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Abstract: A systematic investigation of the evolution of microstructure, mechanical properties, and strengthening mechanisms 
of 12 % chromium ferritic-martensitic steel 16Cr12MnWSiVNbB (EP-823‑Sh type) during long-term thermal aging (up to 
5000 hrs) at temperatures of 450 – 580°C was conducted. Comprehensive electron microscopy analysis revealed quantitative 
changes in the structural parameters of the steel after aging compared to the initial state: a 30 % increase in ferrite grain size, 
a 1.3 –1.7‑fold reduction in dislocation density, coagulation of M23C6 carbides, and depletion of Mo in the solid solution. 
Qualitative changes include heterogeneous precipitation of Laves phase (Fe, Cr)2(Mo, W) particles after aging at 580°C for 
5000 hrs. A quantitative assessment was performed to determine the contributions of individual strengthening mechanisms 
to the yield strength of the steel under various aging conditions. It was established that the reduction in strength properties 
after aging is due to weakening of dislocation and grain boundary strengthening mechanisms. The increase in yield strength 
after prolonged (5000 hrs) aging at 580°C is attributed to the compensatory effect of precipitation strengthening resulting from 
the formation of finely dispersed Laves phase particles. The obtained results are of significant importance for predicting the 
long-term operational durability of ferritic-martensitic steels in power engineering applications.
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1. Introduction

Ferritic-martensitic steels containing 9 –12 % Cr represent 
key structural materials for advanced power generation 
systems owing to their optimal combination of irradiation 
and corrosion resistance, mechanical strength, and thermal 
stability [1– 7]. The Russian steel grade 16Cr12MnWSiVNbB 
(EP-823‑Sh) is especially promising for use in reactor core 
components designed for long-term service at temperatures 
reaching 620°C [5 –12].

During prolonged high-temperature exposure, the 
microstructure of these steels undergoes substantial evolution, 
characterized by dislocation structure relaxation, coarsening 
of strengthening phases, precipitation of intermetallic 
phases, and redistribution of alloying elements [7,12,13 – 23]. 
These microstructural changes govern the evolution of 
key strengthening mechanisms, thereby determining the 
mechanical performance of the steel under long-term service 
conditions [1,13 – 23].

Despite extensive research on the thermal stability of 
high-chromium ferritic-martensitic steels [7,12,15 – 24], a 

systematic analysis of the coupled effects of aging temperature 
and duration on the evolution of individual strengthening 
mechanisms including solid solution, precipitation, 
dislocation, and grain boundary strengthening, remains 
insufficiently explored in the scientific literature.

This work presents a comprehensive investigation of the 
effects of aging parameters (450 – 580°C, 1000 – 5000 hrs) on the 
microstructure and mechanical properties of 12 % Cr ferritic-
martensitic steel 16Cr12MnWSiVNbB, with a particular 
emphasis on quantitative evaluation of the contributions of 
individual strengthening mechanisms to the overall strength.

2. Materials and experimental method

The elemental composition of the steel under study is 
presented in Table 1. Aging was carried out on flat samples 
at 450°C for 5000 hrs (AG450 / 5000), at 540°C for 1000 hrs 
(AG540 / 1000), at 580°C for 1000 and 5000 hrs (AG580 / 1000 
and AG580 / 5000) in sealed glass tubes in Ar environment. 
Initial samples were sheets with a thickness of 2 mm in the 
as-received (AR) state.

C Cr Mn Mo Nb V W Ni N Si Ce Ti B Al
0.14 11.56 0.58 0.74 0.40 0.34 0.68 0.68 0.03 1.09 0.10 0.01 0.006 0.02

Table  1.  Elemental composition of steel (wt.%, base Fe).
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The grain-subgrain microstructure and second phase 
particles of the steel were studied by scanning electron 
microscopy (SEM), including the electron backscatter 
diffraction method (EBSD), an Apreo 2 S SEM equipped 
with a Field Emission Gun and a Pegasus Integrated EDX-
EBSD system with the Octane Elect Super and Velocity Super 
detectors (EDAX). The samples for SEM investigations were 
etched in a Vilella’s reagent (5 ml HCl, 1 g picric acid, 100 ml 
ethanol).

Prior austenite grain (PAG) sizes were measured from 
SEM images using the linear intercept method. The size 
distribution, number density, and volume fraction of second-
phase particles were quantified from SEM backscattered 
electron (BSE) images using ImageJ software.

The transmission electron microscopy (TEM) studies 
were carried out using thin foils and carbon replicas 
on a JEOL JEM-2100 microscope (accelerating voltage 
200  kV) equipped with an X-ray energy dispersive 
microanalysis system (EDX, INCA Energy). Thin 
foils were prepared by electrolytic polishing in a 10 % 
solution of chromic anhydride (CrO3) in phosphoric  
acid (H3PO4).

The mechanical tensile tests were carried out at a strain 
rate of ≈2 ×10−3 s−1 on a MIM 2-50 testing machine at 20°C. 
We used dogbone-shaped samples with a gage section of 
13.0 × 2.0 ×1.0 mm.

3. Results

Microstructural evolution of ferritic-martensitic steel 
16Cr12MnWSiVNbB following aging treatments at 450 and 
540°C was initially investigated in prior studies [7,12].

Comparative SEM and TEM studies of the microstructure 
of the steel in the as-received condition and after aging at 
450 – 580°C (for 1000 – 5000  hrs) revealed a hierarchically 
organized structure dispersion-strengthened by second-
phase particles in all structural states (Figs. 1– 4). Within prior 
austenite grains measuring 13.5 –14.7  μm (Fig.  1, Table  2), 
there are ferrite grains and subgrains with a high dislocation 
density (up to ρ ≈ 6.1×1014 m−2, Fig. 4). The carbide subsystem 
in the initial state consists of rounded MX-type particles 
(M — Nb, Mo, V, etc.; X — C, N) located inside grains and 
subgrains, and predominantly submicron-sized Cr-rich 
M23C6 carbides (M  — Cr, Fe, Mo, W, etc.) with irregular 
morphology located predominantly along the boundaries of 
structural elements (Figs. 2 – 4, Table 2).

Aging at 450°C (5000 hrs), 540°C (1000 hrs), and 580°C 
(1000 hrs) resulted only in quantitative changes in structural 
parameters of the steel (Table  2, Figs.  1– 4). In contrast, 
prolonged exposure at 580°C additionally induced qualitative 
transformations in its phase composition (Figs. 2, 4). The key 
microstructural changes observed after aging, compared to 
the initial state, are as follows (Table 2, Figs. 1– 4):

		        а 				                    b 				            c

		       d 				                   e
Fig.  1.  (Color online) Inverse pole figure (IPF) EBSD images of steel microstructure in AR state (a) and after aging at 450°C for 5000 hrs (b), 
at 540°C for 1000 hrs (c), at 580°C for 1000 and 5000 hrs (d and e, respectively).
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−  an approximately 1.3‑fold increase in the ferrite grain 
size;

−  an approximately 1.3 –1.7‑fold reduction in the 
dislocation density due to recovery and polygonization 
processes;

−  an increase in the size (by less than 44  nm) and 
volume fraction (by less than 1.8‑fold) of M23C6 particles, 
accompanied by a change in their number density due to 
additional precipitation and coarsening via the Ostwald 
ripening mechanism.;

−  an increase in the Mo content of the M23C6 particles 
(from 4.5 – 8.3 to 10.1–16.2  wt.%) and a corresponding 
depletion of this element in the matrix solid solution;

−  precipitation of Mo-rich Laves phase (Fe, Cr)2(Mo, W), 
following a 5000  hrs incubation period at 580°C. These 
particles, which were absent in other investigated structural 
states, nucleate heterogeneously at prior austenite grain 
boundaries, ferrite grain and subgrain boundaries (often 
adopting a lens shape morphology), and on existing 
M23C6 particles, forming irregular shell-like structures 
around them. The formation of these intermetallic phase 
particles further contributes to the depletion of Mo from  
the solid solution.

Of a particular interest is the exceptional thermal stability 
of MX-type particles, which maintain nearly constant size and 
volume fraction even after prolonged aging at 450 – 580°C for 
up to 5000 hrs (Table 2).

Figure 3 presents histograms showing the size distribution 
of secondary phase particles. Notably, after aging at 580°C for 
5000 hrs, the distribution includes both M23C6 carbides and 
Laves phase particles due to the difficulty in experimentally 
distinguishing them in SEM images. As evident from the 
Fig. 3, aging under these conditions increases the fraction of 
particles smaller than 100 nm compared to the initial state and 
other aging regimes, which is attributed to the precipitation 
of finely dispersed Laves phase particles.

Analysis of short-term tensile test data presented in 
Table  3 demonstrates that thermal aging of the steel in 
the 450 – 580°C range reduces its yield strength by up to 
127  MPa. This decrease exhibits a complex non-linear 
dependence on both aging temperature and duration. To 
establish a correlation between the microstructural evolution 
and mechanical properties, a quantitative assessment of 
the contributions from key strengthening mechanisms 
was performed, based on the experimentally determined 
structural parameters provided in Table 2.

		       а 				                   b 				            c

				             d 					     e
Fig.  2.  SEM images of steel microstructure with second phase particles in AR state (a) and after aging at 450°C for 5000 hrs (b), at 540°C for 
1000 hrs (c), at 580°C for 1000 and 5000 hrs (d and e, respectively).

Table  2.  Microstructure parameters of as-received steel and after aging at different temperatures.
Structural state AR AG450/5000 AG540/1000 AG580/1000 AG580/5000

Average size of PAGs, μm 14.7 ± 0.7 14.8 ± 0.7 13.5 ± 0.5 14.3 ± 0.8 14.7 ± 0.5
Average size of ferrite grains, μm 1.33 ± 0.1 1.68 ± 0.1 1.78 ± 0.1 1.72 ± 0.1 1.74 ± 0.1

Dislocation density, ×1014 m−2 6.1± 0.1 4.7 ± 0.1 3.5 ± 0.1 4.1± 0.1 3.8 ± 0.1
Average size of М23С6, nm 217 ±13 257 ±15 261±15 235 ±11 219 ±10*

Volume fraction of М23С6, % 1.6 ± 0.1 2.7 ± 0.2 2.8 ± 0.2 2.65 ± 0.2 2.75 ± 0.1*
Number density of М23С6, μm−2 1.40 ± 0.08 1.34 ± 0.10 1.23 ± 0.07 1.65 ± 0.32 2.43 ± 0.44*

Average size of MX, nm 252 ±17 248 ±15 254 ±16 254 ±13 255 ±11
Volume fraction of MX, % 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1

Mo content in matrix according to EDX data, at.% 0.64 ± 0.05 0.35 ± 0.03 0.41± 0.06 0.29 ± 0.05 0.23 ± 0.04
*total values for M23C6 carbides and Laves phase particles are given.
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		      а 				                   b 				                c

			                        d 					             e
Fig.  3.  Size distribution of secondary phase particles in the steel in the as-received (AR) condition and after aging at 450 – 580°C for 
1000 – 5000 hrs.

		     а 				                  b 					          с

		     d 				                  e 					           f

Fig.  4.  (Color online) TEM images of the steel microstructure after aging at 540°C for 1000 hrs and 580°C for 5000 hrs: bright-field images 
of grain-subgrain structure (a, d); bright-field images of secondary phase particles on a carbon replica (b, e); EDS element distribution maps 
corresponding to Fig. 3b, e, respectively (c, f).



308

Polekhina et al. / Letters on Materials 15 (4), 2025 pp. 304-310

The yield strength of steels (σ0.2
calc) can be represented as a 

linear superposition of key strengthening contributions: the 
intrinsic lattice friction stress (σ0), solid solution strengthening 
(σss), grain-boundary strengthening (σgb), dislocation 
strengthening (σdisl) and precipitation strengthening (σOr). 
This relationship is expressed as follows [11, 23, 25]:

	             σ0.2
calc = σ0 + σss + σgb + σdisl + σOr.		  (1)

The intrinsic lattice friction stress (σ0), which originates 
from the Peierls-Nabarro barrier, is typically estimated using 
the established relationship [26]:

		            σ0 = 2G ×10−4, 		  (2)

where G is the shear modulus (GPa). Using the value of 
G = 85.3  GPa [9] for the steel under investigation, the 
calculated contribution of σ0 is approximately 30  MPa 
(Table 3 and Fig. 5). As a fundamental property of the crystal 
lattice, this value remains constant and is independent of the 
subsequent structural state of steel.

The solid solution strengthening from substitutional 
elements (σss) in the bcc matrix was estimated for Cr, W, and 
Mo according to [18, 23, 28]:

		         σss = 0.00689kXn, 		  (3)

where X is the equilibrium concentration of substitutional 
elements (at.%), n is an exponent with a value of 0.75 for 
the elements considered, the constant 0.00689 is serves to 
convert the result from psi (pound per square inch) to MPa 
and k is the strengthening coefficient. The calculation rests 
on the assumption that nearly all C and Nb atoms are 
partitioned into carbide phases, thereby excluding them 
from the solid solution. The influence of all other alloying 
elements was neglected due to their low concentrations 
and / or the corresponding strengthening coefficient. The 
respective strengthening coefficients (k) for Cr, W, and Mo 
are 1400, 11000, and 9600 [28, 29]. The Mo concentration 
(X) is highly dependent on the aging mode, as evidenced 
by EDX data (Table  2). Aging at 450°C for 5000  hrs, at 
540°C for 1000  hrs and at 580°C for 1000  hrs leads to Mo 
enrichment of M23C6 carbides. Aging at 580°C for 5000 hrs 
further depletes the matrix of Mo through the additional 
precipitation of Laves phase (Fe, Cr)2(Mo, W) particles. This 
progressive loss of Mo from the solid solution with aging 
time and temperature directly results in a corresponding 
decrease in the calculated σss values, as presented in  
Table 3 and Fig. 5.

The grain boundary strengthening (σgb) can be expressed 
as following equation according to Hall-Petch relation 
[23, 25, 28]:

		               �gb
gb�
k
D
,  		  (4)

where kgb is a microstructural parameter (0.307 MPa × m1 / 2) 
and D is the mean grain size. Analysis of EBSD data revealed 
that after aging the mean ferrite grain size increased by 
approximately 30 % compared to the as-received condition 
(Table  2). This grain coarsening directly resulted in a 
corresponding decrease in the calculated σgb value, as 
detailed in Table 3 and Fig. 5.

The dislocation strengthening σdisl can be described using 
Taylor theory as [24 – 26, 28]:

		           � � �disl � Gb ,  		  (5)

where α is a material-specific constant (taken as 0.38 for α-Fe 
[26]), G is the shear modulus, b is the Burgers vector magnitude 
(about 0.25 nm), and ρ is the total dislocation density (m−2). 
The experimental results demonstrate that aging reduces 
the dislocation density (Table  2), leading to a decrease in 
the calculated dislocation strengthening contribution. This 
effect is accelerated at higher temperatures due to enhanced 
recovery and polygonization, as quantitatively shown by the 
results in Table 3 and Fig. 5.

According to Ashby-Orowan, precipitation strengthening 
of steel can be expressed as [25, 29]:
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Table  3.  Experimental yield strength (σ0.2
exp) and estimated contributions of individual strengthening mechanisms to the calculated yield 

strength (σ0.2
calc) of the steel in the as-received state and after aging at various temperatures.

Fig.  5.  (Color online) Comparison of the yield strength calculated 
by the linear summation of individual strengthening mechanisms 
(σ0.2

calc) with experimentally measured values (σ0.2
exp) for the steel in the 

as-received (AR) condition and after various aging treatments.

State AR AG450/5000 AG540/1000 AG580/1000 AG580/5000
σ0.2

exp, MPa 637 580 510 550 579
σ0, МPа 30 30 30 30 30
σss, МPа 130 112 115 108 104
σgb, МPа 266 237 230 234 233
σd, МPа 200 176 152 164 158
σOr, МPа 57 71 51 64 100

σ0.2
calc 683 626 578 600 625
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where d is the average diameter of the precipitates and  
f is their volume fraction. The precipitation strengthening 
contribution was calculated based on the combined 
effect of all precipitate types present in each specific 
microstructural state. While thermally stable MX particles 
undergo minimal change after aging, the strengthening 
is primarily governed by the evolution of M23C6 carbides, 
which coarsen and increase in volume fraction (Table 2). An 
additional contribution arises from the precipitation of fine 
Laves phase particles after a prolonged incubation period 
(5000  hrs) at 580°C (Table  2). For example, particles with 
a size of 80 nm with a volume fraction of only ≈0.5 % can 
provide an increase in the yield strength of steel by ≈50 MPa. 
The calculated σOr values for each structural state, which 
reflect this complex precipitate evolution, are presented  
in Table 3 and Fig. 5.

4. Discussion

As evidenced by the results of this study, the applied 
linear superposition model of individual strengthening 
contributions (Eq. (1)) enables highly accurate prediction 
of the yield strength of the investigated steel in both the 
as-received state and after various aging treatments. This is 
confirmed by the good agreement between the calculated 
(σ0.2

calc) and experimentally determined (σ0.2
exp) yield strength 

values (Table 3, Fig. 5).
The analysis reveals that the change in the yield strength 

of steel after aging is governed not by a single mechanism, 
but rather results from the complex interaction of several 
competing softening and strengthening processes activated 
by thermal exposure.

Following aging at 450°C for 5000 hrs, 540°C for 1000 hrs, 
and 580°C for 1000  hrs, softening processes dominate: the 
decrease in experimental yield strength is associated with 
a reduction in two primary strengthening mechanisms  — 
dislocation (σdisl) and grain boundary (σgb) strengthening 
(Table 3, Fig. 5). This is a direct consequence of the activation 
of recovery and polygonization processes, leading to the 
annihilation and redistribution of dislocations, as well as 
minor ferrite grain growth.

Concurrently, a decrease in the solid solution 
strengthening contribution (σss) is observed (Table 3, Fig. 5), 
which is predominantly controlled by the concentration of 
Mo in the steel matrix. The gradual reduction in σss with 
increasing aging temperature and time is a direct result of 
the progressive depletion of Mo from the solid solution. This 
depletion occurs through its redistribution into growing 
M23C6 carbides and Laves phase (Fe, Cr)2(Mo, W) particles 
that precipitate after aging at 580°C for 5000 hrs.

The reduction in σdisl, σgb, and σss is partially compensated 
by an increase in precipitation strengthening contribution 
(σOr) for most aged conditions, which is mainly attributed to 
the formation of new precipitates and an increased volume 
fraction of M23C6 carbides. The most significant increase in 
σOr is observed after prolonged aging at 580°C for 5000 hrs 
(Table 3, Fig. 5). This is explained by the formation of a high 
density of fine Laves phase particles and represents the key 
factor responsible for the anomalous growth of yield strength 
in this structural condition.

Thus, the presented analysis establishes a clear quantitative 
relationship between the evolution of microstructure and 
the mechanical properties of the steel. This work highlights 
the critical importance of accounting for the simultaneous 
evolution of all strengthening components for accurate 
prediction of the mechanical properties of advanced steels 
under long-term service conditions. The obtained results 
suggest that targeted microstructural control, particularly the 
formation of stable, finely dispersed precipitates that pin the 
dislocation substructure and / or prevent the migration of the 
boundaries of structural elements, can effectively counteract 
the softening mechanisms to maintain high strength after 
thermal exposure.

4. Conclusions

Long-term thermal aging (up to 5000  hrs) of the ferritic-
martensitic steel 16Cr12MnWSiVNbB in the range of 
450 – 580°C induces complex microstructural evolution. This 
transformation is characterized by the dislocation structure 
relaxation, ferrite grain growth, coagulation of M23C6 
carbides, and redistribution of alloying elements between the 
matrix and second-phase particles, resulting in a decrease in 
the Mo content in the solid solution. A qualitative change 
in the phase composition involves the precipitation of Laves 
phase (Fe, Cr)2(Mo, W) intermetallic particles at 580°C after 
a prolonged incubation period (5000 hrs).

The regularities of change in the strength properties of the 
steel during thermal aging are determined by the competition 
of the ongoing processes of evolution in its structural-phase 
state. Estimates of the contributions of various strengthening 
mechanisms, based on experimentally determined structural 
parameters of the steel as a function of aging temperature 
and duration, showed that the decrease in its yield strength 
(by up to 127 MPa) compared to the initial state is primarily 
due to a reduction in the contributions of dislocation and 
grain boundary strengthening mechanisms. Precipitation 
strengthening associated with the formation of fine Laves 
phase particles has a compensatory effect, leading to an 
improvement in the strength properties of the studied steel 
after aging at 580°C for 5000 hrs.

The obtained results establish a correlation between 
thermal aging conditions and the evolution of microstructure 
and mechanical properties. This understanding provides a 
foundation for the targeted design of microstructure in heat-
resistant steels to extend their high-temperature service life.
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