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Abstract: Russian 12-% chromium ferritic-martensitic EK-181 steel (RUSFER-EK-181 Fe–12Cr–2W–V–Ta–B) is  

a promising structural material for power plants. This paper investigates the effect of thermomechanical treatments with plastic 

deformation in the austenitic region at 1000 °C and 1100 °C on the structural-phase state of EK-181 ferritic-martensitic steel and 

its microhardness value. The results of the study demonstrated that under these thermomechanical treatments conditions, a mi-

crostructure forms characterised by martensitic laths, fine plates of cementite and retained austenite, as well as MX-type carboni-

tride particles (M – V, Ta, Ti; X – C, N). Under high-temperature tempering (720 °C, 1 h), the thermomechanically treatmented 

steel exhibits coarsening of structural elements, a reduction in dislocation density, and precipitation of M23C6 carbides (M – Cr, 

Fe, Mn, W). Meanwhile, MX carbonitrides exhibit high thermal stability and retain their sizes. After tempering, cementite and 

retained austenite were not detected. A decrease in the deformation temperature leads to an increase in crystal lattice microdistor-

tions and a reduction in coherent scattering regions. The obtained results were compared with the microstructural characteristics 

of the studied steel after traditional heat treatment (THT). It was demonstrated that plastic deformation in the austenitic region 

ensures a reduction in the average size of prior austenite grains by 2 times, martensitic laths by 1.5 times, and M23C6 particles by  

2 times compared to the THT condition. Furthermore, higher dislocation densities and crystal lattice microdistortion values are 

observed. After thermomechanical treatments with deformation at 1000 °C and 1100 °C, microhardness values reach 4.6 GPa 

and 3.9 GPa, respectively. Subsequent high-temperature tempering reduces microhardness to 2.8 GPa and 2.9 GPa, respectively. 

These microhardness values after thermomechanical treatments and tempering are 10 % higher than values achieved after tradi-

tional heat treatment. 
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INTRODUCTION 

Current trends in energy sector development, aimed at 
improving the efficiency of power reactors, require the de-
velopment of next-generation systems capable of operating 
under extreme temperature conditions. One of the key  

factors determining the effectiveness of such systems is  

the increase in operating temperature and radiation dose, 

which directly correlates with enhanced power unit effi-

ciency [1; 2]. However, implementing this approach pre-

sents significant challenges for materials science, as 
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conventional structural materials often fail to withstand 

prolonged thermal and mechanical loads. In this context, 

high-chromium ferritic-martensitic steels are becoming 

a strategically important class of materials due to their 

unique combination of heat resistance, corrosion resistance, 

and low susceptibility to swelling and low-temperature em-

brittlement under irradiation [3–5]. The primary develop-

ment direction for ferritic-martensitic steels involves in-

creasing their operating temperature, which is determined 

by their high-temperature strength properties [6–8].  

In recent decades, a key focus in the study of ferritic-

martensitic steels has been the improvement of their ther-

momechanical treatment (TMT). TMT methods such as 

rolling or forging enable modification of the material’s 

phase composition and substructure, significantly enhanc-

ing its short-term and long-term strength, heat resistance, 

and creep resistance [9–11]. 

The authors of [12] demonstrated that TMT enhances 

the strength properties of a 9-% chromium reduced-

activation ferritic-martensitic steel due to the refinement 

of second-phase particles and martensitic laths. In [13], 

an increase in dislocation density, along with a reduc-

tion in size and an increase in density of finely dis-

persed MX-type particles were reported after TMT by 

hot rolling of a 9-% chromium ferritic-martensitic steel. 

The authors revealed the improved creep resistance of 

the steel to microstructural optimisation. Studies [3; 14] 

established that the strengthening of steel after TMT is 

explained by the formation of a microstructure with 

smaller prior austenite grains, narrower martensitic 

laths, and, in particular, a higher density of dispersed 

particles. It should be noted that most studies on 

the effects of TMT have been conducted on 9-% chro-

mium ferritic-martensitic steels, whereas 12-% steels 

possess superior corrosion resistance as well as higher 

mechanical properties.  

In Russia, particular attention is given to 12-% chromium 

ferritic-martensitic EK-181 steel (Fe–12Cr–2W–V–Ta–B), 

which is considered a promising structural material for 

next-generation power plants. Studies [15; 16] confirmed 

that traditional heat treatment (air quenching from 1100 °C 

and high-temperature tempering at 720 °C for 3 h) forms 

a heterogeneous structure with dispersed MX and M23C6 

particles, ensuring a balance between strength and ductility. 

However, the transition to high-temperature thermomechan-

ical treatment (HTMT) opens new possibilities: defor-

mation in the austenitic region leads to additional refine-

ment of martensite blocks and increased dislocation density, 

which increases the yield strength by 15–20 % without re-

ducing impact toughness [15; 16]. 

Despite numerous studies on the application of ther-

momechanical treatment to modify microstructure and 

enhance mechanical properties of steels, several unre-

solved issues remain. For example, in previous studies of 

HTMT on EK-181 steel, the deformation temperature 

was not controlled [15; 16]. Reference [17] investigated 

the microstructural characteristics and microhardness of 

EK-181 steel after thermomechanical treatment with de-

formation at 900 °C. The influence of deformation tem-

peratures above 1000 °C on structural evolution had not 

been previously studied. 

The aim of this study is to investigate the effect of plas-

tic deformation at 1000 °C and 1100 °C on the microstruc-

tural parameters (martensitic block size, carbide distribu-

tion, dislocation density) and microhardness of EK-181 

steel. 

METHODS 

Specimens for investigation 

In this work, TMT was conducted according to two 

modes. The TMT1100 mode involved heating to 1100 °C 

with a 1-hour hold, followed by 70-% plastic deformation 

by upsetting at the holding temperature and subsequent air 

quenching. The TMT1000 mode consisted of heating to 

1100 °C with a 1-hour hold, cooling to 1000 °C (with a 30-

minute hold), followed by 70-% plastic deformation by 

upsetting and air quenching. 

The strain rate was ε̇ = 1 s−1. Cylindrical specimens 

with a height of 15 mm and a diameter of 10 mm were 

deformed. After TMT, an additional high-temperature 

tempering at 720 °C for 1 h was conducted. The defor-

mation temperatures were selected to be above the onset 

temperature of the γ→α phase transformation during 

cooling, which, according to reference [18], is 740 °C 

for the studied steel. 

Thin foils for transmission electron microscopy studies 

were prepared by electropolishing in a solution of chromi-

um anhydride (50 g CrO3) in orthophosphoric acid (450 ml 

H3PO4). 

Research methods 

Thermomechanical treatments (TMT) was carried 

out using the OPT plastometric complex (Institute of 

Engineering Sciences UB RAS, Ekaterinburg). The steel’s 

microstructure was examined using a JEOL JEM-2100 

transmission electron microscope (Japan) (accelerating 

voltage of 200 kV) and an Apreo 2 S scanning electron 

microscope (USA). The Vickers microhardness of 

the steel was measured using an AFFRI DM 8 micro-

hardness tester (Italy) with a load of 200 gf (20 indenta-

tions per sample). 

The phase content in the steel was determined by 

X-ray diffraction (XRD) analysis using a DRON-8N X-ray 

diffractometer (AO Burevestnik, Russia) equipped with 

a Mythen 2R1D linear position-sensitive detector 

(Switzerland) and CuKα radiation (λ=0.15406 nm). 

The voltage applied to the X-ray tube was 40 kV, and the 

current was 20 mA. Scanning was performed in symmet-

ric Bragg – Brentano geometry (θF–θD) over a 2θ angular 

range of 20–100°. X-ray diffraction studies and micro-

hardness measurements were conducted in the states after 

TMT and after TMT with tempering. 

The size of the prior austenite grains was determined 

from SEM images using Altami Studio software and 

the linear intercept method according to GOST 5639-82. 

At least 80 grains were analysed for each sample. 
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RESULTS 

A study of thin foils using transmission electron micros-

copy (TEM) revealed a complex multiphase structure 

(Fig. 1). This structure consisted of the following compo-

nents for both treatment conditions: martensitic laths with 

widths ranging from 30 to 400 nm; thin plates of retained 

austenite (γ-Fe) shown in Fig. 1 b, e; dispersed particles of 

MX carbonitrides (M – V, Ta, Mo; X – C, N) (Fig. 1 c); and 

cementite plates (Fe3C) along martensitic lath boundaries 

(Fig. 1 f). 

The size of the MX particles does not exceed 50 nm. 

Such fine particles play a significant role in strengthening 

the material, as they effectively pin dislocations. The aver-

age martensitic lath widths in the state after deformation 

and quenching are 153 nm for TMT1000 and 144 nm for 

TMT1100 (Table 1). 

a b c 

d e f 

Fig. 1. TEM images of steel microstructure:  
a–c – after TMT1000; d–f – after TMT1100 

Рис. 1. ПЭМ-изображения микроструктуры стали: 
a–c – после ТМО1000; d–f – после ТМО1100 

Table 1. Microstructure parameters and microhardness of EK-181 steel 
Таблица 1. Параметры микроструктуры и микротвердость стали ЭК-181 

Parameter 

Heat treatment conditions 

THT [20] TMT1000 TMT1100 
TMT1000 

+ tempering
TMT1100 

+ tempering

Grain sizes, µm 23.20 – – 12.20±5.5 13.25 ±6.0 

Lath width, nm 300 153±66.5 144±59.3 224±95.8 223±83.8 

М23С6 carbide size, nm 130 – – 65±30.1 73±37.9 

Dislocation density, m−2 0.8·1015 (5.8±0.5)·1015 (6.4±0.4)·1015 (2.0±0.7)·1015 (1.1±0.2)·1015 

Microdistortions 2.0·10−3 (7.5±0.6)·10−3 (8.8±0.9)·10−3 (4.1±0.4)·10−3 (2.9±0.5)·10−3 

Hv, GPa 2.60 4.59±0.2 3.93±0.3 2.82±0.08 2.91±0.05 
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The results of the X-ray diffraction (XRD) analysis 

confirmed the presence of significant crystal lattice mi-

crodistortions (7.5·10−3 after TMT1000 and 8.8·10−3 af-

ter TMT1100) and a high dislocation density 

(5.8·1015 m−2 after TMT1000 and 6.4·1015 m−2 after 

TMT1100) (Table 1). The sizes of the coherent scattering 

regions are 18±9 nm and 19±10 nm for TMT1000 and 

TMT1100, respectively. 

A transmission electron microscopy (TEM) study of 

EK-181 steel after thermomechanical treatments followed 

by high-temperature tempering at 720 °C revealed a num-

ber of key structural changes (Fig. 2). Under the tempering 

conditions, intensive precipitation of secondary М23С6 car-

bides (M – Cr, Fe, Mn, W) is observed, predominantly 

localised along grain and martensitic lath boundaries 

(Fig. 2 b, e). The particle sizes vary widely – from 20 to 

170 nm. The average sizes of the М23С6 carbide particles 

are 73 nm after TMT1000 and 65 nm after TMT1100 

(Table 1). MX-type carbonitrides (M – V, Ta, Mo; X – C, N) 

retain their size under the tempering conditions, indicating 

their higher thermal stability compared to М23С6. Cementite 

and retained austenite were not detected after high-

temperature tempering. 

The average width of martensitic laths for the two ther-

momechanical treatment modes increases by approximately 

1.5 times after tempering compared to the state after defor-

mation and quenching. Despite an overall reduction, 

the dislocation density remains high after tempering, meas-

uring 2.0·1015 m−2 and 1.1·1015 m−2 after TMT1000 and 

TMT1100, respectively (Table 1). 

Tempering leads to a reduction in the microdistortions 

of the crystal lattice by approximately 2 times after 

TMT1000 and 3 times after TMT1100 compared to 

the deformed state (Table 1). Under high-temperature tem-

pering conditions, the coherent scattering regions increased 

by 2 times for both treatment conditions (29±18 nm for 

TMT1000 and 36±13 nm for TMT1100). 

The results of X-ray diffraction (XRD) analysis showed 

that in all investigated conditions of EK-181 steel, the only 

phase present is α-Fe (ferrite/martensite). Reflections from 

secondary phases (cementite, retained austenite, M23C6 car-

bides, and MX carbonitrides) were not identified, which is 

attributed to their low volume fraction (less than ~3–5 %) 

and the detection limits of the XRD method.  

A study of the grain structure of EK-181 steel using 

scanning electron microscopy after thermomechanical 

treatments followed by tempering showed that the aver-

age sizes of the prior austenite grains are 12.20±5.5 μm 

after TMT1000 and 13.25±6.0 μm after TMT1100 

(Fig. 3, Table 1). 

a b c 

d e f 

Fig. 2. TEM images of steel microstructure after high-temperature tempering: 

a–c – after TMT1000; d–f – after TMT1100.  

Local elemental microanalysis maps (f) correspond to bright-field image (e) 

Рис. 2. ПЭМ-изображения микроструктуры стали после высокотемпературного отпуска:  

a–c – после ТМО1000; d–f – после ТМО1100.  

Карты локального элементного микроанализа (f) соответствуют светлопольному изображению (e) 
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 a b 

Fig. 3. SEM images of the grain structure of steel: 

a – after TMT1000; b – after TMT1100 

Рис. 3. РЭМ-изображения зеренной структуры стали: 

a – после ТМО1000; b – после ТМО1100 

 

 

 

The microhardness values of the steel in the states after 

deformation at 1000 °C and 1100 °C are 4.59±0.2 GPa  

and 3.93±0.3 GPa, respectively. Subsequent high-

temperature tempering leads to a reduction in these val-

ues by 1.6 times and 1.3 times, respectively, thereby 

eliminating the difference in the microhardness values of 

EK-181 steel after the two thermomechanical treatment 

modes (Table 1). 

 

DISCUSSION  

Although most studies [4; 8; 12] on the effect of 

high-temperature thermomechanical treatment (HTMT) 

on the microstructure and mechanical properties of fer-

ritic-martensitic steels have been conducted on 9-% 

chromium steels and involved plastic deformation at 

lower temperatures (600–700 °C) compared to the pre-

sent work, the main patterns of structural transfor-

mations and changes in the mechanical properties of  

the steels are largely similar. 

The primary structural distinctions of EK-181 steel sub-

jected to the thermomechanical treatment modes proposed 

in this work, as opposed to the traditional heat treatment 

(THT) condition [15; 16], are its quantitative characteris-

tics. After THT, the average size of prior austenite grains is 

2 times larger, and the average width of martensite laths is 

1.5 times higher than after the studied thermomechanical 

treatments and tempering. 

Plastic deformation during thermomechanical treat-

ments leads to an increase in dislocation density and lattice 

microdistortions compared to traditional heat treatment 

(THT) [16]. Furthermore, the M23C6 particles precipitated 

during tempering after thermomechanical treatments are 

smaller in size (≈2 times) compared to the condition after 

THT [16]. The plastic deformation increases the number of 

nucleation sites for these particles due to an increase in  

the density of dislocations and subgrain boundaries. This 

promotes the precipitation of a larger number of finer 

M23C6 particles during tempering following TMT compared 

to THT. These findings are consistent with the results of 

studies where similar patterns were demonstrated for for-

eign 9-% chromium steels [12–14]. 

The structural defects introduced by deformation in  

the austenitic region and preserved during the martensitic 

transformation upon material quenching are a key strengthen-

ing factor: dislocation clusters and nanoscale carbides create 

barriers to dislocation motion, enhancing the material’s 

strength properties [4; 8; 12]. These microstructural changes 

after thermomechanical treatments contribute to a 10 % in-

crease in microhardness values compared to traditional heat 

treatment (THT) [16]. This finding is consistent with the re-

sults of studies [9; 12; 19], which report the positive influence 

of a smaller martensite lath width and a more uniform distribu-

tion of M23C6 and MX particles with smaller average sizes on 

the microhardness values of steel after TMT. 

When deforming steels under the conditions of thermome-

chanical treatment (TMT) at elevated temperatures, the prima-

ry processes determining the specific features of the material’s 

microstructure and properties are dynamic recovery and dy-

namic recrystallisation [20]. At 1000 °C, these processes pro-

ceed less intensively in EK-181 steel, which promotes the for-

mation of a substructure that provides increased microhard-

ness. At 1100 °C, the intensity of dynamic recrystallisation 

increases, leading to a reduction in internal stresses and, con-

sequently, a decrease in microhardness. 

The thermomechanical treatment (TMT) modes investi-

gated in this work ensure the formation of martensite laths 

with a larger average width (by approximately 50 nm) 

compared to TMT with deformation at 900 °C [17]. How-

ever, the average sizes of secondary phase particles are 

smaller after deformations at higher temperatures. The mi-

crohardness of EK-181 steel after TMT with deformation at 

900 °C (2.86 GPa) is comparable to the microhardness after 

the treatment modes studied in the present work (Table 1). 

 

CONCLUSIONS  

The proposed thermomechanical treatment modes with 

plastic deformation at 1000 °C and 1100 °C produce a mi-

crostructure typical of 12-% chromium ferritic-martensitic 
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steels. This microstructure consists of prior austenite grains, 

martensite laths, Fe3C plates, retained austenite, and MX 

carbonitride particles. Subsequent high-temperature temper-

ing at 720 °C leads to a slight increase in the sizes of struc-

tural elements, a reduction in dislocation density, and  

the precipitation of finely dispersed М23С6 carbide particles. 

After the high-temperature thermomechanical treatments 

and tempering studied in this study, a refinement of the entire 

hierarchically organised steel structure is observed compared 

to the state after traditional heat treatment. The microstructure 

of EK-181 steel is characterised by average sizes of prior aus-

tenite grains and M23C6 carbide particles that are 2 times 

smaller, martensite laths that are 1.5 times narrower, an in-

creased dislocation density, and higher values of lattice micro-

distortions. A decrease in the deformation temperature leads to 

an increase in the average sizes of carbide phases, dislocation 

density, and lattice microdistortions, as well as a reduction in 

coherent scattering regions. 

The applied thermomechanical treatments modes result 

in a 10 % increase in microhardness compared to the condi-

tion after traditional heat treatment. 

The steel microstructure parameters and microhardness af-

ter the studied TMT modes are similar; however, TMT1000 

leads to the formation of smaller M23C6 carbide particles, 

which is especially important under high-temperature operat-

ing conditions. Thus, thermomechanical treatment with plastic 

deformation at 1000 °C can be considered the optimal treat-

ment mode for practical use as a structural material. 
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Аннотация: Российская 12%-ная хромистая ферритно-мартенситная сталь ЭК-181 (RUSFER-EK-181 Fe–12Cr–2W–

V–Ta–B) является перспективным конструкционным материалом для энергетических установок. В работе изучено вли-

яние термомеханических обработок с пластической деформацией в аустенитной области при 1000 и 1100 °C на струк-

турно-фазовое состояние ферритно-мартенситной стали ЭК-181 и значения ее микротвердости. Результаты исследова-

ния показали, что в условиях указанных термомеханических обработок формируется микроструктура, характеризую-

щаяся мартенситными ламелями, тонкими пластинами цементита и остаточного аустенита, а также частицами  

карбонитридов типа МХ (М – V, Ta, Ti; X – C, N). В условиях высокотемпературного отпуска (720 °C, 1 ч) после термо-

механической обработки происходит увеличение размеров структурных элементов, снижение плотности дислокаций  

и выделение карбидов М23С6 (M – Cr, Fe, Mn, W). При этом карбонитриды МХ демонстрируют высокую термическую 

стабильность и сохраняют свои размеры. После отпуска цементит и остаточный аустенит не были обнаружены. Пони-

жение температуры деформации приводит к повышению микроискажений кристаллической решетки и уменьшению 

областей когерентного рассеяния. Проведено сравнение полученных результатов с особенностями микроструктуры ис-

следуемой стали после традиционной термической обработки (ТТО). Показано, что пластическая деформация в аусте-

нитной области обеспечивает уменьшение средних размеров бывших аустенитных зерен в 2 раза, мартенситных  

ламелей – в 1,5 раза и частиц М23С6 – в 2 раза по сравнению с состоянием после ТТО. Кроме того, наблюдаются более 

высокие плотность дислокаций и значения микроискажений кристаллической решетки. После термомеханических  

обработок с деформацией при 1000 и 1100 °С значения микротвердости достигают значений 4,6 и 3,9 ГПа 

соответственно. В результате высокотемпературного отпуска происходит снижение микротвердости до 2,8  

и 2,9 ГПа соответственно. Указанные значения микротвердости после термомеханической обработки и отпус-

ка на 10 % превышают таковые после ТТО.  

Ключевые слова: ферритно-мартенситная сталь; термомеханическая обработка; деформация; микроструктура; 

микротвердость 
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