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Abstract: The creep properties of 15Kh2NMFAA nuclear WWER (water-water energetic
reactor) vessel steel in the range of 500-1200 °C temperatures, which may appear during
severe nuclear reactor accidents, were investigated. The present paper attempts to analyze
the creep curves obtained from tensile testing at high temperatures using the Larson-Miller
parametric technique. The power law rate and material coefficient of Norton’s equation
with the Monkman—Grant relationship coefficient were found for each test temperature.
It is shown that in accordance with the Monkman—Grant relationship coefficient values,
changing the creep type from dislocation glide to high temperature dislocation climb occurs
in the temperature range of 600-700 °C, which leads to a slope change in the Larson-Miller
parameter plot and the conversion of steel creep behavior. It is also shown that in the
range of Aj—A3 temperatures, a stepwise change in creep characteristics occurs, which
is associated with phase transformations. In addition, the constancy of the product of
the time to rupture 7, and the minimum creep rate é,,;,, in the ranges of 600-700 °C and
A3—1200 °C was noted. The proposed approach improves the accuracy of time to rupture
estimation of 15Kh2NMFAA steel by at least one order of magnitude. Based on the research
results, the calculated dependence of the steel’s long-term strength limit on temperature
was obtained for several time bases, allowing us to increase the accuracy of material
survivability prediction in the case of a severe accident at a nuclear reactor.

Keywords: 15Kh2NMFAA steel; creep; microstructure; Larson-Miller parameter;

Monkman-Grant relationship; long-term strength limit

1. Introduction

One of the key problems in the analysis of reactor behavior during a severe accident
at a nuclear power plant (NPP) is the problem of the in-vessel retention (IVR) measure of
destroyed core materials during the emergency. The IVR strategy was first designed [1]
for the Finnish Loviisa NPP for the WWER-440 reactor unit and was further successfully
implemented in NPPs operating AP-600 and AP-1000 nuclear reactors [2,3].

A review of studies [1-11] analyzing the behavior of reactor vessels under conditions
of intense thermal and force impact in an accident with complete or partial core destruction
has shown that the main cause of reactor vessel structural failure is the high-temperature
creep of the vessel material. Therefore, an adequate assessment of the reactor vessel’s ability
to resist deformation under creep conditions, as well as the prediction of the rupture time
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in such severe accidents, is an extremely crucial task and is the subject of comprehensive
studies [12-17].

Heat-resistant 15 Kh2NMFAA steel is one of the most commonly used steels for WWER
nuclear vessel manufacture [18,19]. The requirements for the chemical composition of this
steel and actual composition of the steel used in this research is shown in Table 1.

Table 1. Content of elements in 15Kh2NMFAA steel, wt. % (Req.—requirements of the standard;
Act.—actual content in the steel under study).

C Mn Si Cr Ni Mo \Y% P S
Req. 0.13-0.18 0.30-0.60 0.17-0.37 1.80-2.30 1.00-1.50 0.50-0.70 0.10-0.12 <0.012 <0.015
Act. 0.15 0.6 0.32 2.09 1.2 0.57 0.1 0.009 0.002

This steel was developed in the USSR over 60 years ago for the manufacture of WWER
reactor vessels and other power equipment elements. Over time, the steel has undergone
numerous changes in chemical composition, as well as manufacturing and processing
technologies, to meet the requirements for such materials and ensure the reliable operation
of reactor vessels for at least 30 years. The experience of operating vessels made of this
steel in Russia and other countries has shown its fairly high reliability. The service life of
most reactor vessels is extended today to 40, 50, and even 60 years. At the same time, such
service life is possible only at nominal temperatures, which are about 300 °C. The behavior
of this steel at a significant increase in temperature up to 500 °C and above, which can only
be observed in the case of severe accidents at a NPP, deserving special attention.

Numerical studies are dedicated to the investigation of creep behavior, microstructure
changes, and factors affecting the strain and damage accumulation of various heat-resistant
steels and alloys at high temperatures [20-34]. Several results of creep tensile tests in
the range of 500-1200 °C of 15Kh2NMFAA steel were presented in previous authors’
papers [35-37], where some specific deviations in the steel creep strain at temperatures
between 600° and 850 °C were observed. The explanation assumed to be due to microstruc-
ture changes in the range of A;—Aj3 phase transition temperatures (A; ~ 760-770 °C is the
temperature of pearlite to austenite conversion and A3 ~ 820-830 °C is the temperature of
ferrite to austenite conversion finish during heating). It was shown that the results of pre-
dicted rupture time for 700 °C obtained using the Larson-Miller equation for temperatures
between 500 °C and 900 °C without taking into consideration the microstructure changes
of the 15Kh2NMFAA steel differs from ones obtained by creep tensile testing more than
20 times [35]. Thus, for an applied stress of 35 MPa at a temperature of 750 °C, the estimated
failure time is 3410 h, whereas during creep testing, the specimens were failed in 20-21 h.
There are several papers that study the microstructure impact on the creep characteristics
of reactor steels, for example, SA508 steel [16]. However, the A; temperature for SA508
steel is much lower, so for this steel, the transition to hot deformation coincides with the
onset of phase transformations. The behavior of 15Kh2NMFAA steel, which contains a
larger number of ferritizing elements and has significantly higher A; and A3 temperatures
is different. It is obvious that the creep behavior has not been studied in enough detail for
this steel yet.

The present paper attempts to define the creep behavior of the 1I5Kh2NMFAA steel in
the range of 500-1200 °C, in connection with phase transformations and microstructure
changes that are taking place under variable loading and temperature. The main task of
the paper is obtaining and analyzing real data on the creep behavior of 15Kh2NMFAA
steel at temperatures corresponding to abnormal operating conditions of the reactor vessel
which may occur in case of severe accidents. These data are of great value for assessing the
reliability of power engineering equipment at nuclear power plants.
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2. Materials and Methods

Cylindrical specimens with a diameter of @8 mm for creep tension tests were machined
off from an actual unreserved WWER pressure vessel. Creep tests were carried out on tensile
machines at temperatures of 500-1200 °C. The 1246R-2/2300 testing machines, NIKIMT,
Moscow, Russia were used for specimen testing, which are designed to perform creep
tests, including tests in a vacuum, up to a temperature of 2300 °C. The machines have an
electromechanical drive. The load is measured by a strain gauge, and the strain is measured
by a strain gauge extensometer. Both sensors are located inside the vacuum chamber
and allow recording the creep curves “load—time” and “strain—time”. The stress level
varied depending on the test temperature. At temperatures up to 650 °C, tests were carried
out in an air atmosphere, at temperatures of 700-900 °C in argon, and at temperatures of
900-1200 °C in a vacuum. In total, more than 60 specimens were tested, and 56 specimen
test results were accepted for consideration and analyzed. All specimens test results are
shown in Table Al (see Appendix A at the end of the paper).

For the creep curve analysis and experimental data processing, the following param-
eters were used: stress o, temperature T, rupture time 7,, and minimum creep rate é,,;;,.
A Larson-Miller parametric technique was used for obtaining relations between stress,
temperature, and rupture time for experimental data as follows:

10g0’ =b1 +byPry, 1)
Py = T(log T + C), (2)

where Pj s is the Larson-Miller parameter, and by, by, and C are the fitting constants.
The Larson-Miller constant C, as mentioned in [23,24], can be varied with the materials and
testing conditions ranging from 10 to 30. In [23], the Larson-Miller constant was determined
to be C = 20 for carbon steels and low-alloy steels, which had a similar composition with
that of SA508 Gr.3 steel. Therefore, the value of C = 20 was chosen in this paper.

The creep equation expressing the dependence of minimum creep rate €, on stress o
at different constant temperatures was used as follows:

Emin = AeiQ/RTU’n/ 3)

where A and B are constants, Q is the activation energy, R is the gas constant, and # is the
creep stress exponent. One of the most important creep parameters for engineering applica-
tions is rupture time T,. For heat-resistant low-alloyed steels, 7, is inversely related to the
creep rate at the steady state (minimum creep rate €,,;,) according to the Monkman—Grant
relationship, expressed as follows:

T = K/€pin, (4)

where K is a constant. The values of by, by, C, B, and K, used in Equations (1)-(4), were
determined via data processing to maximize the coefficient of determination 7.

To study the microstructure, the 15 Kh2NMFAA steel specimens were axially cut after
being tested. These fragments were pressed into a phenolic compound, consistently grinded
using emery paper of different grits, and mechanically polished with colloidal suspension
based on Al,O3;. Microstructure analysis was performed using a Tescan MIRA 3 LMU
scanning electron microscope, Tescan, Libusina, Czech Republic equipped with the high
brightness Schottky Field Emission gun and Energy-dispersive X-ray spectroscopy (EDX)

detector, Tescan, Libus$ina, Czech Republic.
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3. Results
Experimental conditions and creep test results of the 1I5Kh2NMFAA steel specimens
are presented in Table A1, and Figure 1 shows several creep curves for various test stresses

and temperatures.
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0.8 1 700°C, 65 MPa I :
700°C, 130 MPa " I
——800°C, 30 MPa L I
0.6 1 ——800°C, 60 MPa [
——1000°C, 15.5 MPa | / )
04 | ——1000°C, 25 MPa j
1 ——1200°C, 4.4 MPa il
— —1200°C,10MPa /. |/ /// l
0.2 A
r_/’// - ’///
| _‘—/

0
10 T, h

[a—

0.01 0.1

Figure 1. Creep curves “strain e-time 7" of several 15Kh2NMFAA steel specimens.

A plot of stress o vs. the Larson-Miller parameter Py ) for all tested specimens is
shown in Figure 2, taking a value of C = 20. A perceptible slope change in the “o — Ppp”
relation in the range of 700-750 °C occurs, which could not be related to the steel mi-
crostructure type change, because the starting phase transition temperature A; is noticeably
higher (A1 ~ 760-770 °C) for this steel [38]. Moreover, for the temperatures below 750 °C,
at 800 °C and above 850 °C, a break and a shift in the trend line in Figure 2 are observed as
the test temperature increases. The most plausible cause of this phenomenon is the changes
in the microstructure that are taking place in the region of A; and A3 temperatures.

o, MPa T

300 17® ® 500°C = 600°C

e - +650°C  ©700°C
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A +850°C  900°C
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Figure 2. Plot of Larson—-Miller Parameter Py 5; for 15 Kh2NMFAA steel at temperatures of 500-1200 °C.

Analyzing these results, the creep stress exponent n and parameter B values were
calculated for each test temperature specified in Equation (3). Figure 3 shows the n and
logB values for different test temperatures. The graph indicates that the steepest drop in the
power law exponent (3) occurs in the range of 600-700 °C, while in the range of 750-1200 °C,
its value remains constant despite the phase transformations in the A;—A3 range.
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Figure 3. Relationship between the B and n coefficients of power law relation é,,;,, = Bo" and test
temperature T.

Figure 4 shows the dependence of the coefficient K of the Monkman—Grant ratio,
calculated for each test on the value of the rupture time 7, multiplied by the minimum creep
rate €,,;;, using Equation (4). It follows from the results that in the ranges of 600-700 °C and
A3—1200 °C, coefficient K = 1,€,,;, remains constant, and the increase in the value of K
occurs at 750 °C, that is, before the beginning of phase transformations at A; temperature.
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Figure 4. Dependence of the coefficient K of the Monkman—Grant ratio on test temperature T.

It is obvious from the obtained graphs that the microstructure has a decisive impact
on the steel behavior under creep conditions. The original microstructure of the steel is
represented by a ferrite-carbide mixture obtained after normalization and subsequent high
tempering. Some results of 15Kh2MFAA steel microstructure investigation are presented
in [38]. Dispersed particles, primarily carbides, play an important role in resistance to
deformation under creep conditions. The distribution of carbide inclusions was studied by
scanning electron microscopy (Figure 5).

Three types of carbides were found in the specimens tested at 800 °C and below as
follows: molybdenum-enriched (light) with an average size of 100-300 nm, located for
the most part at grain boundaries; chromium-enriched (gray) with an average size of
100-200 nm; and vanadium-enriched (dark) with an average size of 100 nm or less. Accord-
ing to [39], vanadium-enriched carbides are compounds of the Me(C,N) type, molybdenum-
enriched ones are Me,C, and chromium-enriched ones are Me;C3. No carbides were de-
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tected in the specimen tested at 850 °C for 25.6 h. Apparently, this duration was sufficient
to dissolve them. The size of vanadium-enriched carbides found in the specimen tested
at 650 °C was smaller, and the volume fraction of carbides was less in comparison with the
specimens tested at 800 °C and 850 °C.

-

V(C,N)

SEM HV: 10.0 kV Det: BSE MIRA3 TESCAN|
View field: 2.30 pm WD: 8.96 mm 500 nm
SEM MAG: 275 kx

SEM HV: 10.0 kV Det: BSE
View field: 5.00 pm WD: 9.00 mm 1pm
SEM MAG: 126 kx

SEM HV: 10.0 kV Det: BSE MIRA3 TESCAN|
View field: 5.00 pm WD: 9.02 mm 1pm
SEM MAG: 126 kx

(b)
Figure 5. Microstructure of 15Kh2NMFAA steel after creep tests at 650 °C (a), 800 °C (b), and 850 °C (c).

4. Discussion

The creep curves of 15Kh2NMFAA do not have a clearly defined steady state region
area, which was also noted during the long-term tests of similar steels [20,27]. Low-alloyed
steels with a ferrite—carbide microstructure have relatively high yield strength due to
precipitation and dislocation hardening and therefore do not usually require significant
strain hardening to resist creep well. In this case, the primary stage of creep passes quickly
into the secondary (steady state) stage, with a minimum of the strain rate é,,;,,, followed
immediately by the tertiary stage with an abrupt increase in the strain rate.

The gap in the Larson-Miller parametric dependence for the temperatures of A;
and Az (760-770 °C and 820-830 °C, respectively, as shown in Figure 2), indicates that
15Kh2NMFAA steel should be considered as different material when analyzing creep
characteristics in the austenite and ferrite-carbide states due to fact that the lattice type and
physical properties differ between these two microstructures. To accurately predict the creep
behavior of 15Kh2NMFAA steel, it is reasonable to obtain the analytical stress dependences
on the Larson-Miller parameter for various temperature ranges as follows: from 500 °C
to 700 °C, from 700 °C to A1, and from A3 to 1200 °C. For the A; — A3 temperature range,
including tests at 800 °C, it is not reasonable to obtain the common “o—P; );” relation
due to the continuous microstructure changes within this temperature range. Figure 6
“o—Py 0" dependence for the specified temperature ranges. When constructing Figure 6,
data from the same creep tests were used as for constructing the generalized Larson-Miller
dependence shown in Figure 2.

To obtain the closest approximation functions, the coefficients by, by, and C were
chosen independently for each temperature range. Table 2 shows the values of these
coefficients for each temperature range, along with the maximum difference between the
experimental and calculated stress (7 / 0°?°) and rupture time (7;"F /7£%) obtained from
the Larson-Miller parametric relation (calculated values) and from creep test experiment
data (experimental values). Thus, the estimated rupture time from this paper agrees well
with the experimental data, with a worst-case difference of 1.83 times (Table 2), which is a
much more accurate results than that obtained in previous research [35].
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Figure 6. Stress c—Larson-Miller parameter Prj; curves for 1I5Kh2NMFAA steel at different

temperature ranges.

Table 2. Larson-Miller parameter by, by, and C coefficients for 15Kh2NMFAA steel at different

temperature ranges.

Larson—-Miller Parameter

Difference of Experimental and

T,°C Coefficients Calculated Values
b1 by C oP[geale, MPa T, P/t h
500-650 471440 —0.10217 25.8 195.0/184.0 13.55/23.70
650-760 728976  —0.20549 26.0 70.0/65.9 1.06/0.80
800 6.13906 —0.20328 20.0 30.0/32.1 21.84/29.78
830-1200 418859 -0.15361 14.1 13.5/15.2 18.88/34.64

The change of the Larson-Miller parametric dependence slope in the temperature
range of about 700 °C may be due to the dispersed carbonitride V(C,N) particles’ coagula-
tion, which have a significant impact on the creep resistance of steels, as well as the ferrite
depletion by alloying elements. Carbides enriched with vanadium, found in specimens
after testing at temperatures of 700 °C and above, can be attributed to relatively large
particles that are no longer crucial for deformation resistance under creep conditions.

This fact is indirectly supported by an abrupt change in the value of the creep stress
exponent 7 for the temperature range of 650-700 °C (Figure 4). A high value of n > 8
is observed at test temperatures below 650 °C, which is typical for dispersion-hardened
alloys in the “cold” deformation temperature region, when dislocations are not able to
redistribute and are forced to move through obstacles in the form of carbides [40]. At
700 °C, the value of the exponent # is 5.35, corresponding to an intermediate state between
“warm” deformation (low-temperature dislocation climb controlled by pipe diffusion
dominates) and “hot” deformation (high-temperature dislocation climb controlled by
lattice diffusion dominates).

The dependence of logB(T) (Figure 3) also reflects the transition in creep mechanisms
from “cold” to “hot” deformation. It is worth noting that if the test duration does not
exceed 1 h, the creep parameters can be described with satisfactory accuracy using the
Larson-Miller parametric dependence for the temperature range 500-700 °C. However,
if the test duration exceeds 20 h, the particular parametric dependence for a tempera-
ture range of 700 °C-A; is needed. This suggests that the creep mechanism may have
changed from “cold” to “warm” and then from “warm” to “hot” deformation during the
testing process, as the metal stayed at the test temperature for longer and has undergone
microstructure changes.
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Obviously, the separation of the Larson—-Miller parametric dependence used in this
study is quite conditional, as the size of the carbides rises gradually with test temperature
and duration increase. Therefore, with more experimental data, we should expect a smooth
change rather than an abrupt change in the slope of the parametric dependence.

For a test temperature range of 750-1200 °C, values of the creep stress exponent
n =~ 4.2-4.9 are observed, which are specific for alloys with solid-solution hardening in
the “hot” deformation region. Microstructure and phase transformations in the A;-A3
region (Figure 3) are not reflected in the graph of the dependences logB(T) and n(T),
suggesting that the role of carbides in creep deformation resistance at temperatures of
750 °C and above is minimal. In the “hot” deformation region, dislocations can redistribute
perpendicular to their sliding planes over long distances due to high-temperature creep
controlled by volumetric diffusion. This allows dislocations to bypass obstacles, resulting
in low values of creep resistance. The value of the coefficient K in the Monkman—Grant
ratio at 750 °C increases approximately twice compared to stable values in the range of
600-700 °C (Figure 4), which indicates significant microstructure changes and the impact
reduction of carbides in deformation resistance. This can be interpreted as an increase in
the strain rate at the same rupture time.

The abrupt change in creep parameters within the A;—A3 range can be explained by the
increased creep resistance of austenite phase compared to ferrite at the same temperature.
Therefore, with a similar rupture time, the strain rate at 800 °C turned out to be higher
than at 850 °C, since the decrease in deformation resistance with temperature increase was
compensated by an enlargement in austenite share up to 100%. Similar conclusions were
reported in [41], where it was noted that the rupture time of SA508 steel was shorter at a
temperature of 750 °C compared to 800 °C.

An important result of this paper is that at temperature range of A3—1200°C, the creep
parameters remain stable and predictable (Figures 3 and 4). So, within this temperature
range, the rupture time can be predicted based on the stress and temperature using the
Larson-Miller parametric dependence. The exponent n also remains constant, and the
increasing trend of the B = Aexp(—Q/RT) parameter within the A3—1200 °C range
(Figure 3) may be related to an increase in temperature, while the value of volumetric
diffusion activation energy remains unchanged. This allows us to define a relationship
between the minimum strain rate and the applied stress. In fact, the constant value of the
coefficient K in the austenitic region (Figure 4) makes it possible to predict the rupture time
T, based on the minimum strain rate €,,;,,, even without accurate temperature data.

Figure 7 shows the calculated dependence of the long-term strength limit of
15Kh2NMFAA steel on temperature, obtained on the basis of 1, 10, and 100 h. A no-
ticeable change in the slope of this dependence at a stress level of about 150 MPa (Figure 7)
corresponds to the Larson-Miller parameter Prj; = 24.9, where a break in the linear de-
pendence in Figure 6 also occurs. Obviously, the change in creep characteristics in the
range of 600-700 °C should be smooth, as the current microstructure state of the steel
depends not only on the temperature but also on the dwell time. An abrupt change in the
creep characteristics in the phase transformations’ region looks quite justified; however,
the deformation nature under creep conditions in the A;—Ajz range is not entirely clear,
and therefore, Figure 7 is shown as dashed lines in this region.



Metals 2025, 15, 571

9of 12

G’T’h;(foax |
R i
N
30 \\\::':\‘><\Q%)h
ASNSR
L DR

500 600 700 800 900 1000 1100 T,°C

Figure 7. Calculated dependence of the long-term strength of 15 Kh2NMFAA steel on temperature.

5. Conclusions

The deformation behavior of 15Kh2NMFAA vessel steel under creep conditions at high
temperatures in the range of 500-1200 °C was investigated, and as a result, the following
main conclusions were drawn.

It was determined that the transition process from “cold” to “hot” deformation at tem-
peratures of about 700 °C is accompanied by a shift in the trend line of the Larson-Miller
parametric dependence, which can be attributed to the coagulation of dispersed carboni-
trides of type V(C,N). Although large carbides of different types remained in the metal
structure up to 900 °C, with a short testing time, they did not impact significantly the
creep process.

It was established that phase transformations within the A;—Aj3 temperature range
lead to a break in the Larson-Miller parametric dependence for the steel under study.
In such cases, phase transformations do not impact the constants (B, ) of the power law
dependence of the strain rate on the applied stress.

It was found that in the austenitic region, the empirical coefficients of the Larson-Miller
parametric relation and the coefficient K of the Monkman—Grant ratio, as well as the con-
stants of the power law dependence of the minimum strain rate on the applied stress
remain constant for I5Kh2NMFAA steel up to at least 1200 °C. As a result, we obtained a
significant practical conclusion, which is that for this steel in the range of 850-1200 °C, we
can estimate the time to rupture by the minimum creep rate, even without knowing the
value of the actual temperature and its change.

It was found that when dividing the Larson-Miller parametric dependence for
15Kh2NMFAA steel at temperatures around 700 °C, A; and Ajz into four sections, the
accuracy of rupture time prediction in creep conditions increases by an order of magnitude.
Based on the results, the calculated long-term strength limit dependence of 15 Kh2NMFAA
steel on temperature on the basis of 1, 10, and 100 h was obtained, demonstrating an atypical
dependence of creep resistance on temperature in the region of the phase transformations.
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Appendix A

Table Al. Results of tensile creep tests of 1I5Kh2NMFAA steel

T °C Test Stress o, Rupture Test T °C Test Stress o, Rupture Test
! No. MPa Time 7,,h  Environment ! No. MPa Time 7,,h  Environment
1 370 20.0 29 50 2.1
850 argon
500 2 370 13.6 ) 30 50 2.0
air
3 350 41.0 31 48 0.6
argon
4 350 64.3 32 48 0.5 :
5 195 46.1 33 45 1.0 vacuum
6 195 40.5 34 44 1.0 argon
600 air 900
7 260 14 35 32 6.5
8 260 1.6 36 27 18.0
vacuum
9 140 19.3 37 25 27.0
10 140 17.3 38 22 46.8
11 180 2.1 39 25 1.6
650 12 180 1.6 air 40 20 5.7
1000 vacuum
13 180 14 41 15.5 94
14 180 24 42 135 189
15 200 04 43 19 0.6
16 130 0.8 44 14.3 2.1
17 130 0.7 45 12 4.6
700 argon 1100 vacuum
18 65 21.0 46 10 10.7
19 65 23.1 47 9 17.5
20 70 1.1 48 7.7 35.5
21 70 0.8 49 10 1.1
750 22 70 0.8 argon 50 7.6 3.3
23 35 21.3 51 7 42
24 35 20.2 1200 52 6.3 7.2 vacuum
25 60 0.9 53 5.7 11.6
500 26 60 1.1 54 5.7 115
argon
27 30 254 8 55 5.1 20.0
28 30 21.8 56 44 30.8
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