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ABSTRACT

The study of solute clusters induced by neutron irradiation is fundamental to the understanding of the embrit-
tlement phenomena of Reactor Pressure Vessel (RPV) steels. In this paper, the influence of Ni-content and
irradiation temperature on these cluster formation are investigated using atom probe tomography.

VVER 1000-BM (base metal) and 1000-W (weld) steels were chosen for their high Ni content of 1.2 and 1.7 at
%, respectively. They were irradiated up to doses of 0.28 dpa at two temperatures (265 and 300 °C). The ir-
radiations were performed at SCK CEN in the BR2 reactor.

After irradiation, Mn, Ni and Si rich clusters were observed. A careful study of their composition indicates that
these clusters actually contain iron. Moreover, the evolution of Fe cluster concentration with the dose indicates a
constant supply of solutes throughout the irradiation thanks to the flux coupling. With increasing dose, both the
cluster size and number density increase.

The effect of temperature has to be dissociated from that of Ni content. Both of them result in an increase of the
cluster number density at a given dose. The irradiation temperature has a more pronounced effect than chemical
composition (mainly Ni effect). This can be explained by the fact that more matrix damage is produced at lower
irradiation temperature. The influence of Ni on cluster number density is significantly higher at the lower
temperature. All these observations support the hypothesis of radiation-induced segregation, even if a thermo-
dynamic contribution to solute clustering cannot be excluded, in particular in the higher Ni steel irradiated at

low temperature.

In all cases, the yield strength increases proportionally to the volume fraction of radiation-induced defects

VD))

1. Introduction

Under operating conditions of a nuclear reactor, the reactor pressure
vessel (RPV) steel undergoes a neutron flux that results in the formation
of solute clusters. These clusters hinder the dislocation gliding, resulting
in a hardening and embrittlement of the material [1-3].

Neutron irradiation produces an excess of point defects (PDs) — self-
interstitial atoms (SIA) and vacancies [4] - that reach a steady state in
term of concentration due to the balance between creation, recombi-
nation and loss to point defect sinks. These point defects enhance the
atom diffusion. They also continuously diffuse towards sinks resulting in
solute transport thanks to solute-SIA or solute-vacancy pair depending of
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the solute nature [5]. These two mechanisms can result in radiation
enhanced precipitation, as for Cu precipitates in RPV steels [6], and in
radiation induced segregation or precipitation.

Mn-Ni-Si rich particles (MNSPs) are considered by several authors as
thermodynamically stable phases at irradiation temperature resulting
from radiation enhanced precipitation (REP) [7-9]. Modified Rietveld
refinements of small Angle X-ray scattering analysis of RPV model
samples irradiated at very high fluence [7] suggest that MNSPs has a
G-phase crystallography. These MNSPs are also called “late blooming
phases” because they grow very slowly after nucleation and are thus not
detected at low dose [10]. On the other hand, different authors suggest
that these features result from radiation-induced segregation (RIS) or
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Table 1

Bulk compositions of VVER 1000-W and 1000-BM materials in at% and wt% [20]. Balance is Fe.

Designation C Cr Mn Ni Si Cu P S Mo A
1000-BM 15Kh2NMFAA at% 0.79 2.34 0.46 1.19 0.59 0.044 0.014 0.017 0.29 0.11
wt% 0.17 2.20 0.46 1.26 0.30 0.05 0.008 0.010 0.50 0.10
1000-W 12Kh2N2MAA at% 0.51 2.03 0.74 1.61 0.28 0.053 0.011 0.014 0.32 0.01
wit% 0.11 1.90 0.73 1.70 0.14 0.06 0.006 0.008 0.55 0.01
Table 2
Mechanical properties in the unirradiated condition.
Orientation oy (MPa) o, (MPa) ey (%) e (%) RA (%) Orientation USE (J) T415 (°C)
1000-BM L 604 707 7 20 78 L-T 192 -70
1000-W T 531 619 6 18 74 T-L 143 -58

radiation enhanced precipitation (RIP) [11-13]. The main difference in
this case is that, due to flux coupling, MNSPs can appear in undersatu-
rated solid solution, and in the case of supersaturated alloy or steel, the
kinetics of formation of these features and the stationary states can differ
from the one expected from REP. Solute clustering in ion irradiated
under-saturated FeMn and FeNi model alloys was observed in [14,15],
demonstrating the contribution of flux coupling in Mn and Ni clustering
in ferrite.

The composition and kinetics of formation of these clusters depend
on the material composition [16,17] and irradiation conditions. Ni and
to a lesser extent Mn bulk concentrations play a preponderant role [16].
The higher the Ni level in the material, the higher the number density of
clusters. The temperature is also a matter of importance and several
regimes can be identified [4,18]. It has been shown in [19] that solute
clusters are formed only at 300 °C and not at 150 or 400 °C.

The aim of this paper is to understand how the irradiation hardening
of VVER materials is affected by Ni-content and by irradiation temper-
ature through the formation of solute clusters. Moreover, by dis-
tinguishing between the effect of Ni-content and the effect of irradiation
temperature, the kinetic of solute clusters formation and their conse-
quences on the hardening of two VVER materials will be investigated.

This paper is divided into three parts. First, the method and the
materials will be presented, followed by the results of the Atom Probe
tomography (APT) analysis. Finally, the contribution of the bulk
composition and the irradiation temperature will be discussed in terms
of composition of the clusters and the existing correlation between
number density of solute clusters and the induced hardening.

2. Experimental methods
2.1. Materials

The materials investigated in this paper were used within the IAEA
coordinated Research Project (CRP) to better quantify the Ni-
contribution to irradiation embrittlement of VVER-1000 reactors [20].
Both base metal and weld were provided by the Kurchatov Institute for
further investigations within a consortium of seven participants, one of
them being Institute of Energy Joint Research center (IE-JRC) in Petten
from which we received a few broken Charpy specimens.

The steels nominal compositions (in wt% and at.%) are given in
Table 1 and their mechanical properties in the unirradiated condition
are given in Table 2.

The 1000 weld metal (1000-W) is considered to have a high Ni
content (1.60 at%) while the 1000 base metal (1000-BM) contains a
medium Ni content of about 1.2 at%. It has to be noticed that the steel
compositions also differ in the levels of Mn and Si. The 1000-W (high
nickel contains twice more manganese and half silicon in comparison to
the 1000-BM). However, the two main elements that are known to affect
irradiation embrittlement, Cu-content and P-content, in these two ma-
terials are close and will have no significant effect [21,22]. The other

Table 3
Irradiation conditions for the 1000-BM and 1000-W samples. dpa is displace-
ments per atom. Neutron fluxes and fluences are for energies higher than 1 MeV.

Material  Tirraq Sample  Dose Dose Flux Fluence
“Q) rate (dpa) (E>1MeV) (E>1MeV)
aos 10" n. 10*n.
dpa.s™) m2s) m~?)
1000- 265 LF265 1.4+ 0.03 1.0+ 0.3 244+0.1
BM +2 0.01 +
0.01
MF265 4.4 + 0.10 3.0+ 04 7.3+ 0.6
0.01 +
0.01
HF265 11 + 0.27 7.7 £ 0.3 185+ 0.4
0.01 +
0.01
300 LF300 1.6 £ 0.03 1.1+0.3 1.9+ 0.4
+2 0.01 +
0.01
MF300 4.8 + 0.08 3.3+04 5.8+ 0.5
0.01 +
0.01
HF300 12 + 0.21 8.4+ 0.3 14.8 +£ 0.3
0.01 +
0.01
1000-W 265 LF265 2.0+ 0.05 1.4 +£0.3 3.3+0.1
+2 0.01 +
0.01
MF265 51+ 0.12 3.6 £0.4 85+ 0.6
0.01 +
0.01
HF265 12 + 0.28 81+0.3 19.3+ 0.4
0.01 +
0.01
300 LF300 22+ 0.04 1.5+0.3 2.6 +£0.4
+2 0.01 +
0.01
MF300 5.6 + 0.10 39+04 6.8 + 0.5
0.01 +
0.01
HF300 13 + 0.22 8.8+ 0.3 155+ 0.3
0.01 +
0.01

elements, in particular Mn and Si, although often found in the
irradiation-induced solute clusters have generally a weaker effect on the
mechanical properties. So, it can be assumed that the difference
observed between these two materials in terms of post irradiation
behavior are largely due to the difference in Ni-content.

The tensile properties were derived from the tests performed at SCK
CEN and the Charpy impact properties are those obtained at IE-JRC. It
should be noticed that both materials exhibited significant variations in
terms of Charpy impact properties of the VVER-1000-BM before irra-
diation, the T4yy-transition temperature varying between -103 and
-49 °C while the upper shelf energy (USE) varies between 185 J and 270



Table 4
Results of the tensile tests, yield strength increase in MPa for the 1000-BM and
1000-W for each dose in dpa.

J, respectively. The weld metal is less heterogeneous and exhibits a T4 ;
value between -62 and -40 °C with a USE varying between 127 J and
160 J, respectively. The broken Charpy specimens being provided by IE-

Tirrad = 265 °C Tirrad = 300 °C JRC and all specimens extracted from a small region, it is expected that
Dose 1000- Dose 1000- Dose 1000- Dose 1000- material variability will be negligible. The yield strength values are in
dpa BM (dpa) w (dpa) BM (dpa) w excellent agreement with those reported by Miller et al. [23], 599 and
536 MPa for the base metal and weld, respectively.
Aoy Aoy Aoy Aoy
(MPa) (MPa) (MPa) (MPa)
0.03 67 0.05 118 0.03 28 0.04 55
0.10 137 0.12 311 0.08 96 0.10 127 2.2. Irradiation conditions
0.27 307 0.28 512 0.21 167 0.22 276
These materials were irradiated in the BR2 reactor of the SCK CEN in
Belgium to four different neutron doses and at two irradiation temper-
atures, 265 °C and 300 °C, respectively. The irradiation temperature is
1000 7 yVER-1000-BM 1250 7 YVER-1000-BM
Tiraa = 300°C Tirraa = 265°C
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750 A
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Fig. 1. Effect of irradiation on the true strain — true stress curves of the 1000-BM and 1000-W materials.
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Fig. 2. Effect of irradiation on the yield strength increase in the 1000-BM and 1000-W materials.
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Table 5
Matrix compositions of the unirradiated 1000-BM and 1000-W measured by APT and their bulk compositions for comparison. All concentrations are given in at%. The
uncertainty corresponds to the standard deviation with a confidence interval of 95%. Fe is balance.

C Cr Mn Ni Si Cu P S Mo v
1000-BM Matrix 0.11 1.50 0.35 1.23 0.63 0.01 0.01 - 0.21 0.03
+ 0.02 0.14 0.02 0.06 0.03 <0.01 <0.01 - <0.01 0.02
Bulk 0.78 2.34 0.46 1.19 0.59 0.04 0.01 0.02 0.29 0.11
1000-W Matrix 0.16 1.61 0.63 1.68 0.50 0.06 0.01 - 0.28 0.00
+ 0.19 0.36 0.03 0.07 0.03 0.03 0.00 - 0.20 0.01
Bulk 0.51 2.02 0.74 1.60 0.28 0.05 0.01 0.01 0.32 0.01

well controlled in the Callisto loop with a standard deviation of 0.7 °C of
the pressurized water and an accuracy of less than +2 °C for the tem-
perature of the specimens. Three levels of neutron doses were selected
for investigation, LF, MF and HF designating low, medium and high
fluence, respectively. The irradiation conditions are summarized in
Table 3. It has to be noticed that BR2 is a material test reactor, thus
neutron fluxes (107 - 10'® m2s™!) are significantly higher than for
VVER1000 reactor (3—-4 x 104 mz.s’l) [24]. 2 to 3 order of magnitudes
in the flux can result in differences in irradiation induced microstruc-
tures (it is generally admitted that higher flux result in smaller and more
numerous solutes clusters but has limited impact on the mechanical
properties [25]). Since the different fluences studied in this paper
depend of the neutron flux, not of the irradiation duration, a flux effect
could also be mixed with the fluence effects. However, the ratio between
the lowest and highest fluxes are lower than 8 for the 1000-BM and
lower than 6 for the 1000-W. These differences are low enough to
consider that the flux effects should be small in comparison to fluence
effect. This point is discussed later.

(b) ()

2.3. Tensile test

Cylindrical tensile specimens taken from broken Charpy specimens
having a total length of 24 mm, a gage length of 12 mm and a cross
section diameter of 2.4 mm were tested in a servohydraulic Instron
machine under constant displacement rate of 0.2 mm/min. All tensile
tests were performed at room temperature under a strain rate of 2.8 x
10~* s Two out of the three available irradiated specimens were
tested, the third specimen being kept as a spare is case of large dis-
crepancies between the two tested specimens. The results in terms of
irradiation-induced yield strength increase are reported in Table 4. In
general, the yield strength measurement accuracy including experi-
mental uncertainties and material variability is about +25 MPa.

The effect of irradiation on the stress-strain curve is shown in Fig. 1
for the two materials and irradiation conditions. Fig. 2 shown the effect
of irradiation on hardening expressed as the yield strength increase. As it
can be seen from Table 4 and Fig. 2, the range of yield strength increase
is very large, varying between ~50 and ~500 MPa, which offers an

(d)

Concentration (at. %)

10nm-—

Fig. 3. Examples of observed microstructures in the irradiated in the samples irradiated at the highest fluences (a to d) 1000-W steel and (e, f) 1000-BM steel. (a)
Region enriched in Mn, Ni and Si are highlighted using the Iso Position Method (IPM), showing solute clusters and segregation along dislocation lines after irradiation
at 265 °C. (b) Segregation of Ni, Si and Mn along dislocations network of a low angle tilt boundary. The concentration profile shown in (c) is plotted along the red
box. (d) Vanadium rich nitrides are shown in pink (upper image) and Mn, Ni and Si segregation along dislocation lines and on vanadium nitride interfaces are
highlighted (bottom image) in 1000-W irradiated at 300 °C. In (e) and (f), region enriched in Mn, Ni and Si are highlighted using the Iso Position Method, showing
solute clusters and segregation along dislocation lines after irradiation of the 1000 BM at high fluence at 265 °C and at 300 °C, respectively. In (g) Mn, Ni, Si rich
clusters and segregations along dislocation lines and at carbide interface are highlighted in the 1000-BM irradiated at high fluence at 300 °C.



Table 6

Bulk and matrix concentrations in Ni, Mn, Si, Cu and P for the two materials in each condition, in at%. The compositions were measured with APT.

Dose (dpa) Bulk Matrix
Ni Mn Si Cu P Ni Mn Si Cu P

1000-BM LF265 0.03 1.39 0.40 0.65 0.06 0.03 1.38 0.40 0.65 0.06 0.03
+ 0.03 <0.01 0.03 0.03 0.01 0.03 <0.01 0.03 0.03 <0.01

MF265 0.10 1.34 0.37 0.68 0.08 0.02 1.28 0.36 0.64 0.06 0.02
+ 0.05 0.01 0.03 0.03 <0.01 0.06 0.01 0.03 0.01 <0.01

HF265 0.27 1.26 0.35 0.65 0.04 0.01 0.95 0.30 0.47 0.03 0.01

+ 0.09 0.01 0.03 0.01 0.01 0.06 0.01 0.02 0.01 0.01

LF300 0.03 1.29 0.37 0.66 0.04 0.01 1.29 0.37 0.66 0.04 0.01

+ 0.06 0.02 0.04 <0.01 0.01 0.06 0.02 0.04 <0.01 0.01

MF300 0.08 1.26 0.36 0.68 0.04 0.02 1.22 0.36 0.65 0.04 0.02

+ 0.03 0.02 0.03 0.01 0.01 0.04 0.02 0.03 0.01 0.01

HF300 0.21 1.30 0.37 0.68 0.05 0.01 1.16 0.36 0.59 0.04 0.01

+ 0.08 0.02 0.02 <0.01 0.01 0.08 0.01 0.03 <0.01 0.01

1000-W LF265 0.05 1.61 0.61 0.50 0.05 0.01 1.56 0.59 0.48 0.05 0.01
+ 0.19 0.07 0.05 0.01 0.01 0.18 0.07 0.06 0.01 <0.01

MF265 0.12 1.54 0.43 0.55 0.03 0.01 1.38 0.40 0.49 0.02 0.01
+ 0.05 0.06 0.03 0.01 <0.01 0.09 0.05 0.04 0.01 <0.01

HF265 0.28 1.66 0.60 0.49 0.03 <0.01 0.97 0.40 0.20 0.02 0.01

+ 0.09 0.02 0.04 0.02 <0.01 0.21 0.06 0.11 0.02 0.01

LF300 0.04 1.69 0.66 0.52 0.05 0.01 1.67 0.66 0.52 0.05 0.01

+ 0.10 0.03 0.03 0.01 0.01 0.07 0.02 0.02 0.01 0.01

MF300 0.10 1.65 0.64 0.49 0.05 0.02 1.55 0.62 0.45 0.05 0.01
+ 0.12 0.10 0.06 0.01 0.01 0.07 0.09 0.04 <0.01 <0.01
HF300 0.22 1.63 0.53 0.68 0.05 <0.01 1.49 0.50 0.62 0.04 <0.01
+ 0.06 0.04 0.11 0.02 <0.01 0.09 0.02 0.14 0.02 <0.01

interesting range to investigate the underlying microstructural changes.

2.4. Atom probe tomography

The materials for APT sample preparation were collected from the
head of broken tensile bars. The APT tips were prepared using a FIB
Scios Thermofisher Intrument to perform the lift-out step and a FIB
ZEISS XB 540 for annular milling step. Two lamellas of each material
were lifted-out in different locations of the sample to ensure the ho-
mogeneity of the material. For annular milling, the voltage was set to 30
keV and the current was varied from 700 to 50 pA. A final cleaning of
150 nm of the tip was performed with low energy Ga ions at 90 pA and 2
keV to remove the Ga implantation. At least three tips per material were
analyzed.

The APT analyses were conducted on a LEAP 4000X HR from the
GENESIS platform, before and after irradiation. All the analyses were
carried out in voltage mode. A temperature of 60 K and a pulse fraction
of 20% were found to provide the best compromise of settings to avoid
early fracture of the specimen [26,27].

The IVAS software was used for 3D reconstructions. The field factor,
k¢, was determined based on the measurement of the inter-reticular
distance. Further data treatment was performed using the GPM 3D
software. The solute clusters were identified using the isoposition
method (IPM) [28]. First, thanks to a delocalization method, a local
composition is attributed to the position of each atom, in particular the
local concentration in Mn + Ni + Si, noted Cyp. The distribution of
Cynp Within the volume is calculated and compared to the distribution
in the randomized volume (i.e. the atom positions are kept but their
chemical natures are randomly swaped). The concentration threshold,
Cnmin is given by the concentration corresponding to 0.01% of observa-
tion on the random distribution. All atoms for which Cynp >Cpin are
filtered. If the distance between 2 filtered atoms is smaller than dy.x=
0.4 nm, they are considered to belong to the same cluster. In the analysis
of the VVER materials, Cpi, is between 6 and 8%. To avoid the identi-
fication of statistical fluctuations as clusters, all clusters containing less
than a minimum number of solute, Ny,i, — for which no cluster is iden-
tified in the randomized volume — are not considered. This threshold
Nmin is between 6 and 12 atoms, depending on the analyzed volume.

Once the clusters are identified, they are grouped into two to three

size classes depending on their number density (Ng). The radius is
determined after an erosion treatment whose limit is set at the mid-
height of the concentration profile of each size class. The radius given
in this study is the radius calculated from the number of atoms in the
cluster after this erosion step : R = (3VyN / 47rQ)1/ 3 where Vgt is the
atomic volume in a-Fe, N the number of atom in a cluster and Q the
detection efficiency. Finally, the composition is extracted from the mass
spectrum after a second erosion process whose limit is set to completely
remove the interface and keep only the cluster core.

3. Results
3.1. Un-irradiated samples

First, the unirradiated materials where analyzed. As expected no
MNS rich clusters were found in non-irradiated steels. Only ferritic
matrix was analyzed in the 1000-BM whereas several Mn, Mo and Cr
rich carbo-nitrides were detected in the 1000-W. Their composition (in
at%) is Cr-(49.2 + 1.0%), Mo-(11.8 £ 0.6%), Mn-(3.9 + 0.4%), C-(17.5
4+ 0.7%), N-(7.4 £+ 0.5%), balance is Fe.

The matrix compositions of the two materials are reported in Table 5
and are found to be in good agreement with the bulk compositions
except for carbon and carbide-former elements (Cr, Mn, Mo, V) which
are depleted in the matrix.

3.2. Irradiated samples

As it is shown in the Fig. 3, different features were observed in
irradiated samples. As in the un-irradiated materials, a carbide was
observed in the 1000-BM irradiated in HF-300 condition. Its composi-
tion in at.% is Fe-(36.1 + 0.1), Cr-(34.1 + 0.1), Mo-(2.55 + 0.04), Mn-
(2.58 £ 0.04), C-(22.1 + 0.1). The balance is the sum of other solute
concentrations (about 2 at.% in total). In the 1000-W irradiated in the
same conditions, plate shaped vanadium rich nitrides were observed in
several 2 vol (both coming from the same sample area). Excluding Fe,
the main elements in these features are V (13.2 at.%), Cr (6.2 at.%) and
N (10.1 at.%). Carbides and nitrides were likely present in the material
before irradiation. Concerning the irradiation induced features, Mn, Ni
and Si rich clusters located in the matrix were observed in all conditions.



Table 7

Number density (Ng) and radius (R) of solute clusters for each irradiation con-
dition in 1000 BM and 1000 W steels. Uncertainties are given by the standard
deviations.

Tirrad ( Dose R or Ng (102 ong (105
°C) (dpa) (nm) (nm) m~3) m)
1000-W 265 0.05 1.04 +0.02 124 +4.9
0.12 1.10 +0.06 241 +56
0.28 1.20 +0.14 409 +23
300 0.04 0.90 +0.11 5.0 +1.6
0.10 1.02 +0.15 65 +35
0.22 1.13 +0.13 107 +3.2
1000- 265 0.03 0.96 +0.07 3.2 + 1.6
BM 0.10 1.02 +0.08 117 +3.0
0.27 1.14 +0.05 247 +24
300 0.03 0.91 +0.18 20 +1.8
0.08 1.01 +0.15 35 +2.0
0.21 1.11 +0.11 8.1 +1.9

Such clusters were also observed at the interface of the vanadium rich
nitrides. Segregations of the same solutes were also observed along
dislocation lines, at grain boundary and at all interfaces between carbide
or Vrich carbides and the ferritic matrix. A few amounts of Cuand or P is
sometime associated to these cluster or segregations.

The Table 6 summarizes the global (including all observed features)
and the matrix concentrations in Ni, Mn, Si, Cu and P of all investigated
materials and irradiation conditions. The global concentrations in the
irradiated samples are similar to the matrix ones in the non-irradiated
condition. On the contrary, the irradiated matrix is depleted in Ni, Mn
and Si at medium and high neutron exposure in both steels and irradi-
ation temperatures. The matrix depletion in Ni, Mn and Si is maximal for
the highest doses.

The evolution of the matrix composition is explained by the forma-
tion of Mn, Ni and Si rich clusters and continuous segregations along
dislocation lines, at interfaces and grain boundaries.

Details about solute clusters as a function of material (so that, Ni
content) and irradiation condition (temperature and dose) will be given
in the next section.

3.2.1. Cluster size and number density

Numerous clusters were observed in 3D reconstructions, at all irra-
diation conditions. Their number density (Nq) and average radius (R) are
summarized in Table 7. To avoid any bias due to the presence of V-rich
nitrides, the volumes containing such features were not considered for
the calculation of cluster characteristics.

The average cluster radius slightly increases with the dose but no
significant differences between the materials are observed. On the other
hand, the number density of clusters drastically increases with the dose.
The number density is also significantly affected by the material
composition and irradiation temperature. The highest N4 corresponds to

the highest irradiation dose (0.28 dpa), the lowest temperature (265 °C)
and the 1000 W material which contains the highest Ni level.

3.2.2. Cluster composition

The clusters compositions in terms of Ni, Mn, Si, Cu and P (all
enriched solutes in comparison to the matrix composition) and Fe for the
two materials under the different irradiation conditions are reported in
Table 8. The main solute in the clusters is the Ni, up to 17.9% for the
1000-W samples irradiated at 265 °C to the highest neutron dose, Mn-
content is between 1.5 and 5.5%, Si-content between 3.5 and 9.8%. Fe
is also detected in the clusters. Its concentration is rather high (65-80%)
and decreases with the neutron fluence. The lowest Fe-content (around
65%) corresponds to the highest doses and the lowest irradiation tem-
perature (265 °C).

Here, it should be mentioned that similar steels were also investi-
gated by APT after neutron irradiation by Miller et al. [12,23]. Irradi-
ation were performed at about 290 °C under lower flux and up to
fluences comparable to the low and medium fluences studies here. There
is a reasonably good agreement between the data published in [12]) -
cluster diameter, density and Fe level are respectively 2-4 nm, 1 x 10?3
in BM to 1.5 x 10%®m™2 in WM and about 75at.% for a fluence com-
parable to our low fluence - and the results obtained in the present work.
On the contrary, in [23] (fluences comparable to our low and medium
ones), clusters observed both in the weld and the base metal are
significantly smaller (~1 nm in diameter), more numerous and contain
about 10% Fe only (it should be noted that there is the same discrepancy
between [12,23] for the low fluence irradiation) . The difference in size
and number density between our results and [23] are the opposite to flux
effect expectations. The differences in the number densities are hardly
explainable. Concerning the size and the Fe level, the figure 7 in [23]
shows an average radial concentration profile of 30 nanoclusters at the
highest fluence in the BM. In this profile, it is clear that the total amount
of solutes in the cluster core does not exceed 25 at.% (so that Fe level is
about 75%). In addition, when the authors give the cluster composition
(with only 10 at.%Fe), they mention that "the envelope algorithm is
extremely aggressive in removing the matrix atoms. Therefore, the ratios of
the elements provide a more reliable estimate of the concentrations rather
than the absolute levels." From our point of view, the aggressive algorithm
used by Miller et al. explain the underestimation of the measured Fe
level and likely the smaller radius.

4, Discussion

Before discussing the detailed results in terms of composition and
distribution of the irradiation-induced defects, it is important to point
out for the following preliminary remarks.

First, the focus of this paper is on the effect of Ni-content although
other chemical elements are different when comparing 1000-BM to
1000-W. The main purpose is not to quantitatively compare these two

Table 8
Chemical composition of the clusters. Concentrations are given in at.%. Balance is the constituted of the other solutes.
Tirraa ( °C) dose (dpa) Fe Ni Mn Si Cu P
1000-W
265 0.05 76.2+1.5 11.8 £ 0.4 3.9+0.38 3.5+0.9 0.71 £ 0.15 0.27 £ 0.16
0.12 73.7 £1.7 150+ 1.1 25+0.7 5.6 +£ 0.9 0.28 £0.11 0.15 £ 0.09
0.28 64.7 £3.1 179+ 1.5 5.5+ 0.9 8.6 +1.9 0.22 £ 0.13 0.130.13 0.9 0.2+ 0.2
300 0.04 729 +1.5 13.4 £3.2 3.9+07 1.9+ 29 0.63 + 0.44 0.52 + 0.35
0.1 72.5 + 4.6 139 +21 2.8+0.8 6.2+ 1.6 0.43 + 0.24 0.82 + 0.59
0.22 67.7 £3.2 16.9 £ 1.0 25+1.0 7.6 £ 2.5 0.39 £ 0.2 n.s.
1000-BM
265 0.03 79.8 £5.7 10.6 £ 0.6 1.9+0.7 21+22 0.14 +£0.12 0.57 + 0.40
0.1 77.4+15 10.5 + 0.8 22+0.3 52+1.3 0.55 £ 0.16 0.26 £ 0.14
0.27 735+ 1.7 13.0+1.1 2.6 £0.2 84+13 0.38 £ 0.16 0.21 £+ 0.09
300 0.03 79.8 £5.7 10.4 £5.9 1.5+22 09+1.6 0.14 + 0.14 0.88 + 0.48
0.08 70.9 £9.1 122+ 21 1.5+0.4 5.4 +10.3 0.29 £ 0.18 1.33 £ 0.91
0.21 68.3 £4.3 155+ 2.4 2.4 +1.44 9.8+ 2.6 0.22 £0.14 0.36 £ 0.26
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Fig. 4. Experimental data obtained on irradiated RPV materials irradiated in the BR2 MTR reactor exhibiting a negligible effect of Mn-content.
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Fig. 5. Experimental data obtained on irradiated RPV materials irradiated in
the BR2 MTR reactor exhibiting a negligible effect of Si-content.

materials with respect to Ni-content. However, the two materials clearly
exhibit different Ni-contents, 1.26% versus 1.70% weight-% for 1000-
BM and 1000-W, respectively, and therefore these values are signifi-
cantly different to compare these materials with respect to post-
irradiation behavior.

Second, the two other elements that are known to significantly affect
irradiation behavior, Cu and P, are significantly low (0.05-0.06% for Cu
and 0.006-0.008% for P) to produce a significant effect. Based on the
analysis of large experimental databases using artificial neural networks
that demonstrated that Cu, Ni and P elements dominate the post-
irradiation embrittlement [21,22], the effects of all other elements is
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assume to be weaker than Ni one. The fact that Mn and Si are found in
the neutron-induced solute clusters do not necessarily mean that they
have a large contribution into hardening and embrittlement. Available
experimental data also support the negligible effect of Mn and Si. Fig. 4
shows some comparative test results obtained on materials irradiated in
the same irradiation campaigns in the BR2 reactor with similar chemical
composition except Mn-content. The same observation can be made on
the minor effect of Si-content on irradiation hardening, as illustrated in
Fig. 5 where doubling Si-content (from 0.14% to 0.28%) does clearly not
affect the irradiation-induced hardening.

Of course, microstructural investigations should be necessary to
confirm the weaker effect of Mn and Si on solute clustering. However,
based on mechanical properties data, we will assume in this paper that
the main differences observed in the microstructures of the two steels
come from the Ni-content.

Finally, from the irradiation point of view, all specimens were irra-
diated during one BR2 cycle of three weeks, approximatively 500 h. This
means that the specimens were irradiated at different neutron fluxes, the
higher the fluence, the higher the flux. However, the differences in terms
of flux are still small, between 1 x 10'® and 8.6 x 10'% n/cm? E>1MeV.
Such a difference is not expected to produce significant effects contrary
to comparison between vessel flux conditions (~1010—1 ol! n/cm?s) and
MTR irradiation conditions (~10'® n/cm?s) such as the BR2. This is also
confirmed by the experimental data reported in [20] where the neutron
flux was ranging between 0.03 and 3 10'% n/cm2.s, E>1MeV. The results
are shown in Fig. 6 where the available data obtained in different re-
actors, including research and power reactors are compiled. The
experimental data reported in [20] were expressed in terms of T47; as a
function of neutron exposure for energy above 0.5 MeV. To be combined
in a single plot, the following neutron energy ratio (¢pg>0.s5Mmev/PE>1MeV)
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Fig. 6. Yield strength increase as a function of neutron exposure : comparison with irradiation-induced hardening extracted from the Charpy impact test data

assuming an embrittlement-to-hardening ratio of 0.63.
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Fig. 8. Fe content measured in cluster cores as a function of cluster radius
within one volume of the 1000-BM HF265. Each dot is a cluster. There were
390 clusters in the volume.

and embrittlement-to-hardening ratio (AT415/Acy) had to be applied for
consistency:

4)E>0,5Mev —1.65

1)
¢E>1MeV
and
Alw _ g / MPa3 2
Ao,

As it can be seen from Fig. 6, the comparison between the data
derived from the Charpy impact data reported in [20] and the data of the
present paper are in a reasonable agreement. It is also interesting to note
that, as indicated earlier, the flux does not play a significant role, Fig. 6
showing no obvious trend with respect to flux. Note that if unique un-
irradiated properties are considered rather than individually measured
by the various organizations, the scatter is slightly reduced but still
present (see Fig. 7) with no evidence of flux effect.

By analyzing the materials irradiated in the present work and irra-
diated in the BR2 reactor, many uncertainties and biases that can orig-
inate from different irradiation conditions, different fluence and
dosimetry evaluations, different materials locations, and different
testing conditions will be minimized. In other words, the experimental
and testing variables that can bias our observations are reduced to a
minimum, namely, Ni-content, irradiation temperature and neutron
fluence. The remaining variables such as neutron flux and other

elements than Ni-content can be neglected.

4.1. Cluster composition

4.1.1. Fe in the clusters

Fig. 8 shows the Fe-content measured in the clusters core as a
function of cluster radius within one volume of the 1000-BM HF265
specimen. No evolution of Fe-concentration with the size is observed.
Such high amount of iron in the cluster cores was measured in all irra-
diation conditions, in both steels. The presence of a majority of iron
detected in the solute clusters formed under irradiation in RPV steels is a
common observation [26,27]. However, several authors consider that
the Fe is not part of the cluster but is only a probe artefact [29-31] (and
in some cases, the measured level of iron is simply not reported). Indeed,
it is well known that — due to a modification of the local radius of cur-
vature — trajectory aberrations can occur when the evaporation field of a
chemical heterogeneity differs from the one of the surrounding matrix
[32,33]. In the case of a low evaporation field chemical heterogeneity
(as the irradiation-induced solute clusters in RPV steels), ion trajectories
are focused resulting locally in a higher local atom density than ex-
pected. If the difference of evaporation fields is high enough, trajectory
overlaps can occur and artificially introduce matrix atoms in the cluster
[34]. However, modeling of field evaporation of APT needles containing
low field clusters has shown that for a difference of evaporation field
between cluster and matrix lower than 15% (which is the case here,
considering evaporation fields of Fe 33 V/nm, Ni 35 V/nm, Mn 30 V/nm
and Si 35 V/nm), trajectory overlap do not modify significantly the core
composition of clusters larger than 1 nm in diameter [33,35].

More recently, Hatzoglou et al. [36,37] proposed an analytical model
to estimate the proportion of matrix atoms that are introduced in the
cluster core by using the particle density and a shape factor according to
Eq. (1).

Ceor = Cheas'p*S + Cmal'(l _pS) €))
where p is the reduced density, S = XY/Z? the shape factor, X, Y and Z
are the particle lengths along the 3 directions. Ccor, Cmeas and Cpgat are
the corrected concentration, the measured one in the cluster core and in
the matrix, respectively. This model was applied to nano-oxides in ODS
steels [36] and to o’ precipitates in the FeCr system [38], showing that
the iron detected in the cluster core can be an artefact (case of ODS steel)
or can be actually there (case of o’ precipitates).

Here, the correction was applied to several clusters — 10 clusters
coming from 3 different tips — and the Fe-content is found to be about
72.5 £+ 3.0%, which is in good agreement with the concentration
measured from the mass spectrum of cluster cores (72.8 + 2.2%). In the
light of these results, the Fe found in the clusters cannot be entirely
considered as an atom probe artefact but as is part of the clusters. Thus



Table 9

Chemical composition of the clusters. Concentrations are given in at.%. Balance
is the constituted of the other solutes. Error bars are given by 2 standard
deviations.

Tirraa (°C) dose (dpa) Ni Si Mn
1000-W 265 0.05 61.5 + 0.4 18.2+ 0.3 20.3 + 0.4
0.12 64.9 £0.2 242 +£0.2 10.8 + 0.1
0.28 55.9+0.2 26.9 +£0.2 17.2+ 0.2
300 0.04 69.8 £ 1.0 9.9+ 0.6 20.3 £ 0.8
0.1 60.7 + 0.5 27.1 +£0.4 12.2+ 0.3
0.22 62.6 + 0.4 28.1 £0.3 9.3+0.2
1000-BM 265 0.03 72.6 £ 1.1 14.4 + 0.9 13.0 £ 0.9
0.1 58.7 £ 0.3 29.1 +£0.3 12.3+0.2
0.27 542 +0.2 35.0 £0.2 10.8 + 0.1
300 0.03 81.3+ 1.0 7.0+ 0.7 11.7 £ 0.8
0.08 63.9 + 1.3 283+ 1.2 7.9+ 0.7
0.21 56.0 + 0.6 35.4 £ 0.5 8.7 +0.3

the cluster composition strongly differ from G-phase: (Ni, Fe, Mo)ssu,
Siza0, (Mn, Cr)219; or I'>-phase : Nisoo, Si16.79, Mn33.3%

4.1.2. Composition of the clusters and segregation on dislocations

In order to confirm previous conclusion, the composition of the
clusters considering only Ni, Si and Mn is reported in the Table 9.
Excepted for the Weld metal irradiated at the highest fluence that could
correspond to G-phase (removing iron without any objective reason),
any composition corresponds to G- or I';-phases.

Fig. 9(a) shows the relative proportion of solutes in the clusters as a
function of their concentration in the bulk for all investigated conditions
in terms of material, dose and irradiation temperature. Fig. 9(b) shows
the same plot but for segregations along dislocation lines. These graphs
highlight the existing link between the material composition and the
solute segregation. This correlation had already been formulated given
that the composition of segregation depends on the material composi-
tion [16,17]. Since both clusters and dislocations are enriched in the
same way, it strongly suggests that the same formation mechanism is
involved.

4.2. Dose effect on size, number density and cluster composition

The cluster number density, Ng and average radius, R, increase with
neutron dose, as shown in Fig. 10a) and b), regardless of composition or
irradiation temperature. Considering that the clusters are not
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precipitates of a well-defined phase as discussed previously, their for-
mation mechanism can be related to an induced segregation mechanism
— thanks to the flux coupling — on small point defect clusters [39,40].
Recently, Castin et al. [41] have shown that the efficiency of this
mechanism based on Object Kinetic Monte Carlo simulations high-
lighted the role of immobilized self-interstitial loops in the first stage of
formation of solute clusters.

The experimental observations shown here are coherent with this
mechanism, the continuous increase in solute cluster number density
with dose results from the increase in defect sink density as irradiation
continuously produces new point defects. The increase in size and solute
content, relative to Fe-content (Fig. 10c¢) and d)) of the clusters with
neutron dose can be explained by the flux of point defect that continu-
ously bring solutes to sinks during irradiation.

4.3. Ni concentration and irradiation temperature contributions

As it was said previously, the two steel compositions differ not only
from Ni level but also from Mn and Si concentrations (considering solute
taking part of the clusters). Based on the fact that the effect of Mn and Si
on mechanical properties is low in comparison to Ni effect, as explained
before, we assume here that the main effect of the composition is Ni
effect.

The cluster characteristic which differs the most from one material or
one temperature to another one is the number density, Ng. To distin-
guish the effect of chemical composition from the effect of irradiation
temperature, the ratio of Ng was calculated for each pair of parameters.
However, before deriving such ratios, an interpolation procedure should
be applied to normalize the Ny values to the same reference dose. Three
reference doses were selected, 0.05 dpa, 0.09 dpa and 0.22 dpa,
respectively.

Fig. 11 shows the contribution of each parameter, i.e. the Ni-content
and the irradiation temperature. The error bars are calculated from the
N4 uncertainties. For example, N4265/N4300(W) is the Ng of 1000-W at
265 °C divided by the Ny of 1000-W at 300 °C, this ratio quantifies the
contribution of irradiation temperature. The open symbols represent the
effect of temperature, and more specifically, the orange circle is for the
1000-W and the green square is for the 1000-BM. The black triangles and
the blue diamonds represent the effect of composition at 265 °C and at
300 °C, respectively.

At low and medium neutron doses, the difference between the ratios
is difficult to assess due to the magnitude of the uncertainty. However,
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Fig. 9. Relative proportion of segregated/clustered solutes against their proportion in the unirradiated material for all materials and conditions. e.g. relative pro-
portion of Ni = Cy; /(Cni + Cwvn + Csi). (@) solute clusters and (b) segregations along dislocations lines.. The Cu and P were not considered because their concen-

trations are rather small.
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Fig. 11. Ratio of Ng4. Ng w / Nq pm(265 °C) means the Ny of the 1000-W divided
by the Ny of the 1000-BM at 265 °C. Black and blue curves show the contri-
bution of the composition and green and orange curves represent the contri-
bution of the irradiation temperature.

the bulk Ni concentration appears to have a large influence on the
number density at low dose at 265 °C (black triangles). At high dose, the
difference between the two parameters is significantly higher and re-
veals that irradiation temperature is the most impactful parameter in
comparison to composition. About 1.5 times more clusters (blue and
black curves) are formed in the material with the high Ni-content while
between 2.6 and 3.3 times more clusters (green and orange curves) are
formed when reducing the irradiation temperature from 300 to 265 °C.

Considering the observation on cluster composition and evolution
with the neutron fluence, conclusion was made that flux coupling and
radiation induced segregation mechanism take part in the cluster for-
mation. In this case, solute clusters form around the defect sinks, the
increase in Ny necessarily implies an increased number of these sinks.
Thus, the effect of irradiation temperature on the density of defect sinks
is higher than the effect of chemical composition. As already mentioned,
immobilized small interstitial loops are efficient sinks where solute
clusters can nucleate [41]. Hardouin Duparc et al. [42] have studied by
transmission electron microscopy the density of dislocation loops at
saturation as a function of irradiation temperature in model alloys
representative of low Cu RPV steels irradiated with electrons. They have
shown that the higher the irradiation temperature, the lower the density
of loops. This agrees with the irradiation temperature effect observed
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here on the density of solute clusters and the proposed mechanism. It
should be noticed, that in the case of a thermodynamic driving force, a
lower temperature should also result in higher number density.
Contribution of thermodynamic driving force, in addition to flux
coupling cannot be completely excluded, in particular for the weld metal
(high nickel), at the lower temperature. It could explain the high W/BM
N4 ratio observed at the low fluence at 265 °C.

4.4. Hardening trend curve

Fig. 12 shows the relationship between the yield strength increase
(Acy) and the volume fraction of irradiation defects (V¢ in%) as previ-
ously reported in other works [1,17]. The material hardening increases
linearly with the square root of the volume fraction of defects (1/V). As
demonstrated by Bergner et al. [43], at low neutron doses, most of the
irradiation-induced hardening or embrittlement is due to the formation
of solute clusters.

Note that the trend line in Fig. 12(a) does not intersect the zero-
origin. This could be due to a minimal amount of clustering that
would be required to have an impact on the dislocation motion and,
consequently, on the yield strength. Alternatively, the proportionality
between Acy and /fy can still be argued given the statistical un-
certainties related to the data points (see Fig. 12(b)).

5. Conclusions

Two VVER materials with Ni-content of 1.2% and 1.7%, respectively
were investigated after neutron irradiation to three levels of neutron
fluence at two different irradiation temperatures, 265 and 300 °C.

From the APT analysis, several points emerge:

The irradiation results in the formation of Mn, Ni and Si rich solute
clusters and the segregation of the same elements at crystal defects
(dislocation lines, grain boundaries, interfaces). These features
contain a majority of Fe. The ratio between the concentration of Ni,
Mn and Si in the feature are similar to the bulk ratio, not the ones
expected in G or I'y phases.

Fluence effect: the solute cluster number density, and to a lesser
extend, the cluster radius increase with the dose. The level of Fe in
solute clusters decreases when the dose increases.

The irradiation temperature mainly affects the number density of
clusters which are more numerous at lower temperature. This effect
is more pronounced in the high nickel weld steel.

The nickel bulk content also tends to promote cluster number den-
sity, in particular at low fluence and low temperature, but this Ni
effect is lower than the temperature one.

All these observations support the existence of a radiation induced
segregation mechanism as a strong contributor of solute clustering. Even
if an additional contribution of thermodynamic driving force cannot be
completely excluded, in particular in the 1000-W (partly due to high Ni
concentration) irradiated at 265 °C, the cluster are not thermodynami-
cally stable phases and their composition is proportional to the one of
the unirradiated matrix.

The APT observations were used to estimate the radiation hardening,
based on a simple Orowan model. The yield strength increase is linearly
correlated with the square root of the volume fraction of the solute
clusters.
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