
Journal of Physics: Conference Series

PAPER • OPEN ACCESS

Regularities of the deformed microstructure of
ferritic-martensitic steel EP-823 after high-
temperature thermomechanical treatment
To cite this article: K V Almaeva et al 2021 J. Phys.: Conf. Ser. 1989 012016

 

View the article online for updates and enhancements.

You may also like
Influence of thermo-mechanical treatment
in ferritic phase field on microstructure and
mechanical properties of reduced
activation ferritic-martensitic steel
Prakash, J. Vanaja, K. Laha et al.

-

Multimodal options for materials research
to advance the basis for fusion energy in
the ITER era
S.J. Zinkle, A. Möslang, T. Muroga et al.

-

Status of R&D activities on materials for
fusion power reactors
N. Baluc, K. Abe, J.L. Boutard et al.

-

This content was downloaded from IP address 84.237.7.196 on 15/10/2021 at 03:41

https://doi.org/10.1088/1742-6596/1989/1/012016
https://iopscience.iop.org/article/10.1088/1757-899X/338/1/012027
https://iopscience.iop.org/article/10.1088/1757-899X/338/1/012027
https://iopscience.iop.org/article/10.1088/1757-899X/338/1/012027
https://iopscience.iop.org/article/10.1088/1757-899X/338/1/012027
https://iopscience.iop.org/article/10.1088/0029-5515/53/10/104024
https://iopscience.iop.org/article/10.1088/0029-5515/53/10/104024
https://iopscience.iop.org/article/10.1088/0029-5515/53/10/104024
https://iopscience.iop.org/article/10.1088/0029-5515/47/10/S18
https://iopscience.iop.org/article/10.1088/0029-5515/47/10/S18
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsuVjYRuAIjAPPNocn_Um4xCt4HEqgtOBCfrfrHJscJsglCTY3aC5cK9SCT8Ppp_oEIpi00vsS6-dbm01YOU7EDVZQmweVcVZmDgS3HbdiKxGLegi4HY_TbFGA-AiFRkN96ZwGp-w4H2k7EafL7qfzQ0VMON5A6ccwuG1aiTQ_hRj1xI97no54G6gvW7bGsKnuZXVCCws0QEaoMSenpJcvyNndPBmHMotKXOdDTl-_uQm1Bifa-BaR27i3ICGOaQePOQaoXtCbWpkSYV78d_vVfFQNdoRayP4E4&sig=Cg0ArKJSzKCebRXMoSEd&fbs_aeid=[gw_fbsaeid]&adurl=http://iopscience.org/books


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

PFSD 2021
Journal of Physics: Conference Series 1989 (2021) 012016

IOP Publishing
doi:10.1088/1742-6596/1989/1/012016

1

Regularities of the deformed microstructure of ferritic-

martensitic steel EP-823 after high-temperature 

thermomechanical treatment  

K V Almaeva1,2, I Yu Litovchenko1,2, N A Polekhina1,2  and S A Akkuzin1,2 
1 National Research Tomsk State University, 36 Lenin ave., Tomsk, Russia 
2 Institute of Strength Physics and Materials Science SB RAS, 2/4 Akademicheskii pr., 

Tomsk, Russia 

 

E-mail: kseni_ya_almaeva@mail.ru  
 

Abstract. The features of the microstructure of 12% chromium ferritic-martensitic steel EP-823 

near the neck region of samples deformed by tension at T=-70, -40 °C, 20 °C and in the 

temperature range close to the reactor core operating temperatures of T = 650, 720 °C after high-

temperature thermomechanical treatment (HTMT) are investigated. It is shown that at negative 

and room temperatures plastic deformation leads to curvature and fragmentation of martensitic 

lamellae, formation of new low-angle boundaries and a significant increase in the dislocations 

density. Deformation at high temperature contributes to the dynamic recovery, dynamic 

polygonization and increased sizes of carbide and carbonitride particles (M23C6 and MX type). 

1. Introduction  
The 9-12% chromium ferritic-martensitic steels are intended for use as structural materials for the fuel-

element cladding of new nuclear and thermonuclear reactors [1-4]. Due to the requirements for heat and 

radiation resistance, these structural materials must provide high values of long-term high-temperature 

strength and have a low tendency to low-temperature (including radiation) embrittlement. The 

investigation of mechanical properties, features of plastic deformation and fracture near the range of 

operating temperatures (T=650-720 °C) and near the interval of the viscous-brittle transition is a 

necessary stage of pre-reactor testing of structural steels for use in nuclear power applications. A visco-

brittle transition is observed in ferritic-martensitic steels at negative temperatures [5]. Under irradiation 

it can shift to the region of positive temperatures, which determines the need to study the low-

temperature properties of ferritic-martensitic steels. 

High-temperature thermomechanical treatment (HTMT) is one of the ways to modify the 

microstructure of steels in order to improve their mechanical properties [1, 6, 7]. The prospects of using 

this treatment were shown for Russian 12% chromium ferritic-martensitic steels EK-181 and EP-823 

[8, 9]. The influence of HTMT on the features of plastic deformation and fracture of ferritic-martensitic 

steels, including those near the interval of the visco-brittle transition, is currently poorly investigated. 

This paper presents the results of studying the influence of the deformation temperature (near the 

visco-brittle transition temperatures and operating temperatures) in the nuclear reactor core under 

mechanical tensile tests on the features of the deformed microstructure and the mechanisms of plastic 

deformation of ferritic-martensitic steel EP-823. 
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2. Material and methods  

Heat-resistant 12% chromium ferritic-martensitic steel EP-823 after HTMT was investigated. The 

elemental composition of the steel  EP-823 is: Fe is base, 0.14 wt % of C, 11.56 wt % of Cr, 0.58 wt % 

of Mn, 0.74 wt % of Mo, 0.40 wt % of Nb, 0.34 wt % of V, 0.68 wt % of  Ni, 0.03 wt % of N, 1.09 wt 

% of Si, 0.10 wt % of Ce, 0.01 wt % of Ti, 0.006 wt % of B, 0.02 wt % of Al. HTMT consisted of 

heating T = 1100 °C, holding for 1 h, hot plastic deformation by rolling to a value of ε ≈ 50% and 

subsequent quenching in water. After the deformation the tempering was carried out at T = 720 °C for 

1 h. Mechanical tensile tests at negative temperatures T = (-70, -40 °C) were performed in a mixture of 

liquid nitrogen and ethyl alcohol at room temperature – in air, at temperatures T = (650, 720 °C) - in a 

vacuum of ≈ 2.7×10-3 Pa. High-temperature tests were performed on a NIKIMT 1246R-2/2300 high-

temperature vacuum testing machine (Russia). We used dog-bone samples with a gage length of 13 mm 

and a gage section of 2 mm.  

Structural investigations were performed in a Philips CM12 transmission electron microscope at an 

accelerating voltage of 120 kV. Thin foils for transmission electron microscopy were prepared using a 

Hitachi FB-2100 focused ion beam system near the neck area of the sample deformed by tension. The 

change in the elemental composition was investigated on thin foils in a JEM-2100 transmission electron 

microscope with the INCA Energy X-ray microanalysis system. 
 

3. Results and discussion  

Investigation of the microstructure of steel near the neck region after tensile test at room and negative 

temperatures (-70 °C, -40 °C) have shown that plastic deformation leads to curvature of the sub-

boundaries of martensitic lamellae, fragmentation of lamellae and martensitic packets (Figure 1). The 

width of the martensitic lamellae is from 50 to 500 nm. The dislocation density near the neck increases 

significantly relative to the volume of the material and in some areas reaches 1016 m-2. Many extinction 

contours are observed, including strongly curved contours, which indicates high local internal stresses. 

In the diffraction patterns (Figure 1), low-angle azimuthal misorientation are detected. In some areas 

(Figure 1 b), there are regions of localized deformation with a highly fragmented fine structure with 

quasi-ring diffraction patterns. This indicates the formation of new submicron grains and subgrains 

during the deformation process. Coarse particles of M23C6 (M-Cr, Fe, Mn) are observed, mainly of a 

rounded shape with dimensions of less than 100 nm. 

In the temperature range from -70 °C to 20°C in the course of plastic deformation, the cross slip of 

dislocations is difficult. This leads to the formation of dislocation pileups, an increase in the angle of 

misorientation between lamellae and martensitic packets. The dislocation density inside the martensitic 

lamellae increases and dislocation substructures are formed. A low temperature of deformation prevents 

the processes of dislocation annihilation and relaxation of local internal stresses.  

As shown earlier [8], after HTMT the dislocations in EP-823 steel are pinnied by fine particles of the 

MX type (where M is V, Nb, X is C, N) with dimensions of 5-10 nm. This determines the high strength 

properties of this steel at the test temperatures. The yield strength at T= 20 °C reaches 793 MPa. When 

the deformation temperature decreases to -70 °C the yield strength increases to 1005 MPa. At the same 

time, the relative elongation remains at a fairly high level (12 %). The relative elongation value does not 

significantly change in the temperature region of the visco-brittle transition observed in impact tests of 

ferritic-martensitic steels. Accordingly, the deformed microstructure of steel at low (-70 °C, -40 °C) 

temperatures is qualitatively similar. 
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Figure 1. Microstructure of EP-823 steel near the neck area, bright-field images and corresponding 

micro-diffraction patterns: a – 20 °C; b – -40 °C; c – -70 °C.  

At tensile test temperatures of 650 °C and 720 °C, both elongated martensitic lamellae and equiaxed 

fragments with low-angle misorientation boundaries (Figure 2) were found near the neck region. In 

some fragments an increased dislocation density of 1014-1015 m-2 is observed, in other areas it is much 

lower. The size of fine particles of the MX type increases up to 15-20 nm at these temperatures. 

   
a b 

Figure 2. Microstructure of EP-823 steel near the neck area, bright -field images and corresponding 

micro-diffraction patterns: a – 650 °C; b – 720 °C. 
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These features of the deformed microstructure indicate the processes of dynamic recovery and 

dynamic polygonization. At 720 °C, these processes are more intensive. An increase in the deformation 

temperature leads to a decrease in the strength properties of the steel. The yield strength at T= 650 °C 

reaches ≈ 350 MPa, at 720 °C it decreases to ≈ 265 MPa. In the course of tensile testing near the 

operating temperatures (650-720 °C), the thermally activated processes of the dislocation climb over the 

particles and dislocation pileups are intensified. The efficiency of the mechanisms of precipitation and 

substructural strengthening is significantly reduced. 

The high temperature of the tensile tests increases the size of the carbide and carbonitride particles 

relative to the initial state. In the deformed microstructure of steel, both inside the martensitic lamellae 

and at the boundaries of grains and subgrains, several types of particles were found – coarse (tens to 

hundreds of nm) and nanoscale. To identify these particles, their elemental analysis was carried out 

(Figure 3). It showed that the coarse particles belong to two types of carbides (carbonitrides) – M23C6 

(M – Cr, Fe, Mn) and MX (M – Nb, V, X-C, N). Coarse particles are mainly Cr- and Mn-based carbides 

– of the M23C6 type (Figure 3 b, e). There are also coarse particles of the MX type based on niobium 

with a size of 50 nm. However, their density is much lower than that of M23C6 carbides. The fine particles 

belong to a vanadium-based MX-type phase. 

   
a b c 

   
d e f 

Figure 3. Microstructure of steel EP-823 at the test temperature T = 720 °C after HTMT: (a) image in 

the reflected electrons; (b)-(f) – maps of the distribution of elements: b – Cr, c – Fe; d – V; e – Mn; f – 

Nb. 

4. Conclusions  

It has been shown that plastic deformation of EP-823 steel at the temperatures of -70 to +20 °C leads to 

the curvature and fragmentation of martensitic lamellae, the formation of new low-angle misorientation 

boundaries, and a significant increase in the dislocation density inside the martensitic lamellae and 

ferritic grains. The increased dislocation density and their pinning by fine particles of the MX type 

contribute to the high efficiency of the mechanisms of precipitation and substructural strengthening at 

these temperatures, which determines the high strength properties of steel after HTMT. 

Plastic deformation near the nuclear reactor operating temperature range (T= 650-720 °C) develops 

with the participation of the processes of dynamic recovery and dynamic polygonization. At the same 
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time, thermally activated processes of dislocations climbing over nanoscale particles and dislocation 

pileups are enhanced. The efficiency of the mechanisms of mechanisms of precipitation and 

substructural strengthening is significantly reduced, which leads to a decrease in the strength properties 

of steel. 

The high temperature of the tensile tests leads to an increase in the size of the carbide and carbonitride 

phases. An elemental analysis of coarse particles has shown that they are carbides of the M23C6 type and 

carbonitrides of the MX type. 
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