains. The TEM morphology of these grains and subgrains is shown in Fig. 2c and d; these images also
indicate the many subgrains inside the grains. A large number of precipitates are distributed on the grain boundaries and subgrain
boundaries, shown by the white particles in Fig. 2d. The X-ray diffraction (XRD) patterns of the tempered steel are shown in Fig. 3,
where it is evident that there are four diffraction peaks in the steels - (110), (200), (211) and (220) - which are all from the ferrite.

Fig. 4 shows the TEM images of the morphology of ferrite laths and particles in the CLAM steel. The laths, with an average thickness
of ~170 nm, are parallel to each other within their colonies; their boundaries are decorated with a short rod-like precipitate phase with
an average size of ~30 nm and a total volume fraction of 0.25 (determined from its area fraction in the TEM observations) (Fig. 4a and

HAADF

Grain boundary

Fig. 2. Microstructure of the present CLAM steel. (a) Orientation maps, band contrast and (b) grain boundary maps obtained from electron
backscatter diffraction (EBSD) for the lamellar CLAM steel. Grains with {100}, {111}, and {110} orientations are marked respectively in red, blue
and green (inset in a). Low-angle grain boundaries (LAGBs, 2-15°) and high-angle grain boundaries (HAGBs, >15°) indicated by red and black lines.
(c, d) TEM images of a grain, sub-grain and particles morphology.
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Fig. 3. X-ray diffraction (XRD) patterns shows the single-phase ferrite structure for the CLAM steel under study.

b). Energy spectrum analysis (Fig. 4c—h) revealed that the precipitate phase is M3Cg carbide, which is rich in Cr, Mn, Ta, and W. Fig. 5a
shows the HRTEM image of the fine M33Cg carbide and the ferrite. Observations reveal that the ferrite had an inter planar spacing of
0.205 nm between the neighboring (-110) bcc-Fe planes (Fig. 5d), while for My3Cg carbide the spacing between neighboring (-110)
planes was 0.246 nm (Fig. 5b). This suggests that the interface between fine particles and the matrix was incoherent. Accordingly, the
M»3Cg carbide can effectively hinder the movement of dislocations in the ferrite, but the large mismatch between the carbides and
ferrite also makes it easy to generate stress concentration at the My3Cg carbide /ferrite interface, leading to the initiation of micro-
cracks. Fig. 5c and e shows the diffraction pattern of the carbide and ferrite, which confirms that the precipitated phase is M23Cg
carbide, and that the tempered CLAM steel has a ferritic structure. Although the size of the ferrite laths and My3Cg carbides in
traditional CLAM steels are usually larger than 300 nm and 100 nm, respectively (Chen et al., 2023; Zhao et al., 2018; Wang et al.,
2019; Zhou et al., 2021), the smaller size of the laths and carbides in the current steel is due to the short-term tempering process used in
this experiment.

The primary chemical components of the ferrite lath and carbides, shown in Fig. S4i, indicate that the main elements in the ferrite
are Fe and Cr, with other elements accounting for ~3 at.%. The volume fraction of other elements in the carbides is ~12 at.%,
indicating that the alloying elements in this steel are fully precipitated after the tempering treatment. As low content alloying elements
in the matrix do not significantly strengthen the ferrite, it displays excellent plasticity. (For higher Cr content in the ferrite, the solid
solution strengthening between Cr and Fe can be ignored, as the atomic size of Cr is similar to that of Fe).

It should be noted that the microstructure of traditional CLAM steels invariably involves a large number of small, dispersed MX
carbides rich in V and Ta within the ferrite lathes (Chen et al., 2023; Zhao et al., 2018; Wang et al., 2019; Zhou et al., 2021). However,
such carbides were not observed in the present steel. Fig. 6 shows a phase diagram of the CLAM steel using JMatPro software (Wang
et al., 2022). One can see that the precipitation temperature of the MX carbides was high at 1260 °C, suggesting that they could
precipitate at the high temperature, which typically occurs during the austenitizing stage. However, our process does not involve a
solution treatment, resulting in the lack of any precipitation of MX carbides. Indeed, the precipitation temperature of the My3Cg
carbides is 850 °C, which is remarkably lower than that of MX carbides; accordingly, the MX carbides can precipitate during the
tempering stage, although the lower tempering temperature of 730 °C in this study made the size of the carbides very small. From
JMatPro calculations, there should be 2 wt.% of Laves phase, although no such phases were detected in this study because the short
duration of the holding time would retard their formation. However, as the shortest precipitation time for Laves phases was reported to
be ~10 h at 650 °C in a 9Cr (1-4 W) steel (Abe et al., 1991), it is probable that long aging times could promote their precipitation
(Wang et al., 2019), a phenomenon which would likely degrade ductility.

3.2. Tensile properties

The engineering stress-strain curves of the lamellar CLAM steel, shown in Fig. 7a, indicate that at room temperature alone the
rolling direction (RD), the yield strength (cy) is 900 + 10 MPa, the tensile strength (ots) is 1025 + 10 MPa, and the maximum
elongation is 18 + 1 %; these values are respectively 480 + 10 MPa, 500 + 10 MPa and 20 + 1 % at 600 °C. While at room temperature
along the normal direction (ND), the values of 6y, 615 and maximum elongation are 900 + 10 MPa, 1025 + 10 MPa, and 8 & 1 %; these
values are respectively 460 + 10 MPa, 480 + 10 MPa and 12 + 1 % at 600 °C. Clearly, there is little significant change in the strength
of the material in the RD and ND directions, but the elongation in the RD direction is significantly higher than that in the ND direction.
The morphology of the tensile samples after fracture at room temperature and 600 °C, shown in Fig. 7b, reveal significant necking and
a longitudinal tear of ~2 mm near the fracture surface at room temperature alone the RD. Significant necking was also observed at 600
°C, but no visible longitudinal tearing was seen. Along the ND, neither necking nor longitudinal tearing were observed at room
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Fig. 4. Microstructure of the ferrite lath and M,3Cg, (a, b) TEM images of a ferrite lath and M23C¢ carbide morphology; (c-h) energy dispersive
spectroscopy (EDS) analysis for the ferrite laths and My3Ce carbides; (i) primary chemical components of the ferrite laths and M33Ce carbides.

temperature and at 600 °C, with the steel exhibiting brittle fracture characteristics.

Fig. 7c and d shows a comparison of the yield strength and maximum elongation at room temperature and 600 °C between the
laminated CLAM steel, the ODS steel (Shi et al., 2019; Klueh et al., 2005; Li et al., 2011; Zhao et al., 2017; Yan et al., 2018), and the
traditional RAFM steel (Chen et al., 2015; Jin et al., 2018; Tan et al., 2016; Xue et al., 2019; Zhou et al., 2020, 2021). Due to a large
number of dispersed nanoscale oxide particles, the ODS steel exhibits the highest strength at room temperature and at 600 °C.
However, owing to the entanglement between dislocations and these particles, local stress concentrations during the tensile process
can readily occur, resulting in poor ductility. The preparation process of the ODS steel is oxide metallurgy, which includes ball milling,
mechanical alloying, hot isostatic pressing, hot rolling, and heat treatment processes. Ball milling and mechanical alloying processes
can easily cause uneven powder mixing, resulting in an inhomogeneous distribution of chemical elements in the steel. Compared with
the hot rolling and heat treatment process of RAFM steel, the complex preparation process of ODS steel also can significantly increase
its production costs (Shi et al., 2019). For the traditional RAFM steel, its coarse subgrains and carbides decrease the resistance to
dislocation movement to result in good ductility, but its strength is relatively low. Owing to strengthening from the grain boundaries,
subgrain boundaries and precipitation, the CLAM steel exhibits extremely high strength and, due to its unique delamination ductility
mechanism along the RD, it also has high ductility. Thus the RD layered structure CLAM shows a good match of strength and plasticity
at room temperature and 600 °C that current processing cannot readily achieve.
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Fig. 5. High resolution transmission electron microscope (HRTEM) image of the ferrite laths and M23Ce carbides. (a) HRTEM image showing the
morphology of a My3Ce carbide in the CLAM steel; (b,d) is the close observation exhibiting the crystal lattice and planar spacing in the carbide and
ferrite; (c,e) is the diffraction pattern of the carbide and ferrite.
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Fig. 6. Phase diagram for CLAM steel calculated by JMatPro software (Wang et al., 2022).
4. Discussion
4.1. Room temperature strength mechanisms

The strengthening mechanisms of metal materials are usually related to grain-boundary (Yin et al., 2023), subgrain (Zhang et al.,
2023), precipitation (Xiao et al., 2023), dislocation (Li et al., 2022), and solid-solution (Fang et al., 2022) strengthening. However, in
this experiment after tempering, the alloy elements in the steel were basically fully precipitated (Fig. 41), and dislocations were highly
limited (Fig. 4a and b), such that solid-solution and dislocation strengthening can be essentially ignored. Thus, the strength in the
lamellar CLAM steel is generated primarily from grain boundaries, subgrain boundaries, and M33Cg carbides.
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Fig. 7. Tensile properties of the present steel. (a) Engineering stress-strain curves for the lamellar CLAM steel tested at room temperature and 600
°C; (b) macroscopic morphology of the steel samples after tensile fracture at room temperature and 600 °C; (c and d) comparison of the yield
strength and maximum elongation at room temperature and 600 °C between laminated CLAM steel, ODS steel (Shi et al., 2019; Klueh et al., 2005; Li
et al., 2011; Zhao et al., 2017; Yan et al., 2018), and traditional RAFM steel (Chen et al., 2015; Jin et al., 2018; Tan et al., 2016; Xue et al., 2019;
Zhou et al., 2020, 2021).

4.1.1. Boundary and sub-boundary strengthening
The interaction of dislocations with grain boundaries and subgrain boundaries is shown in Fig. 8a and b. Clearly there are many
subgrains within a grain, and both grain boundaries and subgrain boundaries can effectively hinder the movement of dislocations.
The grain-boundary strengthening, Acgg, can be calculated using the Hall-Petch equation (Petch et al., 1953) as follows:

AO—GB = khpd71/2 (1)

where kyp, is a constant related to the interaction between the grain boundary and the dislocations, with a value of 0.62 MN m 13 (Li
et al., 2007), and d is the average grain size (here the high-angle grain diameter). Clearly, as the grain size decreases, grain-boundary
strengthening continues to increase. The grain size of the lamellar CLAM steel was ~3.5 pm, whereas the traditional RAFM steel is
usually larger than 5 pm (Chen et al., 2015; Jin et al., 2018; Tan et al., 2016; Xue et al., 2019; Zhou et al., 2020, 2021). Consequently,
Aops can be estimated to be ~365 MPa for the lamellar CLAM steel and less than 270 MPa for the traditional RAFM steel (Fig. 9).
The subgrain strengthening, Acsgg, can be calculated using (Tan et al., 2016):

Acses = MGb/) 2)
where M is the Taylor factor with a value of 3, G is the shear modulus (76 GPa for steel), b is the Burgers vector (2.85 x 10710 m), and 1
is the subgrain size (Tan et al., 2016). Clearly, the improvement in strength due to subgrain boundaries is increased with a reduction in
the subgrain size. The grain size of the lamellar CLAM steel was ~170 nm; for the traditional RAFM steel, the grain size is usually larger
than 300 nm (Chen et al., 2015; Jin et al., 2018; Tan et al., 2016; Xue et al., 2019; Zhou et al., 2020, 2021). Consequently, Acgp can be
estimated to be 380 MPa for the lamellar CLAM steel and less than 215 MPa for the traditional RAFM steel (Fig. 9).
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4.1.2. Precipitation strengthening
TEM imaging and the corresponding schematic illustration in Fig. 8c and d clearly show that the M33C¢ carbides were mainly
distributed at the grain and subgrain boundaries; this means that they were difficult for dislocations to bypass such that the dislocations
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were accumulated in the vicinity of these carbides. The dislocations near the carbides accordingly would generate an internal stress
which is opposite to the external stress, thereby hindering the movement of dislocations in the vicinity of the subgrains. The resulting
strengthening of My3Cg carbides, Acps-M23Cg, can be estimated using the dispersed barrier hardening (DBH) model (Cho et al., 2015)
because of the large size of the M33Cg carbides, viz:

A6y My;Cs = MaGb V/Nd, 3

where « is a barrier strength factor (1.0 for voids), G is shear modulus (76 GPa), N is density and d is the average size of the M23Cg
carbides (Cho et al., 2015). The particle size and density fraction of My3Cg carbides in the lamellar CLAM steel were respectively 30 nm
and 1.5 x 10%° m3 The My3Cg carbides in traditional RAFM steel are usually larger than 100 nm with a fraction of less than 1.5 x 10'°
m~2 (Chen et al., 2015; Jin et al., 2018; Tan et al., 2016; Xue et al., 2019; Zhou et al., 2020, 2021). Consequently, Acps_M23Cs can be
calculated to be ~140 MPa for the lamellar CLAM steel and about 80 MPa for the traditional RAFM steel (Fig. 9).

In addition to Ma3Cg carbides, there are usually MX type carbides with a size of about 20 nm and a volume fraction of 0.2 % in
traditional RAFM steel (Chen et al., 2015; Jin et al., 2018; Tan et al., 2016; Xue et al., 2019; Zhou et al., 2020, 2021). These carbides
exist inside the subgrains and strengthen the steel through an Orowan by-passing mechanism (Sasaki et al., 2011; Lucas et al., 1993),
contributing approximately 120 MPa to the strength of the steel. However, due to the lack of a solid-solution treatment stage, MX type
carbides were not observed in the lamellar steel in this work.

Fig. 10. Room temperature ductility mechanisms for the CLAM steel in rolling direction. (a) Optical microscopy images of the through-thickness
section normal to the room temperature fracture surface showing the macroscopic morphology of a longitudinal tear and the morphology of crack
propagation; (b and c) scanning electron microscopy images showing the crack initiation and propagation; (d) band contrast and grain boundary
maps near the fracture surface obtained from electron backscatter diffraction (EBSD). (e) A map of the kernel average misorientation (KAM) derived
from EBSD data in {100}, {111}, and {110} orientations to illustrate the local misorientation across the grains.
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Fig. 9 shows a comparison of the calculated strengths of the lamellar CLAM and traditional RAFM steels. The calculated strength of
lamellar CLAM steel is 885 MPa, which is close to its measured yield strength of 900 MPa. The calculated yield strength of the
traditional RAFM steel is 680 MPa, compared to values in the literature (Chen et al., 2015; Jin et al., 2018; Tan et al., 2016; Xue et al.,
2019; Zhou et al., 2020, 2021) between 550 and 700 MPa (Fig. 7c). Clearly, the higher yield strength of the layered CLAM steel,
compared to traditional RAFM steel, can be largely related to the strengthening from the subgrain boundaries and My3Cg precipitation.
However, for traditional RAFM steel, further improvements in the subgrain and carbide strengthening can markedly increase the
strength but will also significantly compromise the ductility, as shown in Fig. 7c. This is the advantage of the layered CLAM steel as its
unique layered structure allows it to enhance strength without reducing ductility.

4.2. RD room temperature ductility mechanisms

For the RD lamellar structured CLAM steel, its crack propagation mechanism is significantly different. Fig. 10a shows the optical
microscopy morphology of the through-thickness section normal to its fracture surface, showing a 1 mm long longitudinal tear near the
surface. Fig. 10b and c shows the microcracks initiation and propagation morphology for the steel, where it is apparent that many
microcracks exist near the My3Cg carbides, suggesting that the microcracks mainly originated from these carbides in the presence of an
applied load. The initiation of microcracks is closely related to stress concentration. As carbides can effectively hinder the movement of
dislocations, stress is easily concentrated on the M33Cg carbides / ferrite interface. Moreover, due to the large mismatch between the
carbides and the ferrite, microcracks are readily initiated at the these carbide/ferrite interfaces. Once the microcracks form, they tend
to propagate along the grain and subgrain boundaries, due to the high stress concentration on these boundaries. Fig. 10d and e shows
the band contrast and grain boundary and kernel average misorientation maps near the fracture surface obtained from electron
backscatter diffraction (EBSD) analysis. Clearly, a higher local misorientation is present at the grain boundaries and subgrain
boundaries, which corresponds to the distribution of dislocations along these interfaces (Fig. 8a), such that a large number of
microcracks propagate and accumulate near the high-angle grain boundaries (shown in the white area marked by the red arrows in
Fig. 10d). This indicates that both grain boundaries and subgrain boundaries can effectively impede the movement of dislocations
during room temperature tension, while microcracks will preferentially extend along the grain boundaries due to the high degree of
mismatch between the atoms at the grain boundaries and the grain. The morphology of the tensile fracture surface, which represents
results from three specimens, is shown in Fig. 11a and b, where longitudinal tears with a maximum width of 125 pm can also be
observed at the center of the fracture surface. The transverse dimension of these microcracks is significantly smaller than their lon-
gitudinal dimension, indicating that during their propagation, their transverse expansion rate is significantly slower than their lon-
gitudinal expansion rate. In addition to the main tear crack, only a small amount of fine dimples was observed in other parts of the
fracture surface.

Fig. 12a shows a schematic diagram of the tensile microcrack propagation at room temperature in the RD lamellar CLAM steel.
Firstly, due to the high degree of mismatch between the atoms at the My3Ce carbide/ferrite interface (Fig. 5), microcracks will
preferentially initiate near the My3Cg carbides and then, due to the significant lattice distortion at the grain boundaries, will first
extend to the grain boundaries and then further propagate along them (Zhang et al., 2022). Fig. 12al shows the force analysis per-
formed at the point of microcrack propagation. During the stretching process, when a microcrack propagates it cannot be subjected to
tensile stress as microcracks are essentially empty spaces. However, the stress can act on the boundary between the microcrack and the
ferrite, leading to further microcrack advance. The external stress F can be decomposed into the 67 and 6 stresses along the microcrack
boundary direction. Further decomposition of these 61 and 62 stresses can yield longitudinal tensile stresses 61y and 62y and transverse
compressive stresses 61x and 6oy acting on the microcrack boundary. The longitudinal tensile stresses 61y and 62y can cause transverse

Fig. 11. Morphology of the room temperature tensile fracture surface of the CLAM steel in the rolling direction (a, b) at room temperature.
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Fig. 12. Schematic diagram for the room temperature ductility mechanisms in the rolling direction. (a) Tensile crack propagation in the lamellar
CLAM steel; (b and c) the propagation of a crack under tensile conditions.

microcrack propagation, while the transverse compressive stress 61x and 625 can induce necking in the material.

Subsequently, microcracks tended to propagate laterally under the longitudinal tensile stresses 61y and 65y, as shown in Fig. 12b.
Under the transverse compressive stresses 61x and 6o, the material undergoes necking. In addition to the necking of the material, the
transverse compressive stress will also act on the microcrack, causing it compress transversely inward. Due to the conservation of the
microcrack volume, the transverse shrinkage will inevitably lead to its longitudinal expansion, as shown in Fig. 12c. Therefore under
the tensile stress, the longitudinal expansion speed of the microcracks is significantly greater than the horizontal expansion speed,
leading to the formation of longitudinal tears. Additionally, in this experiment, the grains of the steel exhibited a layered structure,
with the grain elongation direction parallel to the tensile stress direction. The poor matching between grain boundaries and the grains
further promoted longitudinal microcrack propagation. Additionally, the small degree of distortion in the grains also inhibited
transverse microcrack expansion, eventually resulting in visible macroscopic longitudinal tearing (Fig. 12all). This process also cor-
responds to the plane-strain crack propagation process. When the stress intensity factor Kj of the material exceeds its fracture toughness
K¢, cracks will initiate and propagate. The stress intensity factor K can be represented by Irwin et al. (1957) as:

K, =Qovra (C))
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where Q is a geometry factor of order unity, o is the applied stress and « is the initial crack length. Clearly, as the stress level ¢ increases,
the value of K is increased. As there is a greater mismatch between carbides and the ferrite, the stress level at the carbides is usually
higher than that at grain boundaries and subgrain boundaries (Fig. 5). Therefore, based on Eq. (4), during the tensile process, as the
applied stress increases, the stress intensity factor near the My3Cg carbides will first exceed the critical fracture toughness K¢, so cracks
will first initiate near the My3Cg carbides (Fig. 10b). After crack initiation, as the stretching process continues, the stress level at the
grain boundary is significantly higher than that within the grain, resulting in a higher stress intensity in the grain boundary direction
than in the grain direction. Therefore, the propagation rate of the crack in the grain boundary direction is also significantly higher than
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Fig. 13. Room temperature mechanisms for the CLAM steel in the normal direction. (a) Scanning electron microscopy images showing crack
initiation and propagation. (b) Band contrast and grain-boundary maps near the fracture surface obtained from electron backscatter diffraction
(EBSD). (c) A map of the kernel average misorientation (KAM) derived from EBSD data in {100}, {111}, and {110} orientations to illustrate the local
misorientation across the grains. (d) Morphology of the steel tensile fracture surface. (e) Schematic diagram for the room temperature
ductility mechanisms.
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that within the grain, ultimately leading to longitudinal tearing along the layered grain boundary (Fig. 10a).

Subsequently, as the cracks continue to expand, the pattern gradually forms definitive necking under the action of the horizontal
compressive stress, with the initiation and extension of new microcracks occurring at the grain boundaries under the action of the
tensile stress. The dual effect of new microcrack formation and necking serves to significantly reduce the cross-sectional area, thereby
rapidly increasing the actual tensile stress on the matrix. When the external stress exceeds the capacity of the ferrite laths, they will
instantly tear apart. It should be noted that the expansion of the primary microcracks also consumes a significant amount of energy
which effectively increases the efficiency of energy release to further suppress the initiation and expansion of subsequent microcracks.
Therefore, aside from the evident tear fractures, the size of the remaining voids are comparatively small (Fig. 12alll). This corresponds
to the significant longitudinal tears and sparse fine microvoids on the fracture morphology (Fig. 11a and b).

In addition, the expansion of the longitudinal microcracks increases their boundary length significantly. A major reason for the
necking is the transverse compressive stress acting on the microcrack boundaries; the longitudinal extension of these microcracks
substantially increases the deformation region of the necking, as shown in Fig. 12c. The promotion of the neck obviously causes a
decrease in the specimen cross-sectional area which in turn elevates the actual tensile stress in this region; therefore, the longitudinal
microcrack extension serves to the increase of the necking region area, thereby enhancing the ductility of the steel.

4.3. ND room temperature ductility mechanisms

Similar to the rolling direction (RD), due to the large mismatch between the carbides and the ferrite, microcracks also initiated at
the carbide/ferrite interfaces (Fig. 13a). Once the microcracks form, they also tend to propagate along the grain boundaries, due to the
high stress concentration and high mismatch between the carbide/grain boundaries interfaces. This is shown in Fig. 13b and c by the
band contrast and grain boundary and kernel average misorientation maps near the fracture surface obtained from electron backscatter
diffraction (EBSD) analysis. However, as the direction of the layered grain boundary is perpendicular to the direction of applied stress
in the ND specimens (which is parallel to the layered grain boundary in RD specimens), the fracture morphology of the steel is
significantly different from the RD pattern, with many transverse tears appearing instead of longitudinal tears (Fig. 13d). The
transverse tearing in the fracture surface is also the main reason for the significant decrease in elongation of the ND specimens.

Fig. 13e shows a schematic diagram of the tensile microcrack propagation at room temperature in the ND lamellar CLAM steel.
Similar to the RD sample, when cracks initiate near the M»3Ce carbides under the action of external stress, they still propagate laterally
under the longitudinal tensile stresses 61y and 62y, and propagate longitudinally under the transverse compressive stresses 61y and 6y,
However, unlike RD samples, the layered grain boundaries are perpendicular to the direction of applied stress (Fig. 13el). Under the
action of the longitudinal tensile stress, microcracks are more likely to propagate laterally along the layered grains due to the large
degree of mismatch at the grain boundaries. The degree of mismatch of the smaller ferrite grains inhibits the longitudinal propagation
of cracks, resulting in their transverse propagation (Fig. 13ell), corresponding to the transverse tears in Fig. 12d. Afterwards, as the
transverse cracks continue to expand, the structure will fracture when the applied stress exceeds the capacity of the ferrite (Fig. 13elll).
It should be noted that the promotion of transverse cracking will accelerate the fracture of the material, while the suppression of
longitudinal cracking will reduce the necking area (corresponding to the necking area in Fig. 7b), thereby reducing the ductility of the
material.

4.4. High-temperature strength mechanisms

The high-temperature strengthening of the lamellar CLAM steel also results from higher subgrain and precipitation strengthening
(Jin et al., 2018; Zheng et al., 2023). Under elevated temperature conditions, the strength of the grain boundaries will significantly
decrease (Zhang et al., 2022; Jiao et al., 2019); accordingly for metallic materials, the decrease in high-temperature strength is often a
consequence of relative sliding between the grains. Although the grain size of the lamellar CLAM steel is extremely small, subgrain
strengthening and precipitation strengthening can generate more external stress to be tolerated by the grains, which markedly reduces

Grain boundary

61=0%c0s0xcosp

Stretch direction

Horizontal direction

Fig. 14. Schematic diagram for the grain boundaries relative sliding force analysis.
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the stress directly acting on the grain boundaries. Moreover, due to the lack of transverse grain boundaries in the layered CLAM steel,
the grain boundaries are mostly parallel to the direction of external forces, making it difficult for external forces to directly act on the
grain boundaries. Fig. 14 shows a schematic diagram of the relative sliding force analysis of the grain boundaries. Clearly, decom-
posing the tensile stress ¢ in the grain boundary direction and perpendicular to the grain boundary direction can induce the 6; and o5
stresses, in which the o5 stress can cause relative sliding of the boundaries. The relationship between 6; and ¢ conforms to the Schmidt
factor calculation formula; this can be calculated using Eq. (5) (Xia et al., 2019):

6, = 6c0sfcosp, 5

where 0 is the angle between the grain boundary and the stretch direction, and ¢ is the angle between the grain boundary and the
horizontal direction. As 0 + ¢ = 90°, when 6 = ¢ = 45°, 61 reaches its maximum value; as 6 or ¢ continue to increase or decrease, 67 is
continuously reduced. When 6 = ¢ = 45°, the grains are approximately equiaxed, while in the layered grains obtained in this
experiment, the 0 is significantly greater than 45° and ¢ is significantly less than 45° for the rolling direction, while for the normal
direction ¢ is significantly greater than 45° and @ is significantly less than 45° (Fig. 2). Therefore, in layered grains, when the applied
stress is the same, the stress used to promote relative slip between grain boundaries is much smaller than that with equiaxed grains.
Consequently, compared to equiaxed grains, the intergranular microcrack formation of layered grain boundaries requires greater
external forces. In this regard, the layered structured CLAM steel is similar to that of a columnar-grained superalloy, where the
columnar grains can also improve high-temperature strength compared to that in equiaxed-grained superalloys (Murr et al., 2013).
However, compared to the directional solidification process used for preparing columnar grains in such alloys, the rolling and
tempering process used in this experiment for the layered structured CLAM steel is far simpler and thus easier to commercialize.

4.5. RD high-temperature ductility mechanisms

With respect to the high-temperature ductility mechanism of the RD lamellar CLAM steel, the markedly lower grain boundary
strength at high temperatures becomes considerably lower than the strength of the grains, such that no detectable longitudinal tears, i.
e., delamination cracks, are observed (Fig. 15a). Fig. 14b shows the morphology of the initiation and propagation of microcracks in this
steel. Distinct from room temperature conditions, under high temperature stretching, the initiation and propagation of microcracks
were only observed near the grain boundaries. Observations of the band contrast and the grain boundary and KAM maps near the
fracture surface obtained from EBSD analysis indicated that microcracks also initiate from grain boundaries and then longitudinally
extend along the lamellar grain boundaries at high temperatures (Fig. 15c and d). The only difference between the high temperature

Fig. 15. 600 °C ductility mechanisms for the CLAM steel in rolling direction. (a) Optimal microscopy images of the through-thickness section
normal to the 600 °C fracture surface. (b) Scanning electron microscopy images showing the crack initiation and propagation. (c) Band contrast and
grain-boundary maps near the fracture surface obtained from electron backscatter diffraction (EBSD). (d) A map of the kernel average misorien-
tation (KAM) derived from EBSD data in {100}, {111}, and {110} orientations to illustrate the local misorientation across the grains.
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and room temperature stretching is that the location of the microcrack initiation and propagation at the grain boundaries (the white
area depicted by the red arrows in Fig. 15d) is greatly increased, which indicates that severe deformation has occurred at the grain
boundaries. Fig. 16a and b shows the high-temperature tensile fracture morphology of the RD steel with numerous fine dimples
distributed with an average size of ~0.5 pm, while the size of high-temperature tensile fracture dimples in traditional CLAM steels are
usually larger than 3 pm (Jin et al., 2018; Xue et al., 2019). The smaller size of the dimples in the current steel indicates that the lateral
propagation of microcracks is largely suppressed.

A schematic diagram of the high-temperature tensile fracture process of the RD lamellar CLAM steel is shown in Fig. 17. Due to the
high degree of distortion in the atomic arrangement at the grain boundaries, atoms in the boundaries have a stronger diffusional
driving force at high temperatures to return to their equilibrium positions. Therefore, the strength of the grain boundaries will be
significantly weakened. The consequent weakening of the grain boundary strength under high-temperature tension conditions will
promote relative sliding between the grain boundaries (Fig. 17al). At the same time, the relative sliding of the grain boundaries also
promotes the initiation and propagation of microcracks near them due to the high degree of mismatch between the atoms at the grain
boundaries and inside the grains (Fig. 17all) which corresponds to the large number of microcracks near the grain boundaries
(Fig. 14d). Similar to room temperature, due to the small degree of distortion in the grains, it is difficult for the microcracks to
propagate into the grain under the applied stress, so they will preferentially expand longitudinally along the grain boundaries. This
process corresponds to a plane-strain crack propagation process. Due to the relative sliding of grain boundaries, significant stress
concentration occurs at the grain boundaries. According to Eq. (4), the stress concentration at the grain boundaries significantly in-
creases the stress intensity factor near these boundaries, thereby prioritizing the initiation of cracks there. Subsequently, as the
stretching process continues, the stress level at the grain boundary remains higher than that of the grain, such that the rate of crack
propagation along the grain boundary is consistently higher than that within the grain. Ultimately, the cracks continue to propagate
along the layered grain boundaries.

After that, with the increase in applied stress, the number of longitudinal microcracks will continue to increase under the dual
action of relative sliding of grain boundaries and longitudinal crack propagation. This increase in the longitudinal cracks also markedly
raises the necking area of the steel, thereby significantly increasing its degree of ductility (Fig. 17b). Similarly with the increase of
cracks and the continuation of the necking process, when the external stress exceeds the capacity of ferrite laths, the material will
fracture (Fig. 17alll). The occurrence of multiple crack initiations and the slower transverse expansion rate of the cracks is reflected by
the fine dispersed dimples on the fracture surface (Fig. 16a and b).

4.6. ND high-temperature ductility mechanisms

Consistent with the rolling direction, cracks still preferentially initiate near grain boundaries during the high temperature
stretching process of normal direction (ND) specimens (Fig. 18a). The band contrast and the grain boundary and KAM maps near the
fracture surface obtained from EBSD analysis also indicate that a large number of microcracks form at the grain boundaries. The only
difference between RD and ND samples is that in the ND specimens the applied stress is perpendicular to the layered grain boundary,
which promotes the transverse propagation of cracks; this makes the fracture surface of the ND specimens significantly different from
that of the RD specimens. Fig. 18d shows the fracture morphology of an ND specimen, illustrating the presence of a large number of
elliptical dimples in the fracture surface. This indicates that the lateral propagation rate of dimples during stretching is significantly
higher than in other directions.

A schematic diagram of the high-temperature tensile fracture process of the ND lamellar CLAM steel is shown in Fig. 18e. Similar to
the rolling direction, under high temperature conditions, relative sliding at grain boundaries is likely to occur due to the weakening of

Fig. 16. Morphology of the 600 °C tensile fracture surface (a, b) in the rolling direction.
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Fig. 17. Schematic diagram for the high temperature ductility mechanisms in the rolling direction. (a) Tensile crack propagation in the lamellar
CLAM steel; (b and c) the propagation of a crack under tensile conditions.

grain boundaries; the relative sliding of the grain boundaries thus promotes the initiation of grain boundary cracks (Fig 18el). Due to
the large degree of mismatch at these boundaries, cracks are more likely to propagate along transverse grain boundaries under external
stress (Fig 18ell) which corresponds to the elliptical dimples in Fig. 16d. Subsequently, as the cracks continue to expand, the sample
will fracture when the applied stress exceeds the capacity of the ferrite (Fig. 18elll). The lateral propagation of cracks also reduces the
necking area of the steel, resulting in a significant decrease in the elongation of the steel.

5. Ductility mechanisms in the RD lamellar grain structure steel

The large degree of atomic mismatch usually makes cracks propagate from the grain boundaries. Due to the fewer transverse grain
boundaries, RD layered structural materials exhibit completely different ductility mechanisms compared to the equiaxed structural
materials. For RD laminated structures, due to the lack of transverse grain boundaries, the lateral expansion of cracks is significantly
hindered, such that they tend to propagate longitudinally along the laminar grain boundaries. The longitudinal expansion of cracks
also significantly increases the necking area in the material, thereby increasing its tensile ductility. With the change in the strength
between the grain boundaries and grains, the longitudinal propagation pattern of cracks also varies. When the strength of the grain
boundaries exceeds that of the grains, cracks will continuously expand along the layered grain boundaries, eventually resulting in
macroscopically visible delamination fracture. When the strength of the grains exceeds that of the grain boundaries, cracks will
continuously form through the relative sliding of the grain boundaries, so that a large number of small cracks will initiate and
propagate longitudinally along the layered boundaries. Depending on the relative strength of the grain boundaries and grains, a
transition between two different crack propagation mechanisms is apparent, as shown in Fig. 19.

Due to the propagation of cracks being often caused by stress concentration, the longitudinal propagation of cracks in layered
structures must correspond to the longitudinal distribution of stress. Therefore, for lamellar TRIP steels (Li et al., 2023; Liu et al.,
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Fig. 18. Mechanisms for the CLAM steel at 600 °C in the normal direction. (a) Band contrast and grain-boundary maps near the fracture surface
obtained from electron backscatter diffraction (EBSD). (b) A map of the kernel average misorientation (KAM) derived from EBSD data in {100},
{111}, and {110} orientations to illustrate the local misorientation across the grains. (¢) Scanning electron microscopy images showing the crack
initiation and propagation. (d) Morphology of the tensile fracture surface. (e) Schematic diagram for the room temperature ductility mechanisms.

2020), one of the reasons for their excellent ductility should be that the stress distributed along the longitudinal direction enables more
areas to undergo TRIP effects. The research of Li et al. (2023) also showed that the layered structure increases the austenite conversion
rate in TRIP steel from 35 % to nearly 100 %.

At present, the enhancement of material ductility is typically accomplished by reducing the hindrance of the microstructure to
dislocation mobility, which invariably results in a decrease in strength. However, the improvement of material ductility through a
lamellar structure is achieved by altering the mode of stress and crack propagation, thereby enabling more regions to participate in
plastic deformation with less impact on strength. Therefore the combination of the lamellar structure with existing strengthening
mechanisms can effectively improve the materials tensile properties. For example, the combination of a lamellar structure in a TRIP
steel can result strengths exceeding than 2 GPa with excellent elongation (Li et al., 2023; Liu et al., 2020). In this work, the combination
of a lamellar structure and interface and precipitation strengthening in a ferrite steel can also enhance strength by 30 % without any
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Fig. 19. Schematic illustration of the ductility mechanisms of the lamellar grain structure steel in the rolling direction.
loss in elongation.
6. Summary

In this work, we prepared a CLAM steel with a layered structure, which displays excellent tensile properties in the rolling direction
and exhibits a unique plasticity mechanism. The main conclusions can be described as follows:

(1) The room temperature yield strength of the layered CLAM steel along the rolling direction is 900 + 10 MPa, with a maximum
elongation of 18 + 1 %; these values are respectively 480 + 10 MPa and 20 + 1 % at 600 °C. Compared with an equiaxed grain
CLAM steel, the layered structure enhances its strength by 25 % without loss of elongation at both room temperature and 600
°C.

(2) The increase in strength of the layered CLAM steel at room temperature and 600 °C is mainly due to the refinement of the size of
the subgrains and M3Cg carbides.

(3) Atroom temperature, the improvement in ductility of the RD layered CLAM steel is mainly due to the large mismatch between
grain boundaries and intergranular boundaries, which causes cracks to continuously propagate along grain boundaries and
ultimately form longitudinal tears, leading to an increase in the necking area of the steel and reduce the local stress
concentration.

(4) At600 °C, the increase in plasticity of the RD layered CLAM steel is due to the weakening of the grain boundaries, which leads to
relative sliding of these boundaries, resulting in a series of small cracks along the layered grain boundaries. These cracks serve to
enhance the necking area of the steel and reduce the local stress concentration.

We believe that these results can provide a basis for further improvements in the matching of the strength and ductility in metallic
alloys at ambient to high temperatures, particularly for the steels that have potential application in nuclear fusion reactors.
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