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Abstract: This paper presents the results of atom probe tomography studies on radiation-induced
phase formation in light-water reactor pressure vessel steels after neutron irradiation under various
conditions in comparison with the literature data. The given irradiation conditions are fluence
(10-100) x 10?> m~2, flux (5-2700) x 10* m~2s~! and irradiation temperature (50-400) °C. The
composition of the studied steels varies in a wide range for the elements significantly affecting
radiation and thermal resistance of steels: Ni in the range of 0.2-6.0 wt.%, Mn—-0.03-1.1 wt.%, Cu-
0.01-0.16 wt.%, and P-0.01-0.03 wt.%. The number density, volume fraction, size, composition, and
nucleation sites of precipitates are determined. The regularities of the effect of various operational
factors on the phase formation in these steels have been analyzed and revealed. The study shows
that in materials with high copper content, Cu-rich precipitates are formed by a radiation-enhanced
mechanism. In materials with low copper content, their formation upon irradiation at 300 °C occurs
by a radiation-induced mechanism since the main nucleation sites are point defect clusters formed in
cascades. At the same time, the density, volume fraction, and composition of the precipitates depend
on the steel composition (Ni and Mn content). In the steel with increased Ni content up to 5 wt.%
but with ultra-low Mn content < 0.03 wt.%, it is possible to suppress the formation of Ni-Si-Mn
precipitates under irradiation.

Keywords: reactor pressure vessel steel; neutron irradiation; phase formation; volume fraction;
flux effect; atom probe tomography; nucleation sites

1. Introduction

One of the key components of pressurized water reactors, the integrity of which must
be maintained throughout the life of a nuclear power plant, both during normal operation
and in the event of a maximum design basis accident, is the reactor pressure vessel (RPV).
It is a thick-walled cylindrical pressure vessel made of solid one-piece shells—base metal
forgings joined together by welds. Inside the RPV are all the fuel and structural components
that ensure the reactor operation. Pressurized water, which is heated while passing through
the reactor core (from 290 °C to 320 °C for VVER-1000), is pumped through the pressure
vessel from bottom to top. The RPV is also a barrier to the release of radioactive fission
products. During a basic design accident, cold water is pumped into the hot vessel, and
resulting thermal stresses must not lead to vessel destruction. Replacement of the RPVs
is not economically viable, and it is the RPV life that determines the service life of the
entire reactor. The RPV is made of quenched and tempered low-alloy heat-resistant steel
with a tempered bainite structure (Fe-Cr-Mn-Mo-Ni-Si-C system, depending on the reactor
type). Nickel is added to improve the steel fracture toughness and hardenability, silicon
to deoxidize, and manganese to bind the sulfur impurity in MnS. The presence of copper
admixture in the first RPV generations is due to the use of copper-coated welding wire.
The steels of the existing RPVs usually contain Cu (0.02-0.4), Ni (0.2-1.7), Mn (0.6-2.0),
Si (0.2-0.6), and P (0.003-0.04), in wt.%.
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During long-time operation (30 or more years), RPV steels are exposed to high-energy
neutrons resulting from fuel fission, up to total accumulated fluences of 2.4 x 10?4 m~2
(up to 0.1-0.5 dpa), and elevated temperature (~300 °C). This leads to degradation of the
mechanical properties of the RPV materials during the service life and can lead to premature
unacceptable failure of the RPV. The degradation of properties is mostly manifested in
the loss of ductility and a noticeable shift of the interval of the ductile-to-brittle fracture
transition, typical for steels with bec lattice, to a higher temperature area, known as radiation
embrittlement [1,2]. It is the shift of the critical embrittlement temperature that is the key
industry parameter used to determine the degree of the RPV radiation embrittlement and
service life. The most critical elements of the RPV are the welds opposite the core, which
are subject to the greatest radiation embrittlement.

Overall, the degree of RPV steel degradation is determined by structural changes
during operation. Therefore, it is important to understand how the RPV steel microstructure
changes under irradiation. It depends on many parameters related both to the material
itself (material type and composition, previous heat treatment, grain size, impurity content,
initial phases, dislocation density, etc.) and to the operating conditions (neutron energy,
temperature and duration of irradiation, accumulated irradiation dose (fluence), rate of
damage dose accumulation (flux)).

Neutron irradiation leads to the formation of atomic collision cascades, which creates
a combination of point defects (vacancies and interstitials) and clusters of these defects in
the crystal lattice. These are the initial conditions for the diffusive evolution of alloys under
irradiation. Subsequently, defects can recombine, migrate, agglomerate in the form of large
clusters, or annihilate at various sinks (free surfaces, grain boundaries, or dislocations),
resulting in significant changes in the microstructure and properties of steel. Although
individual point defects alone do not cause significant hardening, they are fundamental to
a wide range of irradiation effects. Thus, for RPV steels under typical irradiation, clustering
of point defects leads to the formation of dislocation loops of mostly interstitial type.
Moreover, point defects play a vital role in the long-term evolution of nanostructured
features through the transport of solute atoms. Radiation-enhanced diffusion is the result
of overconcentration of these defects. Irradiation can be considered on two different
time scales. The instantaneous parameter is the neutron flux (flux, ¢) expressed in units
of m~2s~1, while the integral parameter is the fluence (¢t, in units of m~2). Since the
concentrations of point defects depend on the neutron flux, the same fluence obtained
at different flux levels over different time intervals can lead to very different irradiation
effects (flux effect). Typical dose accumulation rates (fluxes) for samples irradiated as part
of existing RPVs do not allow obtaining in a short time the values of fast neutron fluence
required for proactive prediction. Therefore, accelerated irradiations in research reactors
at higher fluxes are used. This raises the question of the effect of flux on the results of
microstructural studies and mechanical tests.

Numerous studies have shown that RPV steel radiation embrittlement is caused
both by the formation of precipitates and radiation defects—dislocation loops, which act
as barriers to the movement of dislocations and lead to radiation hardening (hardening
mechanism) and grain-boundary embrittlement due to the weakening of grain-boundary
cohesion caused by the formation of grain-boundary segregation of impurity and alloying
elements (non-hardening mechanism) [2-6].

The major embrittling elements are Cu, P, Ni, and Mn, and to a lesser extent also,
Si [7,8]. In steels with a high-Cu content, copper-enriched high-density precipitates are
formed, while in steels with a low Cu content but alloyed with Ni and Mn, precipitates
based on Ni, Mn, and Si are formed [2]. In addition, elements P, as well as Ni and Mn,
contribute to the grain-boundary embrittlement [4,9]. The difference in the content of
impurity and alloying elements in RPV steels of various origins determines differences
in the degree and kinetics of their radiation embrittlement. It is worth noting that the
chemical composition of the base metal (BM) and weld metal (WM) varies between RPV
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manufacturers, different RPVs of the same manufacturer, and even in a particular RPV,
especially for WM, whose composition may vary in different areas.

Once the negative effect of copper and phosphorus impurities on radiation embrit-
tlement for first-generation RPVs was discovered, their concentration in RPV steels was
controlled and limited. However, for second-generation RPV steels alloyed with nickel
and manganese, further studies showed an increase in embrittlement in steels containing
these elements at the upper limit of grade composition. Therefore, for the next generations
of steels with extended service life, the developers follow either the path of reducing the
nickel content or, if it is necessary to further increase the strength properties and fracture
toughness (e.g., when increasing the size of the vessel), on the contrary, increasing the nickel
content with simultaneous limitation of the concentration of other embrittling elements
(Mn, Si).

With the development of materials research methods, namely, the invention of high-
resolution analytical research methods—high-resolution transmission electron microscopy
and atom probe tomography (APT), there was a qualitative step forward in the level of
research and improvement of quantitative analysis. This allowed obtaining additional data
on the radiation embrittlement mechanisms, verifying or refuting various hypotheses put
forward earlier, and, along with the development of modeling methods, this improved
models of phase formation and segregation kinetics in RPV steels.

The review of systematic studies of a wide range of RPV materials under various
irradiation conditions allows for predicting the behavior of the material under neutron
irradiation conditions based on the mechanisms of redistribution of impurity and alloying
elements. Moreover, this allows for developing recommendations both on the potential of
extending the service life of materials of operating reactors (including the use of compen-
satory measures—recovery annealing of the most critical elements) and on the development
of new materials for new-generation reactors.

The impact of the non-hardening mechanism is found mainly in steels with high
nickel content [10]. Since the segregation kinetics for RPV steels is of a damped nature,
the contribution of the non-hardening mechanism should reach saturation during the long
operation of reactor vessels (more than 30 years in case of RPV service life extension) [10].
Therefore, the main contributor to the change in properties should be the hardening mecha-
nism [1,2]. At the same time, the density of radiation defects does not depend on the steel
composition and is significantly lower than that of radiation-induced precipitates [2,11],
which makes the contribution of the latter crucial for long service life. In this regard, this
paper investigates the peculiarities of phase formation in various RPV steels depending on
operational factors. For this purpose, experimental results of APT studies obtained over
the last decade for RPV steels of operating Russian reactors, as well as Russian-made steels
being developed, in comparison with foreign ones, have been accumulated and analyzed
to evaluate the effect of operational factors on phase formation in RPV steels.

2. Materials and Methods
2.1. Materials

The phase formation kinetics was studied for RPV materials of decommissioned
VVER-440 reactors, operating VVER-1000 reactors, as well as for advanced steels being
developed for next-generation reactors. In order to reveal the effect of dose accumulation
rate on phase formation in RPV steels, VVER-1000 RPV samples irradiated at different
dose rates were studied—as part of the vessels of operating reactors under the surveillance
specimen program and in the research reactor.

Russian-made RPV steels mainly differ from Western RPV steels in high Cr content
(usually containing about 2 wt.% Cr), higher P content, lower (in most cases) Cu content,
and, as a rule, lower (VVER-440) or higher (VVER-1000) Ni content.

Samples of advanced RPV steels with different Ni and Mn content for next-generation
reactors after accelerated irradiation in a material test reactor (MTR) have also been studied.
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In order to reveal the effect of irradiation temperature, steel samples after accelerated
irradiation at different temperatures have been investigated.

Table 1 shows the intervals of the studied material composition, and Table 2 shows the
states and irradiation conditions of the studied samples. The studied materials are divided
into groups according to the content of the major precipitate-forming elements. The table
shows the content of the key chemical elements in the studied steel.

Table 1. Chemical composition of the studied steels.

Chemical Element Content, wt.%, Fe-Cr-Mo-V-C-Balance

Material Type
Cu Ni Mn Si P
high-Cu, low-Ni
BM, WM VVER-440 0.11-0.16 0.14-0.18 0.43-1.05 0.3-0.59 0.020-0.032
medium Ni, medium Mn, medium Si
BM VVER-1000 0.04-0.05 1.09-1.28 0.43-0.49 0.24-0.30 0.006-0.011
high Ni, high Mn, medium Si
WM VVER-1000 0.02-0.08 1.34-1.88 0.73-1.1 0.22-0.35 0.003-0.011
low-Ni, mediuth Mn, high Si 0.03 0.34-071 0.26-027 0.42-0.43 0.004-0.005
high Ni, medium Mn, medium Si
BM, WM 0.04 1.57-1.61 0.31-0.45 0.25-0.29 <0.005
extra high Nl’v\;‘ﬁh Mn, low Si 0.04 5.95 0.76 0.15 <0.012
extra high Ni, ultra-low Mn, low Si 0.02 526 0.03 0.11 <0.005
Table 2. Studied states and irradiation conditions.
Tirr, Fluence !, Flux,
. . Reactor °C 102 m—2 10" m—2s-1
Composition Type Description
high-Cu, low-Ni, medium /high Mn A VVER 250-270 65-92 8.0-8.8
VVER 290 8-80 5.0-11.5
medium Ni, medium Mn, medium Si BM VVER-1000 MTR 300 49.7-75.0 550-660
400 45 600
. R . . VVER 290 6-101 2.5-25
high Ni, high Mn, medium Si WM VVER-1000 MTR 300 30-68 550-1650
low-Ni, medium Mn, high Si BM MTR 300 103-108 535
high Ni, medium Mn, medium Si BM, WM MTR 330 l6.4 764
! ’ ’ 400 115 2740
extra high Ni, high Mn, low Si WM MTR 400 53-115 821-2740
. . . 330 16.9 788
extra high Ni, ultra-low Mn, low Si BM MTR 400 115 2740

! Hereinafter, the fluence of fast neutrons (F) is given for neutrons with energy E > 0.5 MeV.

2.2. Atom Probe Tomography Studies

The APT method [12,13] used in this study has the unique ability to identify and
quantify individual chemical elements in three dimensions with the highest available
spatial resolution, which allows for the detection of inhomogeneities in the distribution of
elements and to obtain quantitative data on the distribution and composition of very small
precipitates (less than 3-5 nm), clusters and segregation at grain boundaries, interphase
boundaries and dislocation loops in three-dimensional space.

When the APT method is used, as well as other methods, there are challenges and
inaccuracies that are related both to the method directly and to the material under study.
The main artifacts are the effects of preferential evaporation and local magnification due to
the difference in the evaporation fields of different atoms (e.g., the Cu evaporation field
is lower than the Fe one), matrix atoms aggregating into clusters during reconstruction
due to trajectory aberration, inability to distinguish some isotopes due to peak overlap,
and changes in the position of atoms during reconstruction due to the migration of some
elements along the needle surface (e.g., P, 5i, and C). Due to the high locality of the method
(a typical studied volume of the sample is ~(50 x 50 x 100-200) nm?), the results obtained
may be unrepresentative of the volume of the overall material, so a sufficient volume of the
studied material should be accumulated.
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The above-mentioned drawbacks were addressed by optimizing the acquisition condi-
tions (temperature, detection rate, rules fraction), as well as by careful and thorough analysis
and interpretation of the obtained data based on the results of round-robin experiments
performed by the world’s experts in the field of APT research of reactor materials [14].

The studies were performed by atom probe tomography using an atom probe with
a local electrode CAMECA® Instruments Inc. LEAP 4000 HR. Needle-shaped specimens
were made by the standard electropolishing method using a 10% solution of perchloric
acid in acetic acid on a Simplex ElectroPointer from blank parts machined from previously
tested Charpy specimens [12]. Data accumulation was carried out in pulsed voltage mode
at the following parameters: temperature 50 K, pulse repetition rate 200 kHz, detection rate
0.1-0.2, and pulse fraction of 15-20%. Reconstruction and data processing were carried out
using the program CAMECA® TVAS® 3.6.12. All overlapping isotopes were separated by
standard methods when decoded on the mass spectrum using peak deconvolution [12,13].

Cluster identification was performed using the maximum separation method (MSM [12,15])
with the following processing parameters determined from the integrated analyses accord-
ing to [15]:

Core atoms: Cu, P, Ni, Si, Mn for high-Cu steels or Ni, Si, Mn for low Cu steels;
Order (of nearest neighbors) 8 (based on the IVAS nearest neighbor distribution);
dmax (maximum distance between atoms of the selected type in the cluster) = 0.7-0.8 nm;
Nmin (minimum number of atoms of the selected type in the cluster) = 11-40;

der =L = dmax.

Clusters located at the boundary were considered in the total density with a factor of
1/2 and were not considered in the analysis of size and composition.
The number density of precipitates was calculated as:

Nelusters detected _0'5'Nedge clusters

Ny = ’ 1)

Vdataset
where N jysters detected 1S the number of clusters detected in the dataset, Nedge clusters 1S the
number of clustersdetected at the edge of the analyzed volume, and V 3,45, is the volume
of the reconstructed dataset.

The volume fraction was calculated according to the formula:

_ Ncluster atoms 2
fv - N ’ ( )
total atoms

where N jysier atoms 18 the number of atoms in all of the clusters and Ny 410ms 1S the total
number of atoms in the dataset.
The average size (diameter) D was estimated from the equivalent radius [12]:

3-Var-Nigns \ /?
D = 2. =24t "Tlons
( 4.-7t-Q ©)

where Nj,,,; is the number of atoms in the cluster, V,; = 0.0118 nm3—atomic volume, and
(Q—detection efficiency (36% for LEAP 4000HR).

When determining the matrix composition, the measurement error is determined by
the variation of values from sample to sample (variation of chemical composition).

The composition of precipitates was estimated for the nucleus by the averaged IVAS
cluster concentration profile. The study [16] shows that the Fe content in precipitates does
not exceed 6 at%, so the removal of the entire iron content from the precipitate composition
is a reasonable assumption, although not quite physically correct. Therefore, only the
precipitate-forming atoms (Ni, Mn, Si, Cu, and P) were considered when analyzing the
findings.

Noteworthy is that APT studies of all the samples were performed on the same
equipment, under identical imaging conditions, using a unified method of processing
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and presenting the results. At the same time, the heterogeneity of the material chemical
composition necessitated the study of a large number of samples and precipitates (the
studied volume for each state made up at least 1 x 10° nm? for at least 4-6 datasets).
This allowed for improving the reliability of the revealed regularities of changes in the
nanostructure of the studied materials when analyzing the results.

3. Results and Discussion
3.1. High-Cu Materials

In the first generations of reactor vessels, the copper content exceeded the limit of its
solubility in solid solution, which led to an unacceptably high level of radiation hardening
and embrittlement of RPV steels due to the formation of a high density of radiation-
induced copper-based precipitates. All RPVs were either decommissioned or compensatory
measures were taken to ensure further operation, i.e., recovery annealing of the weld
opposite the core with the most severe radiation embrittlement. The phase formation
kinetics in Russian high-Cu steels in ‘irradiation-annealing—irradiation” cycles is reviewed
in [17].

Studies of high-Cu weld metal, irradiated at 250 °C for 20 years in the RPV and
demonstrating a high level of radiation embrittlement, revealed the formation of a high
density of copper-enriched precipitates. Table 3 presents the results of APT studies of
high-Cu RPV steels after long-term operation.

Table 3. Parameters of precipitates in high-Cu RPV steels based on the results of APT studies.

Cu 22 Exposure Precipi iti %
Material  Content T,°C E 192 "l!;me, 10212\1;; ., D, nm Ve, % recipitate Composition, at%
Wt% m Years Cu P Si Ni Mn
High-Cu, 021 +
low-Ni 0.16 250 65 20 4+£01 21+01 0 06 43.3 8.2 14.9 115 221
WM '
High-Cu, 0.16 +
low-Ni 0.11 270 92.7 45 1.7+ 0.8 2.8 +£0.1 0 06 54.6 12 20.7 13.5 10.0
BM '
High-Cu, 021 +
Low-Ni 0.13 290 0 45 0 05 1.0+ 0.3 <0.002 100 - - - -
BM :

Here T is irradiation temperature, F is fast neutron fluence, Ny, D and V¢ are number density, size (diameter) and
volume fraction of precipitates.

Figures 1 and 2 summarize the results of the authors” APT studies of high-Cu RPV
steels irradiated in the operating RPVs, as well as published results of APT studies of
high-Cu steels irradiated in the RPV in terms of the number density and volume fraction of
Cu-rich precipitates [18-22].

Thigh Cu weld, irradiation, literature ¢ PWR A VVER
high Cu, irradiation (VVER) ® base, A weld

’?E high Cu, thermal exposure (VWER) O base, & weld
« 6
o~
=)
- A
2
0y
§ *
5 *
*
o
£21 }
S
4
A
0 T T T T T 1
0 20 40 60 80 100 120

F, 1022 m2

Figure 1. The density of precipitates as a function of fast neutron fluence in the studied high-Cu
low-Ni steels (red and blue symbols) in comparison with the literature data [18-22].
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high Cu weld, irradiation, literature ® PWR A VVER

-2 17 high Cu, irradiation (VVER) ® base, A weld
high Cu, thermal exposure (VWER) © base, & weld
0.4 1 A
0.3 1
X
3>.- 0.2
*
0.1 *
0.002 4 A
o
0 20 40 60 80 100
F, 1022 m2

Figure 2. The volume fraction of precipitates as a function of fast neutron fluence in investigated
high-Cu steels (red and blue symbols) in comparison with the literature data.

Figure 3 shows a 3D map of the distribution of elements comprising copper-enriched
precipitates in high-Cu steels.

Cu P

(b)

Figure 3. A 3D map of the distribution of elements in high-Cu, low-Ni steels: BM (a) and WM (b).
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Table 3 shows that the number density of precipitates in high-Cu, low-Ni BM with
Cu content of 0.11 wt.% is significantly lower than in high-Cu WM with Cu content of
0.16 wt.%, which is due to a higher Cu content in the latter. At the same time, the sizes of
precipitates in BM with lower Cu content are higher. This is in agreement with the literature
data [23,24].

For high-Cu steels, copper-enriched precipitates were also detected in the state after
long-term thermal conditioning at the irradiation temperature (after 45 years of operation).
Comparison of the material after thermal conditioning with the same material exposed
to irradiation at operating temperature for the same time shows the difference not only
in the number, density, and size of precipitates (significantly lower values for thermal
conditioning without irradiation) but also in the composition of the precipitates.

The paper [17] showed that copper depletion in the matrix of RPV steel, irradiated for
45 years, amounted to more than 70% and phosphorus about 50%, while for steel, which
was at the same time exposed to the temperature without irradiation, this value was 3% for
copper, and there was no depletion of other elements.

Figure 4 shows the distribution of the major precipitate elements in the studied high-
Cu materials and 3D APT maps of grain-boundary in high-Cu BM.

The diagram shows that the precipitates formed under prolonged thermal exposure
(290 °C) comprise only copper and are characterized by low number density and size,
whereas in the case of irradiation (270 °C), the precipitate composition also includes Ni,
Mn, Si, and P. The higher volume fraction of precipitates of different compositions in the
irradiated state compared to thermal exposure indicates the radiation-enhanced nature (due
to an increase of the point defects number) of thermodynamically driven copper-enriched
precipitates. In addition, the concentration of phosphorus in precipitates in irradiated
WM (with high Mn content) is higher than in BM, in which phosphorus is spent on the
formation of grain-boundary segregations (see Figure 4b). This is due to the peculiarities of
grain-boundary segregation of phosphorus in materials with different structures and initial
phase compositions [17].

Thus, the formation of copper-enriched precipitates occurs in high-Cu RPV steels,
which is due to both thermal diffusion (after prolonged thermal exposure) and radiation-
stimulated diffusion of impurity elements (during irradiation). Although the exact value of
the solubility limit of copper at 300 °C is unknown, it is most likely ~0.007 at.% [25], so the
matrix is supersaturated with copper. At the same time, copper-enriched phases are formed
under irradiation at RPV operating temperatures (about 300 °C) at Cu contents above
(0.05-0.09) wt.%, depending on alloying [17,18,26]. Precipitates in these steels are formed
by a radiation-enhanced mechanism (thermodynamically conditioned and enhanced due
to radiation-enhanced diffusion, as well as due to new nucleation sites in the form of point
defect clusters formed in cascades) and have damped kinetics due to the depletion of matrix
copper content [1,2]. Increasing the copper content from 0.1 to 0.3 wt.% leads to higher
precipitate density and a greater hardening effect; however, the damping trend remains
unchanged.

Experimental and modeling results show that the formation of Cu clusters, vacancy
clusters, and Cu-V complexes in bee-Fe is thermodynamically driven [27,28]. To compensate
for lattice distortions, a large Cu cluster (composed of oversized atoms) is preferentially
bonded to a vacancy to form a Cu-V complex instead of forming a pure Cu cluster. At
the same time, Si atoms are attracted only by vacancies, which should affect the obviously
higher Si concentration in precipitates formed in low-Cu RPV steels than in high-Cu RPV
steels (if Cu concentration in precipitates is not taken into account). Moreover, since
irradiation creates many more vacancies than thermal aging, copper-enriched phases
formed under irradiation should have higher Si concentrations due to the higher vacancy
concentration in them. These differences in Si concentration can be seen in Figure 4 and
were confirmed in [26] for high-Cu RPV steels. Stable copper-enriched phases are formed
in supersaturated solid solution through two intermediate phases: BCC structure coherent
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with the matrix — 9R structure with high twin density — FCC structure without twins.
The maximum strength is exhibited by BCC precipitates [29].

1004

(<]
o
1

[=2]
o
1

Concentration, at.%
B
o

N
o
1

o
|

BM-T BM-I WM-|
Thermal exposure Irradiation

Si Mn

Grain boundary Ni Si Mn

Grain boundary area,
top view v

(b)

Figure 4. Distribution of major elements in precipitates in high-Cu steels after irradiation and thermal
exposure (a) and 3D APT maps of high-Cu, low-Ni BM sample containing a grain boundary (b).

Copper-enriched precipitates in irradiated steels also contain Ni and Mn, with copper
in the core, whereas Mn and Ni are concentrated in the shell (core-shell structure) [26,30,31].
This indicates the existence of a Ni- and Mn-enriched interface. The existence of such a Cu-
Ni/Mn-Fe buffer transition is energetically favored due to the sharp Cu/Fe interface, since
due to the vanishingly small solubility of Cu in Fe, the interface energy for copper-enriched
clusters in the iron matrix is relatively high, whereas Ni and Mn are much better soluble in
Fe and at the same time have energetically favorable interactions with Cu, further reducing
the interface energy [31,32]. It is worth noting that although copper-enriched and Ni-Mn-Si
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precipitates are usually considered as two different types, experimental results obtained
by the APT method show that, if the Cu concentration in copper-enriched precipitates is
not taken into account, the relative content of Mn and Ni in them is approximately the
same [33,34].

3.2. Low-Cu RPV Materials in Operating Reactors (Low Cu, High/Medium Ni, Medium Si)

In order to provide the required strength and fracture toughness at the given dimen-
sions of the vessel to ensure hardenability throughout the entire thickness of the RPV wall,
a significant amount of Ni was introduced into the composition of RPV steels. Its content
for BM (medium Ni medium Mn medium 5i) usually does not exceed 1.35 wt.%, while for
WM (high Ni high Mn), it is in the range of 1.4-2.0 wt.%. Manganese varies between 0.4
and 0.5 wt.% in BM and 0.7 and 1.1 wt.% in WM.

Studies have shown that weld metal (high Ni high Mn) embrittlement kinetics is
higher than expected. The shifts were progressively greater with higher nickel content in
the material. Contributing to this was increasing embrittlement not only by the hardening
mechanism but also by the non-hardening mechanism. The features of segregation pro-
cesses in VVER-1000 RPV steels are investigated in detail in [4,10] and are not reviewed in
detail in this study.

The study has shown that Ni, Mn, and Si-based precipitates are formed for low-Cu
steels, which are known as late blooming phases [1] and are referred to as MNS, NMS,
and NSM in various papers, depending on the precipitate composition [11,35]. To avoid
confusion, we will refer to them as NSM precipitates. In the case of NSM precipitates,
unlike copper-enriched precipitates, we address here the formation of clusters rich in nickel,
manganese, and silicon in materials where none of the elements exceeds the solubility limit
in Fe-based binary alloys (Si > 8 at.%, Mn~3 at.%, Ni~5 at.% at 300 °C). The mechanism
of solute cluster formation in this case is still debatable. Is it an irradiation-enhanced
process dictated by thermodynamics or an irradiation-induced process that would not
occur without irradiation? Current models of radiation-induced precipitate formation are
described and are based on two major conflicting theories of NSM precipitate formation
and growth [1,36-39].

The first theory is that NSM precipitates are radiation-enhanced (due to radiation-
enhanced diffusion), i.e., thermodynamically stable intermetallic compounds such as G or
I'2 phases, which are predicted by equilibrium thermodynamic models for the RPV low
operating temperature [36]. The thermodynamically predicted volume fractions of equilib-
rium precipitates and their compositions are in agreement with atom probe tomography
data for steels irradiated to very high fluences [33]. In addition, X-ray diffraction and scatter-
ing experiments [40] showed intermetallic crystal structures of I'2 or G phase in irradiated
RPV steels, which is consistent with the thermodynamic calculations of CALPHAD [36]. In
favor of this theory is the fact that the thermal stability of NSM precipitates in RPV steels at
locally low Fe content and the presence of irradiation-induced radiation defects [41] was
predicted by thermodynamic models and simulations [36,42] and confirmed experimen-
tally [40,43,44]. The stability of NSM precipitates has been confirmed both indirectly by
annealing irradiated samples at a higher temperature (425 °C), as a result of which some
precipitates are preserved and enlarged [43], and directly after long isothermal exposures
at temperatures in the range of 330-405 °C, when their formation is observed [45]. Despite
the thermodynamic stability of precipitates (G and I'2 phases), in the absence of a sufficient
amount of Cu at RPV operating temperatures, the driving force for the formation of NSM
precipitates is small, and their homogeneous nucleation of precipitates in a defect-free
matrix is hampered. Therefore, the formation of NMS precipitates requires a large number
of irradiation-induced point defects.

The second theory suggests that NSM precipitates are radiation-induced [46] and are
formed by radiation-induced segregation (RIS) of Ni, Mn, and Si [47]. In particular, these
models suggest that either Mn-Ni clusters are not thermally stable in Fe [48,49] or they
are only stable at a combination of low temperatures and high solute concentrations, and
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thus radiation-induced segregation is required for growth and persistence [37]. Precipitates
can be formed both homogeneously (in solid solutions with a lack of defects without
driving forces for precipitate release) when RIS leads to local solute concentrations above
the limit of their solubility in the matrix and heterogeneously—on sinks. In this case, the
sinks can be microstructural features such as dislocation networks, small copper clusters,
diffusion-associated Mn dumbbells [48], small dislocation loops, and point defect clusters
(mainly interstitial) formed in displacement cascades [37,50], which act as heterogeneous
nucleation sites [3,37,46] due to the increased solute concentration on them. The binding
energy of defect solute complexes is almost always numerically lower than that of pure
solute clusters, so interstitial atoms and vacancies are more likely to act as nucleation sites
than pure solute clusters, which facilitates the nucleation of NSM clusters under irradiation.
The driving force for the formation of nanoscale solute clusters is the interaction of the
solute atoms with their own interstitial defects formed under irradiation [37]. As a result of
such an interaction, defect clusters immobilized due to strong binding interactions with
solute atoms can turn into nucleation sites, where other solutes gradually accumulate due
to transport by point defects [37,50,51], as confirmed experimentally [46,52]. A pinning
effect on clusters of self-interstitial atoms has been inferred from experimental data for Mn,
P, and Ni [53-55] and by modeling for Cr, P, and Ni [56-58]. Ab initio computations of
solute-loop interactions suggest a similar pinning tendency for Mn, Cu, and Si [51].

It is worth noting that these cascade clusters of interstitial atoms can actually repre-
sent proto-prismatic a/2<111> dislocation loops, which are unresolvable in transmission
electron microscopy at such sizes [2]. In low-alloyed steels at higher fluence, larger clusters
of interstitial atoms are observed in the form of dislocation loops with an unresolvable zero
contrast line (of the ‘black dots’ type), which presumably grew from much smaller cascade
clusters and thus the loops may be much larger than previously thought [2].

Overall, the formation of phase nuclei requires appropriate temperatures and irradi-
ation doses at which the nucleation rate is greater than the annihilation rate of radiation
defects (at temperatures below 400 °C). In addition, the RPV operating times should allow
the initial nuclei to grow due to the diffusion of precipitate-forming atoms toward the
cluster. Otherwise, radiation-induced precipitates do not emerge [24].

The APT method allowed the detection of not only clusters in the volume but also
segregation of elements on all features of the structure (dislocations, carbides/carbonitrides,
and grain boundaries [33,36]), indicating a continuous process of solute precipitation at a
high density of nucleation sites, triggered and maintained by continuous fluxes of vacancies
and self-interstitials and their clustering due to irradiation. This mechanism differs from
classical release by nucleation and growth.

In [39], a model of NiMnSiPCu-enriched cluster formation under irradiation was
developed using the Objected Kinetic Monte Carlo OKMC method, which allows predicting
the values of number density, size, and volume fraction for solute clusters with regard to
the chemical composition (Ni, Mn, Si, P, and Cu content in at.%), irradiation conditions
(temperature and flux) and cumulative dose (irradiation time equivalent with due regard
to the flux). Cr atoms, present in significant amounts in VVER steels, are taken into account
through the impact on the diffusion coefficient of self-interstitial defects. This model is
intended for materials with Xy; < 0.55 (Xni = Cni/(CnNi + Cwvin + Csi + Cey + Cp)) and
emerges from the results for which, in general, Xy; < 0.48. For Russian low-Cu steels in
operating reactors, this value is 0.46-0.57 (for most of them, more than 0.5) and lies at the
upper limit of the relevant interval. Therefore, the studies of phase formation in steels
of different compositions performed in this paper can help to improve the models being
developed.

3.2.1. Number Density, Size, and Volume Fraction of Precipitates

Figures 5-8 show the APT studies results for RPV samples of operating VVER-1000
reactors (BM—high Ni, high Mn, medium Si, and WM—low-Ni, medium Mn, medium Si):
number densities, sizes, and volume fractions.
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Figures 68 show that irradiation leads to the formation of precipitates, the density
of which depends not only on the irradiation dose (accumulated fluence) but also on
the steel composition. Thus, for BM with significantly lower values of both Ni and Mn
concentration in steel, the number density of precipitates is much lower. At the same time,
a dose correlation is observed for both BM and WM, but for BM, it is weaker due to the
lower absolute values.

The size of precipitates does not seem to strongly depend on the material composition
in the studied intervals of high/low Ni, high /medium Mn, medium Si (within the range
of scattering caused by local material inhomogeneities), and increasing with dose and
showing a tendency to saturation. However, there is a tendency to slightly higher values
for BM (see Figure 7), which seems to be related to the lower number density of precipitates
in BM. The same was found earlier for high-Cu BM and WM (VVER-440): precipitate sizes
in BM samples are significantly higher with their lower density as compared to WM (see
Table 3).

The dependences of the number, density, and volume fraction of precipitates presented
in Figures 6 and 8 show a correlation with the accumulated fluence due to the large
differences in nickel and manganese composition. Therefore, the values of number density
and volume fraction of precipitates were normalized by the concentration of precipitate-
forming elements in steel (by the value (NixMn/Si)). The choice of the normalizing factor
was based on the following dependencies.

Ni Si Mn P isosurfaces

20 nm\

— dislocation

(2

Ni Si Mn P isosurfaces

20 nm

dislocation
(b)

Figure 5. The 3D maps of atom distribution in RPV steel samples after reactor irradiation to fluence
~5 x 102> m~3: low Ni, medium Mn, medium Si (a) and high Ni, high Mn, medium Si (b). Precipitates
are additionally visualized by isosurfaces Ni + Si + Mn = 9% and dislocations—by the black short-
dashed lines.
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Figure 6. Precipitate number densities in RPV steels high/low Ni, high/medium Mn, and medium
Si as a function of fluence (F).
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fluence (F).
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Figure 8. Volume fractions of precipitates in high/low Ni, high/medium Mn, and medium Si steels
as a function of fluence (F).
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Figure 9 shows the dependence of the precipitate volume fraction on the content of Ni,
Mn, and Si in the studied steels. Despite the difference in the accumulated fluence, which
significantly affects the value of the precipitate volume fraction, the study shows that an
increase in the Ni and Mn concentrations in the steel leads to an increase in the precipitate
volume fraction.

The correlation between Ni and Mn concentration and the number, density, and
volume fraction of precipitates, and consequently radiation hardening, has been shown in
numerous papers (e.g., [1,2]).

In [3], for highly irradiated materials with wide alloying intervals for Ni (0.22-3.29
wt.%) and Mn (0.08-1.52 wt.%), a strong synergistic effect of Ni and Mn influence on the
formation of NMS precipitates was demonstrated: the volume fraction of NSM precipitates
is proportional to Ni'®*Mn®8, where Ni and Mn are the contents of these elements in steel
according to APT data. In steels with high Ni content and low Mn content, the density of
NSM precipitates is significantly lower compared to steels with high Mn and Ni content [3].
At ultra-low Mn content < 0.03 wt.% in steels with high Ni content up to 5 wt.%, the
formation of NSM precipitates may be suppressed [59]. This may indicate the participation
of Mn in nucleation. For example, theoretical results using density functional theory [60]
have shown that irradiation early produces a large number of interstitials, which contribute
to the nucleation of precipitates as soon as they combine with Mn atoms.

The effect of Si concentration is not so apparent. Figure 9 shows a trend for the volume
fraction of precipitates for WM to decrease with Si concentration. Statistical analysis in [61]
also showed that within the range of silicon concentrations characteristic for RPV steels
(0.2-0.6 wt.%), an increase in its content contributes to a decrease in radiation embrittlement.
In addition, in the analytical relationships [62] for determining radiation embrittlement,
the silicon content is also included with a minus sign:

F n
ATF =A EX | = (4)
( Fo )
where Ap = a1exp(0pCeq). and Ceq = Cnjj + Cyin — oCs;.

In this regard, the values of the precipitate volume fraction and number density
were normalized by the value of (NixMn/Si). Figures 10 and 11 show the normalized
values of precipitate number density and volume fraction in the studied medium /high Ni,
medium/high Mn, and medium Si steels.

3.2.2. Precipitate Nucleation Sites

The APT studies have shown that irradiation leads to the formation of NSM pre-
cipitates, which are located both homogeneously in the matrix and on the visible sinks
of point defects—dislocations and grain boundaries (see Figures 5 and 12). According
to the nucleation sites, they are divided into heterogeneous, nucleated on visible sinks,
and homogeneously distributed, formed on the point defect clusters in cascades, which
cannot be identified by the APT method. Noteworthy is the absence of precipitates in the
zone near grain boundaries (Figure 12), which is caused by the depletion of this zone of
precipitate-forming elements (Ni, Mn, Si) due to their grain-boundary segregation.

Figure 13 shows the fraction of precipitates nucleated heterogeneously (mainly on dis-
locations) in the total fraction of detected precipitates in the studied irradiated medium/high
Ni, medium/high Mn, and medium Si steels. The upper estimate of dislocation density
for these steels (obtained from the results of transmission electron microscopy studies) is
approximately 1 x 10 m~2.



Metals 2023, 13, 1586

15 of 31

0.6 e base (VVER)
“71 | 4 weld (VVER)
52 0.5+
c" A
2 0.44
Q
: |
“0.31 %
[
g |
2 0.2 ﬁ +
> }
0.1
s 7
0.0' T ? |‘ T T ? T T T 1
10 11 1.2 1.3 1.4 1.5 16 1.7 1.8 1.9 2.0
Ni, wt.%
(a)
e base (VVER)
061 | 4 weld (VVER)
2 0.5+
:" A
20.4-
Q
o
% 0.3
g r -
S 0.2
g i
0.1 4
¢
0.0 T .I T T |§ ‘I T T 1
0.3 04 05 06 07 08 09 1.0 1.1 1.2
Mn, wt.%
(b)
e base (VVER)
0.6+ 4 weld (VVER)
52 0.5
c" A
2 0.4+
8
< 0.3
[
g
S 0.2+ }
>
0.1-
% :
0.0 ) I 4 .
0.2 0.3 0.4
Si, wt.%
(c)

Figure 9. Dependence of precipitate volume fraction on the content of major precipitate-forming
elements in the studied steels: Ni (a), Mn (b), and Si (c).
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Figure 10. Normalized precipitate number density in medium/high Ni, medium/high Mn, and

medium Si RPV steels (divided by (CniCwmn)/Cis;) as a function of fluence (F).

, %

ion

0.10 1

0.05

Normalized volume fracti

e base (VVER)
A weld (VVER)

A
A
A
A, .
NS
A
° _—
A °

F, 1022m-2

100

Figure 11. Normalized precipitate volume fraction in medium/high Ni, medium/high Mn, and

medium Si RPV steels (divided by (CniCwmn)/Cis;i) as a function of fluence (F).

grain boundary area,

top view

P grain P
oo boundary

Ni, Si, Mn

y .
40

X

v «. NiSiiso

Ni, Si, Mn+isosurfaces

nm

Figure 12. APT map of precipitate distribution in irradiated high Ni, high Mn, and medium Si
steel. There is a precipitate-denuded zone near the grain boundary. Precipitates are visualized by
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Figure 13. Fraction of precipitates nucleated heterogeneously from the total number of precipitates in
the studied irradiated medium /high Ni, medium/high Mn, and medium Si steels as a function of
fluence (F).

Figure 13 shows that for WM, the nucleation sites are mostly point defect clusters
(up to 90%). At the same time, the fraction of heterogeneously nucleated precipitates
was significantly higher for BM than for WM. Diffusion rates of Mn, Ni, and Si in the
matrix seem to be much lower than near heterogeneous nucleation sites. Therefore, for
BM, due to lower Ni and Mn concentrations in the steel, a level of RIS on point defect
clusters located homogeneously in the matrix, which are nucleation sites for precipitates, is
lower than for WM. Therefore, in BM at the initial irradiation stages, precipitate formation
occurs predominantly on heterogeneous nucleation sites (dislocations, grain boundaries,
and second-phase boundaries). At the same time, there is a trend for the decrease in the
fraction of heterogeneously nucleated precipitates in BM with increasing accumulated
fluence, which indicates that the nucleation of precipitates on point defect clusters in the
matrix is facilitated due to both the increase in nucleation sites and the level of RIS with
the irradiation dose. This is in agreement with the literature data. Thus, experimental
results [3] and modeling [36] show that for the nucleation of precipitates in steels with low
and medium values of Ni concentration, the heterogeneous mechanism is crucial, whereas,
for high Ni content (>1.5 at.% Ni), the nucleation in the matrix on point defect clusters
prevails.

Paper [36] also showed an upper-limit estimate of the number density of nucleation
sites at dislocations and grain boundaries. The upper limit of the site density estimates for
heterogeneous precipitate nucleation (1022~10?%> m ™~ for dislocations and 10?> m~3 for grain
boundaries) cannot satisfy the observed high values of the number density of precipitates
(up to ~10%* m~3 at very high accumulated fluence [3]). Therefore, heterogeneous nucle-
ation cannot play the decisive role in the usually observed precipitate density (except for
cases with low concentration of precipitate-forming elements in the steel and, consequently,
low precipitate density), and the main mechanism, in this case, is heterogeneous nucleation
on homogeneously located in the matrix point defect clusters formed in cascades.

3.2.3. Composition of Precipitates

Figure 14 shows the results of determining the precipitate composition (the ratio of
the main precipitate-forming elements Ni, Si, and Mn, assuming Ni + Mn + Si = 100%) in
the studied VVER-1000 RPV samples. It is worth noting that due to the low proportion of
heterogeneous precipitates and artifacts in determining their composition (e.g., the appear-
ance of vanadium and carbon in the precipitate nucleation on vanadium carbonitrides), the
composition is given for homogeneously located precipitates in the matrix. In addition to
certain compositions, known Ni-Si-Mn compounds are also presented.



Metals 2023, 13, 1586

18 of 31

'VVER, 300°C: 4 weld: low Si, e base
% typical compositions

100

Ni,Si;Mn

Z

4
<
poo |

0 20 40 60 80 100
Ni (at.%)

Figure 14. Relative composition of NSM precipitates in the studied medium /high Ni, medium /high
Mn, and medium Si RPV steels.

The study shows that the precipitate compositions occupy narrow ranges of values
in the ternary diagram, which differ for BM and WM mainly in the concentration of Mn,
which in BM is about twice lower than in WM. The average compositions of precipitates for
WM correspond to NigSizMny, and for BM—to NisSisMn. The nickel content in precipitates
is about 50 at.%, and the content of manganese and silicon varies in accordance with the
material composition. This is in agreement with the findings of [41], which show that
in typical low alloy ferritic steels, the clustering of Mn, Ni, and Si is thermodynamically
favorable. However, at RPV operating temperatures, thermal effects alone are insufficient
for cluster formation and, consequently, for reaching the equilibrium state. Therefore, at
the early stages of phase formation, NSM precipitates have an ordered B2 structure, where
Ni occupies positions in one sublattice and Mn/Si in another. At the same time, Mn and Si
can easily substitute each other according to the concentrations of these elements in the
alloy. When Si atoms inside the precipitate are replaced by Mn atoms from the matrix, the
Si-Ni bond in the precipitate is replaced by Mn-Ni, and the Mn-Fe bond in the matrix is
replaced by Si-Fe, which, according to [61], is energetically favorable. This may indicate
that at very high irradiation doses and/or higher temperatures, the observed phases of
inaccurate stoichiometric composition can transform to the equilibrium G phase (and also
in the case of corresponding alloying—Ni/Mn/Si~16/6/7).

This is consistent with the results obtained in [3,34,55,63]. For materials with a wide
range of nickel and manganese concentrations, the study showed that depending on
the steel composition, mainly G-(NijSizMng) or I'; (Ni3SiMny) phases could be formed
(in alloys with (0.7-1.6) wt.% Ni, >1.0 wt.% Mn and (0.4-0.8) wt.% Si) and Ni-silicide
type compositions in alloys with low Mn content and high Ni content (>1.6%) [3]. At
the same time, the actual compositions of the precipitates vary somewhat depending on
the composition of the corresponding alloy, and the precipitates are not claimed to have
corresponding crystal structures.

Figure 15 shows the correlation between the concentration of elements in precipitates
and the concentration of elements in steel. The chemical composition is calculated in
relative units Ni + Mn + Si = 100%. The figure shows that for the studied materials, the
precipitate compositions are generally linearly proportional to the material composition.
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Figure 15. Dependence of relative concentration of elements in precipitates on their relative concen-
tration in steel.

Figure 16 shows the dependence of copper concentration in precipitates on the Cu
content in steels with low Cu and medium/high Ni and Mn content.

Figure 16 shows that for WM with Cu content in steel up to 0.06 wt.%, the Cu content
in precipitates does not exceed ~1 at%, while with Cu content in steel 0.07 wt.% and higher,
the Cu content in precipitates is much higher—from ~2 to 4.6 at.%. (assuming that the
precipitates consist only of Ni, Si, Mn, Cu, and P atoms). Cu-V clusters, in this case, become
nucleation sites for precipitates, which can facilitate the nucleation of precipitates.
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Figure 16. Copper content in precipitates as a function of copper content in steel (Cu bulk composi-
tion).

It is worth noting that some researchers, relying on the same relative concentration
of Ni, Si, and Mn (ignoring Cu) [33,34], on the presence of Ni-Si-Mn shell around the
copper core in the case of copper-enriched precipitates, as well as on the presence of NSM
precipitates near copper-enriched precipitates at high irradiation doses, suggest that the
mechanisms of their formation are similar, and the main difference is in the precipitate
nucleation. Thus, for copper-enriched precipitates, the nucleation sites are Cu clusters or
Cu-vacancy (Cu-V) complexes [27], whereas, for NSM precipitates, potential candidates
can be interstitial or vacancy clusters, as well as small solute-defect complexes.

3.3. Effect of Fast Neutron Flux

The radiation resistance of RPV steels is studied using accelerated irradiation, so it is
necessary to understand the effect of fast neutron flux on radiation-induced microstructure
and mechanical properties. Since it is the irradiation-induced precipitates that mainly
contribute to radiation hardening, this section studies the effect of flux on the phase
formation of steels with low copper content, medium and high nickel content, medium and
high manganese content, and medium silicon content (BM and WM in VVER-1000).
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Figures 17-19 show the average sizes, number densities, and volume fractions of
precipitates in samples irradiated at different flux levels in VVER-1000 reactors in the
material test reactor.
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Figure 17. Average precipitate size in the studied medium /high Ni, medium /high Mn, and medium
Si RPV steels irradiated at different flux levels.
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Figure 18. Number densities of precipitates in the studied medium/high Ni, medium/high Mn, and
medium Si RPV steels irradiated at different flux levels: absolute (a) and normalized (b) values.
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Figure 17 shows that the sizes of precipitates after high-flux irradiation are twice
lower than after low-flux irradiation, which is associated with a shorter time for diffusion
processes of precipitate growth. At the same time, the number density of precipitates is
slightly higher after high-flux irradiation (Figure 18). This may be due to both an increase
in the number of precipitate nucleation sites and an increase in the RIS level due to a
larger number of point defect clusters. The resulting volume fractions of precipitates are
somewhat lower in the case of high-flux irradiation (Figure 19).

Figure 20 shows the precipitate compositions in the steels irradiated at high and low
flux levels. It can be seen that the precipitate compositions after irradiation at different flux
levels do not differ significantly and are determined by the ratio of Ni, Si, and Mn in the
steel composition.

Figure 21 shows the evaluation of precipitate nucleation sites in RPV steels irradiated
at different flux levels.
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Figure 19. Volume fractions of precipitates in the studied medium/high Ni, medium/high Mn, and
medium Si RPV steels irradiated at different flux levels: absolute (a) and normalized (b) values.
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Figure 20. Relative composition of NSM precipitates in the studied medium /high Ni, medium /high
Mn, and medium Si RPV steels irradiated at different flux levels.
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Figure 21. The fraction of precipitates nucleated heterogeneously in the total number of precipitates
in the studied medium/high Ni, medium/high Mn, and medium Si RPV steels irradiated at different
flux levels.

Figure 21 shows that in the samples irradiated at high neutron flux, the fraction of
precipitates nucleated heterogeneously is still higher in BM but lower than under low-flux
irradiation (see empty and filled blue symbols). This is apparently due to the increase in the
number of precipitate nucleation sites in the matrix (point defect clusters) under high-flux
irradiation [64].

Figure 22 shows the P concentration in precipitates in RPV steels irradiated at different
flux levels. Note that ‘high P base’ in Figure 22 is medium Ni, medium Mn, and medium
Si steel with untypically high P content among the studied materials of this type (0.009
wt.% compared to 0.006 wt.% in others), which is the reason for high P concentration
in precipitates in this case. A higher concentration of phosphorus in precipitates in the
samples irradiated at a high neutron flux compared to the samples irradiated at a low flux
can be seen. This indicates a higher diffusion of phosphorus at high-flux irradiation (despite
the shorter irradiation time) due to a higher concentration of vacancies and interstitials and
confirms the results of calculations of [50]. It shows that at typical irradiation temperatures
for RPV steel, Cu, Mn, Ni, P, and Si elements will diffuse due to a vacancy drag, and for P
and Mn, the dumbbell diffusion (which occurs faster) also plays a big part. Phosphorus of
all elements has the maximum diffusional mobility both by vacancy drag and dumbbell
mechanism since it forms very stable complexes both with its own interstitials and with
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vacancies. Moreover, the mixed P dumbbells are dragged by other P atoms in the matrix
and can be stable nuclei of dislocation loops and act as point defect sinks, which are further
enriched due to the solute dragging mechanism (P, Ni, Si, and Cr).
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Figure 22. Phosphorus content in precipitates located homogeneously in the matrix in the studied
RPV samples of medium/high Ni, medium/high Mn, and medium Si steels irradiated at different
flux levels, depending on the accumulated fast neutron fluence.

The studies performed in this work have shown that high-flux irradiation of RPV steels
in material test reactors leads to the formation of small precipitates of high density, whereas
low-flux irradiation in operating reactors leads to the formation of larger precipitates of
lower number density and higher volume fraction. This agrees with the results of earlier
experimental studies [65-67] using the APT methods, small-angle neutron scattering, and
positron annihilation spectroscopy and with the modeling outputs. Thus, the modeling
outputs in [68] for FeMnNi alloy irradiated at 300 °C show that the density of defect
clusters (SIA clusters and vacancy clusters) increases with a higher flux while the average
defect sizes decrease. This is due to the fact that under high-flux irradiation, high doses
are achieved with a small thermal component (short time), resulting in smaller cluster
sizes compared to low flux. Real irradiation in operating reactors requires a longer time to
produce the same dose, which implies a greater influence of the thermal component—and
thus clusters of lower number density and larger size are formed.

At the same time, the observed differences in phase formation at different flux levels
(increase in number density and decrease in size) do not significantly affect the resulting
difference in hardening at different flux levels [64,65] since the effects almost compensate
for each other.

If we consider the model of dispersed barrier hardening of irradiated materials, it
means that the square root of the product of precipitate number density and size in samples
irradiated in a high and low flux reaches similar values at the same fluence, i.e., the resulting
resistance to dislocation glide is similar if small clusters with high density (high flux and
small thermal component) or larger clusters with lower number density (low flux and large
thermal component) are created.

Figure 23 shows the square root of the product of precipitate number density and
size for the materials irradiated at different flux levels studied in this work. It can be seen
that there is no significant difference between these values for RPV materials irradiated at
different flux levels, which should lead to the same level of radiation hardening within the
dispersed barrier hardening model.
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Figure 23. Square root of the product of precipitate number density and size for the materials
irradiated at different flux levels studied in this work.

Thus, the difference in the degree of radiation embrittlement induced by irradiation at
different flux levels is observed for materials prone to grain-boundary embrittlement (e.g.,
WM of VVER-1000 RPVs with increased content of segregating elements—Ni and Mn). It
is associated with a lower level of grain-boundary segregation at high flux due to a small
thermal component caused by short irradiation time compared to low-flux irradiation,
where the thermal component is large [10].

3.4. Effect of Irradiation Temperature on Phase Formation

The irradiation temperature has a significant effect on the occurrence of the processes
in steel, both in terms of hardening and non-hardening embrittlement mechanisms and can
change the ratio between them.

Depending on the irradiation temperature, the diffusion mobility of different classes
of point defects (interstitials and vacancies) changes. Thus, under low-temperature irra-
diation, interstitials are mobile, and vacancies do not possess diffusional mobility. Under
medium-temperature irradiation, both interstitials and vacancies have mobility, but the
mobility of the latter is not so high as to provide a sufficient level of recombination, and
therefore, the concentration of point defects exceeds the thermal equilibrium one. Under
high-temperature irradiation, the mobility of point defects is so high that their enhanced
spontaneous recombination leads to the concentration of point defects at a level almost
equal to the thermal equilibrium value [24].

Reducing the irradiation temperature of RPV steels leads to a decrease in the migration
rate of point defects and atoms, which, on the one hand, reduces the intensity of radiation-
induced phase transformations and the degree of RIS and, on the other hand, reduces the
probability of annihilation of vacancy-interstitial pairs, increasing the efficiency of radiation
damage. Since the formation of precipitates requires both the presence of their nucleation
sites, which are radiation defects, and the effective diffusion of alloying atoms that are part
of precipitates, it means that there are more and more sites for precipitate nucleation, but
radiation-enhanced diffusion is not sufficient for their nucleation and growth.

Increasing the irradiation temperature of RPV steels leads to an increase in the migra-
tion rate of point defects and atoms, including the acceleration of the diffusion of impurity
elements. On the other hand, the probability of partial recombination of point defects with
each other increases, which reduces the efficiency of radiation damage. That is, the sites for
precipitate nucleation become less and less, but their growth rate increases. In addition,
this may lead to the re-dissolution of the initial hardening phases (carbide phases), which
remain stable at lower irradiation temperatures [59].

Thus, the study of medium Ni, medium Mn (1.18-1.34 wt% Ni) RPV steel after
irradiation in a material test reactor in the temperature range of 50-400 °C [24] shows
that at low temperatures (50-140) °C there is a significantly higher density of dislocation
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loops with slightly smaller sizes in comparison with the irradiation temperature of 300 °C
characteristic for most PWRs; and at higher irradiation temperature (400 °C) dislocation
loops are hardly ever formed.

In APT studies, radiation-induced NSM precipitates in [24] were found only in the state
after irradiation at 300 °C. The absence of radiation-induced precipitates after irradiation at
temperatures of 50-140 °C can be attributed to both the small value of the accumulated
fluence (up to 8.5 x 10*2 m~2) and the low diffusion mobility of precipitate-forming
atoms. Despite the increased diffusional mobility at 400 °C compared to the RPV operating
temperature (~300 °C), the annealing of radiation defects does not allow the formation
of radiation-induced precipitates at this temperature (400 °C), and the given fast neutron
fluence (44 x 10?2 m—2).

In paper [59], for steels with ultra-high Ni and ultra-low Mn content, radiation-induced
precipitates and carbonitride transformations were not detected under irradiation at 400 °C
(and at 330 °C). At the same time, for high Ni, medium Mn steels and ultra-high Ni,
high Mn steels, after irradiation at 400 °C, NSM precipitates of very low density and new
nanoscale carbonitride phases were detected, differing in size (several times smaller) and
density (an order of magnitude more) from the initial carbide and carbonitride phases.

Figures 24 and 25 show the precipitate number densities and sizes in the studied
samples of RPV steels with high and ultra-high Ni content and various Mn content after
irradiation in the research reactor at 400 °C.
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Figure 24. Size of precipitates in the studied RPV steel samples irradiated at 400 °C in comparison
with RPV steels irradiated at 300 °C.
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Figure 25. Number densities of precipitates in the studied RPV steel samples irradiated at 400 °C in
comparison with RPV steels irradiated at 300 °C.
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Figure 26 shows a ternary diagram in Ni-Si-Mn coordinates with the compositions
of precipitates found in the steels irradiated at 400 °C and the compositions of NSM
precipitates in the steels irradiated at 290-300 °C.

VVER, 300°C: 4 weld: low Si, e base
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Figure 26. Relative composition of NSM precipitates in the studied RPV steels.

The diagram shows that the NSM precipitates detected in steels irradiated at 400 °C
are characterized by larger size (1.5-2 times larger) and smaller (10-20 times) density at
comparable neutron fluences, as well as different chemical composition (higher Ni and
lower Si content), as compared to the previously detected precipitates in VVER-1000 RPV
steels irradiated at lower temperatures (290-300 °C) [11]. This study identified interphase
boundaries (boundaries of carbide and carbonitride phases) and initial dislocations as the
major sites for precipitate nucleation (see Figure 27).

The differences in the characteristics of NSM precipitates in steels irradiated at 400 °C
and at 290-300 °C seem to indicate differences in the mechanisms of their formation.
The larger size of precipitates is due to the higher diffusional mobility of Ni, Mn, and Si
atoms due to higher temperature and greater accumulated fluence at 400 °C. The lower
density of precipitates is associated with their nucleation on heterogeneous sinks, since
nucleation sites in the form of point defect clusters at the irradiation temperature of 400 °C
are apparently absent [24]. The composition of NSM precipitates at 400 °C irradiation
temperature correlates with the composition of steel and is close to the equilibrium G and
I'; phases. It appears that under irradiation at 400 °C, precipitate formation is mainly
caused by a thermodynamic stimulus, and neutron irradiation accelerates thermodiffusion
due to a larger number of point defects. At the same time, radiation-induced precipitates
are not formed in steel with ultra-low Mn content.

Thus, despite the relatively high irradiation temperature of 400 °C, the precipitates
can emerge in the structure of steels with typical for VVER-1000 RPV steels content of Mn >
0.3 wt.% and with relatively high content of Ni > 1.5 wt.% at neutron fluences comparable
to the VVER RPV design fluences. The higher content of both Mn and Ni in the steel leads
to an increase in the density of precipitates, which increases with a higher irradiation dose.

In addition to NSM precipitates in the structure of the studied steels irradiated at
400 °C there is a partial dissolution of the initial carbide and carbonitride phases and
subsequent formation of new precipitates (see Figure 26) with an increase in the total density
of carbonitrides and a decrease in their size, which was not found at lower irradiation
temperatures [24,59].
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Figure 27. A 3D map of atom distribution in the studied extra high Ni, high Mn, and low Si steel.

At the same time, for steel with ultra-low Mn content and increased structural stability,
due to optimized chemical composition and heat treatment mode, there were no signs of
new precipitate formation resulting from irradiation at 400 °C, despite the similar content
of carbide-forming elements [59].

4. Conclusions

APT studies of steels with different contents of the major precipitate-forming elements
(Cu, Ni, Mn, and Si) irradiated under different conditions (temperature, fluence, and flux)
were analyzed to reveal the features and mechanisms of phase formation in RPV steels
under the influence of various operational factors.

e In RPV steels with high-Cu content (above the solubility limits in Fe), the formation of
Cu-enriched phases occurs by a radiation-enhanced mechanism. The kinetics of phase
formation, in this case, have a damped character due to a significant decrease in the
Cu supersaturation degree of the matrix;

e Inthe studied RPV steels with low Cu content, high and medium Ni and Mn content
(~1.0-2.0 wt.% Ni and 0.4-1.1 wt.% Mn) and medium Si content (~0.3 wt.%) irradiation
leads to the formation of NSM precipitates by a radiation-induced mechanism, mainly
on point defect clusters formed in cascades. The phase formation processes are
determined by the processes of nucleation and growth of precipitates; however, under
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irradiation, they differ from the traditional mechanism of nucleation and growth of
precipitates. Both the presence of a sufficient number of nucleation sites and a sufficient
driving force for phase formation are required. Since the thermodynamic stimulus at
RPV operating temperatures is not sufficient for the formation of equilibrium phases,
the driving force in the case of irradiation is the interaction of clusters and point defects
(mainly interstitials) formed in cascades with solute atoms. These cascade clusters act
as sinks for radiation-induced segregation of Ni, Mn, and Si atoms and, at sufficient
RIS level, form a precipitate nucleus. Further growth of precipitates is determined by
the diffusional mobility of atoms. All this is determined by both the steel composition
and the operating parameters (fluence, flux, and irradiation temperature);

e Comparison of the studied materials with different contents of Ni and Mn
(~0.7-2 wt.% Ni and 0.4-1.1 wt.% Mn), irradiated under the same conditions, shows
higher density of precipitates in materials with higher concentrations of Ni and Mn,
caused by a higher level of RIS in them, required for precipitate nucleation on cascade
clusters of point defects. At the same time, the study shows that for materials with
lower concentrations of Ni and Mn (1.0-1.3 wt.% Ni and 0.4-0.5 wt.% Mn), precipitate
nucleation at the initial stage of irradiation occurs heterogeneously mainly on sinks
(dislocations) with their fraction decreasing as the fluence increases, since it leads to
an increase in the level of RIS;

e  The study of materials irradiated in a wide range of fluences (6-101) x 10??2m~2 at
close flux levels shows that an increase in the fast neutron fluence (and irradiation time)
leads both to an increase in nucleation sites number and the level of RIS, which leads
to an increase in the density and size of precipitates. The composition of precipitates
correlates with the alloy composition, and the studied steels with Ni and Mn content
(1.0-2.0 wt.% Ni, 0.4-1.1 wt.% Mn) correspond to the ordered B2 phase. In the B2
phase, Ni atoms occupy positions in one sublattice and Mn and Si in another and can
easily substitute each other in accordance with the concentrations of these elements in
the alloy;

e  Comparison of materials with the same composition irradiated to the same fluence but
at different flux levels shows that increasing the fast neutron flux (i.e., decreasing the
irradiation time at the same fluence) leads to an increase in nucleation sites number
(increasing the number of point defect clusters, at a close RIS level). This determines a
higher density of precipitates of smaller sizes due to less time for diffusion processes
to occur;

e  The study of materials irradiated at different temperatures showed that at low irra-
diation temperatures (50-130 °C), precipitates are not formed, which is due to the
low level of RIS and low diffusional mobility of atoms, while the number of sites for
precipitate nucleation increases. At high irradiation temperatures (400 °C), cascade
clusters of point defects are hardly formed. Therefore, precipitates can emerge on
heterogeneous sinks—dislocations and grain boundaries by thermodynamic driving
force along with radiation-enhanced diffusion. The composition of precipitates, in this
case, corresponds to equilibrium phases.
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