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Abstract

The thermal stability and the structure of solute-vacancy clusters formed by
neutron irradiation are studied by means of positron annihilation spectroscopy
and hardness measurements of post-irradiation annealed reactor pressure vessel
steels with high and low Ni contents. Two distinct recovery stages were observed
and assigned to (a) the dissolution of vacancy clusters at about 650 K, and (b)
the dissolution of solute-vacancy clusters at about 750 K. In steels with high
Ni content, hardening mainly recovers during the second stage. Atomistic and
coarse grain models suggest that during this stage, the removal of vacancies from
vacancy-solute clusters leads to complete cluster dissolution, which indicates
that solute clusters are radiation induced.x
Keywords: vacancy-solute clusters, neutron irradiation, positron annihilation,

high Ni RPV steel

*Corresponding author
Email address: mkonstan@sckcen.be (M.J. Konstantinovié)

Preprint accepted for publication in Acta Materialia



1. Introduction

RPV steels are exposed to non-equilibrium thermodynamic condition cre-
ated by energetic neutron bombardment during nuclear power plant operation.
Abundance of vacancies and self-interstitials formed under these conditions may
induce migration of alloying elements and formation of complex defects such as
solute-rich clusters. Solute-rich clusters, or precipitates formed under neutron
irradiation, are known to be the cause of hardening and subsequent embrittle-
ment of RPV steels. Even though of nanometric size, these clusters or precip-
itates strongly affect the motion of dislocations, causing macroscopic changes
in mechanical properties |1, 2]. In order to predict the kinetics of hardening
and embrittlement versus neutron dose and to assess the hardening effect of
solute clusters or precipitates it is crucial to understand the underlying pro-
cess of formation, in particular it is important to determine whether they are
real precipitates or complexes containing solutes and point-defects, stabilized
by the presence of the latter. Numerous studies based on the atom probe to-
mography (APT) |3, 4, [5, |6, 7] have shown that under irradiation most major
solute atoms in RPV steels cluster together. The main contribution to harden-
ing comes from copper-rich precipitates of a few nanometers in diameter, which
are easily formed under neutron irradiation due to the low solubility of Cu in
Fe. The easy formation of Cu-rich clusters is reflected by (a) their appearance
at relatively low fluence, and (b) the fact that their formation is expected based
on FeCu binary phase diagram. Still, there is another class of RPV steels with
high Ni and Mn content and virtually no Cu, which exhibit substantial hard-
ening and embrittlement under neutron irradiation. This cannot be assigned to
Cu-rich precipitates. An example is the steel used to fabricate the vessel of a
number of power plants in Sweden, at the Ringhals site (Ringhals steels). In this
class of steels, APT revealed the existence of a large volume fraction of Ni-Mn
rich clusters [§], (the composition of which does not match the composition of
any thermodynamically expected phase) |9, [10]. Tt is important to mention that

APT also revealed the existence of a population of Ni-Mn rich clusters in the



16MNDS5 RPV steel, which has a lower Ni content, and consequently, the volume
fraction of solute clusters is lower and the materials exhibits lower hardening
in comparison with Ringhals steels [11]. Because of the non-applicability of a
thermodynamic approach under non-equilibrium conditions, the formation and
stability of the Ni-rich clusters are not yet fully understood |2]. As APT cannot
detect lattice defects, the role of point-defect such as vacancies, in particular
their presence in association with solute clusters, remains to be investigated
in more depth. In our previous study the properties of vacancy-solute clusters
were analyzed based on positron annihilation experiments in post-irradiation
annealed FeCu, FeMnNi, and FeCuMnNi alloys [12]. From the comparison be-
tween the experiments and rigid lattice calculations, the existence of vacancy
clusters enriched with Ni and Mn with significantly higher thermal stability and
larger dissociation energy than all other small vacancy(-solute) clusters was de-
duced. The present study significantly extends the previous by investigating the
properties of solute-vacancy clusters in RPV steels with low and high Ni content.
Extending the study to actual steels is crucial, because even though model alloys
may help understand mechanisms, the quantitative results obtained from them
may be misleading. For instance, if conclusions on the behavior of 16MND5
had to be drawn based on the FeCuMnNi model alloy analyzed in our previous
work, where the Cu, Mn and Ni contents are very similar to those of those of
the steels, one should conclude that vacancies must be present also in the solute
clusters that formed in the steel. This paper shows that such conclusion would
not be correct and that the complexity of steels requires higher Ni contents to

see similar effects.

2. Materials and experiments

The materials used in this study are two RPV steels with high and low Ni
contents. The chemical composition of the investigated RPV steels is given in
Table 1. Low Ni, 16MND5 steel samples were neutron irradiated in the Belgian
Reactor (BR2) up to 0.1 displacement per atom, dpa, (6.9 x 1019n/cm?) | at the
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Figure 1: (Color online) Doppler broadening spectra of the a) Ringhals, and b) 16MND5

steels. Measurement error increases with Py ; minimum and maximum values are shown.

Table 1: The nominal composition of Ringhals and 16MND5 RPV steels. Fe is the balance.

Material comp.(wt.%) C Si  Mn P S Cr Mo Ni Cu \% Co A
Ringhals 0.0562 0.21 1.46 0.009 0.006 0.07 0.54 1.58 0.08 0.002 0.015 0.0
16MNDb5 0.16 0.19 1.35 0.006 0.006 0.18 0.51 0.74 0.07 - 0.01

temperature and pressure of about 300 °C' and 150 bar, respectively [13]. Two
Ringhals steel samples (weld), Ringhals96 and Ringhals93, with high Ni content
were extracted from the surveillance specimens [10] which were irradiated at
the temperature of 284 °C, reaching the fluence of 6.87 x 10190 /em? and 5.18 x
10*n/cm?, respectively.

Post-irradiation isochronal annealing (0.5h) experiments were performed at
various temperatures in the range between 573K and 923K (300 to 650 °C).
The same set of samples (two for PAS and one for hardness per material) were

simultaneously annealed and used in the whole temperature range.
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Figure 2: (Color online) a) S and b) W parameters versus the annealing temperature

PAS experiments were performed with the Coincidence Doppler broadening
spectrometer (CDB) and positron annihilation lifetime spectrometers (PALS).
The CDB spectra were measured using two Ge detectors. Details of the setup
are described in [14]. The CDB spectrum provides the momentum distribution
of the core electrons, which can be used to determine the chemical environment
of a positron-electron annihilation site [15]. The PALS measurements, which
provide the size and density of vacancy type defects, were performed with a
spectrometer working in a triple coincidence mode with a time resolution of
about 175 ps. The triple coincidence mode is used for irradiated materials
in order to reduce the background originating from ~ rays of the radioactive
samples.

Hardness of the samples was measured with Vickers micro-hardness set-up,
Reichert-Jung Micro-duromat 4000E mounted on a nuclearized Leica Telatom

3 optical microscope.



3. Computation methods

The dissociation energy of a vacancy from a vacancy-solute cluster (VSC),
Fais = Ev, + En,, was calculated using a rigid lattice model in the standard
approximation [16], as the sum of the binding energy of a single vacancy, v, to
a VSC, By (vmSn) = E(Wm—-15n) + E(v) — E(v;Syn) — E(Fe), and the vacancy
migration energy in bec Fe. The latter was taken to be E,,=0.70 eV, following
density function theory (DFT) data [18, [17]. The E(vp,—-1S,) and E(v,,Sy)
denote the total energy containing a v,,—1.5, and v,,S, cluster, respectively.
E(v) is the total energy containing one vacancy, and E(F'e) is the total energy
of the perfect Fe crystal.

The rigid lattice model is based on a cluster expansion including triplet
interactions up to the second nearest neighbour distances [19]. Amongst other
data, the cluster expansion was fitted to reproduce the DFT energetics of small
vacancy-solute clusters [19]. The latter model presents an improved description
compared to the pair interaction model from |20], that was used in our previous
work [12].

The calculations were performed in the periodic body centered cubic bee
crystals containing 1024 atoms, which proved sufficient to remove any box size
effect. The VSCs were constructed in the most compact way such that the
vacancy cluster is at the center of the VSC. The investigated VSCs had a di-
ameter of about 1.4 nm, consistent with APT observations, and contained 1-6
vacancies. The solute concentration in the VSC was chosen consistent to APT
observations for Ringhals steels |9], i.e., 50% Fe, 25% Ni and 25% Mn. Minor so-
lute elements including Cu were neglected. To sample the distribution function
in F}, the same composition was sampled 1000 times.

The simulation of post-irradiation annealing experiment was performed us-
ing the object kinetic Monte Carlo (OKMC) technique. Two defects populations
were defined: (A) pure vacancy clusters; (B) solute decorated vacancy clusters.
The proportionality between both populations is characterized by the fraction

xvsc, representing the fraction of VSC over the total number of vacancy(solute)



clusters. It is worth noting that this proportion describes the initial state only,
while the system spontaneously reconfigures during the post-irradiation anneal-
ing. A dissociation energy is defined for the event of emission of a single vacancy
out of a cluster. These are denoted as F, and Evsc > F,, in the undecorated
and decorated cases, respectively. A migration event is defined for single va-
cancies, with a migration energy of 0.70eV. The initial state is taken in such a
way that the vacancy concentration is 10%°m ™3, distributed in clusters whose
size follows a Gaussian distribution with average 5 vacancies, and a variance of
3 vacancies. Vacancies are eliminated from the system assuming a sink strength
equivalent to the dislocation density (10'4m~2) and grain size (~ 1um) of the
material. The temperature is gradually increased respecting the specifications
of the experimental post irradiation annealing performed in this work. The
output of the OKMC model is compared to the PAS-CDB data, by normalizing
the initial concentration of vacancies to unity, as well as the initial value for the

S-parameter.

4. Results and discussion

4.1. Positron annihilation spectroscopy

The CDB spectra of Ringhals and 16MND5 steels annealed at various tem-
peratures are shown in Figllla) and (b), respectively. Both steels have strong
enhancement in the low momentum region, indicating that positrons are trapped
and annihilate in the open volume defects induced by irradiation such as va-
cancies and voids. In the high momentum region, Figlll very small difference
between Ringhals and 16MND5 steels was observed, see more discussion below.
By increasing the annealing temperature, the CDB spectra of two steels gradu-
ally change, with a tendency to reach the CDB spectra of non-irradiated steels.
No significant change of the CDB spectra was found in Ringhals and 16MND5
steels at temperatures above 823 and 723 K, respectively. At these tempera-
tures, the difference between the CDB spectra of thermally annealed steels and

the reference spectrum (pure Fe) is assigned to initial steel conditions. Both



steels show more open volume defects in non-irradiated state than in pure Fe
(reference), mainly due to dislocations.

CDB spectra, i.e. the low and high-momentum regions can be quantified
based on the S- and W-parameters, respectively. The S- and W-parameters
are defined as the ratio of low momentum (|py| < 2.5 x 1072 mgc) and high mo-
mentum (15x 1073 mgc < |pr| < 25 x 1073 mgc) regions of the Doppler broaden-
ing spectra to the total momentum, respectively. The S- and W-parameters
versus the annealing temperature are presented for the two steels in Figl2 a)
and b). The increase of the annealing temperature causes the decrease of the
S-parameter (low-momentum contribution) in all samples, as a consequence of
the dissociation/dissolution of vacancy complexes. Interestingly, in both Ring-
hals samples the decrease of the S-parameter occurs in a broader temperature
interval in comparison with the 16MND5 steel sample, see Figl2la). In fact, two
annealing stages at the temperatures of about 650 and 750 K can be resolved.
Both annealing stages agree very well with previously observed annealing stages
of neutron irradiated FeCu, FeCuMnNi and FeMnNi alloys [12]. Namely, the
first annealing stage at about 650 K corresponds to the dissolution of vacancy
clusters, while the second annealing stage at about 750 K is assigned to the dis-
solution of vacancy-Ni rich solute complexes [12]. In Ringhals steel, the second
annealing stage is found to be more pronounced than in the model alloys. As
discussed later on, its enhancement in Ringhals steel can be ascribed due to the
higher Ni content of the Ringhals steel as compared to model alloys.

In Ringhals steel, the W-parameter exhibits a weak peak at the temperature
of about 800 K. The peak in the W-parameter typically indicates the existence of
Cu-rich precipitates, which were formed under neutron irradiation |21, [13, [22].
According to previous studies, the peak position of the W-parameter can be
correlated to the concentration of copper and corresponding Cu solubility limit
(i.e. FeCu phase diagram) |12]. Since the peak position of the W-parameter in
Ringhals steel is found to be very close to the peak position of W-parameter
in FeCuMnNi, see Fig[Zb), both Ringhals steel and FeCuMnNi alloy should

have similar Cu concentration. This is indeed the case, both materials have Cu
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Figure 3: (Color online) Lifetime spectra of irradiated and post irradiated thermally annealed

Ringhals steels.

content close to 0.1 wt %, see Table 1 and Ref. |12].

The PALS spectra of neutron irradiated and post neutron irradiated ther-
mally annealed Ringhals steel are shown in Fig[3l The spectra were analyzed by
assuming the existence of two positron lifetime components. The PALS spectra
of 16MND?5 steel were analyzed only with one lifetime component, because no
significant improvement of the fit could be reached with two lifetime components
analysis. The effect of vacancy cluster annealing is clearly seen by the reduc-
tion of the long positron lifetime component. The short lifetime component is
estimated to be of about 100 ps, which is close to the value in bulk Fe. All
lifetime components as a function of the annealing temperature are presented in
Figll Interestingly, the long lifetime component in neutron irradiated Ringhals
steel samples prior to thermal annealing was found to be about 225 ps and 255
ps with an intensity of about 50 % and 30 % for Ringhals93 and 96, respec-
tively. These values indicate that vacancy clusters formed in neutron irradiated
Ringhals steels contain about 5-6 vacancies in average. This is in clear contrast
with the result in the 16MNDS5 steel where this value is close to that of a mono-
vacancy. Furthermore, the average lifetime component of both Ringhals steel

samples decreases by increasing the annealing temperature, which correlates
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Figure 4: PALS lifetime of Ringhals and 16 MND5 steels versus annealing temperature.

nicely with a decrease of the S-parameter obtained from Doppler broadening

spectra.

4.2. Computation

To rationalize the different annealing stages in S-parameter between 16MND5
and the Ringhals steels, we performed OKMC simulation to calculate the dis-
solution of different vacancy-rich clusters. Starting from a single population of
vacancy-rich cluster, the evolution of the S-parameter for the 16MND5 steel is
best reproduced for E, = 1.1eV, as shown in Fig. However, the second an-
nealing stage observed in Ringhals steels was impossible to reproduce employing
a single cluster population.

Therefore we introduced a second vacancy-rich population with fraction
zvsc and different dissociation energy Fysc. We found that xyvsc = 0.04 and
FEvysc = 1.3eV reproduces the evolution of the S paramter for Ringhals steels
the best. A comparison between the simulation results and the renormalized
CDB data is presented in Fig. Thus, the simulations show that the exper-
imental data can be interpreted as the dissolution of two different populations

of vacancy-rich clusters with a relative difference in dissociation energy of 0.2

eV.
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In an effort to characterize these two different vacancy-rich cluster popula-
tions, we performed atomistic simulations. The binding energy of a v to a pure
vacancy cluster and VSC is evaluated using the rigid lattice model. Compact
clusters containing 1-6 vacancies were investigated, consistent with PAS-lifetime
observations. VSCs with a diameter of 1.4 nm and compact vacancy cluster at
its center (1-6 vacancies) were also investigated. The VSC composition was
chosen at 50% Fe, 25% Ni and 25% Mn. These cluster sizes and compositions
are consistent with APT observations in Ringhals steel [9]. Maximum proba-
bility for the binding energy increases with increasing vacancy number 1-4, and
then saturates for clusters containing 5-6 vacancies, for both pure vacancy and
VSC clusters. The results of the calculations for 6 vacancies are presented in
Fig. [6l showing the distribution of the dissociation energy of a v to a vacancy
cluster and to a VSC in bce Fe. Both curves were renormalized to yield the
same maximum, which facilitates comparison. Interestingly, the difference be-
tween pure vacancy clusters and those containing solutes is about 0.2 eV. As the
average vacancy number in the clusters was measured to be 5-6 vacancies, the
dissociation energy of these type of clusters will dominate the annealing stages,
which is exactly the difference in dissociation energy necessary to reproduce the
experimental annealing stages. However the binding energy is respectively 1.4
and 1.6 eV, thus 0.3 eV higher than the values that fitted the recovery stages in
OKMC. This could be an entropic effect, e.g. the formation energy of the va-
cancy in Fe decreases from 2.2 eV to about 1.6-1.7 at high T because of entropy,
thus a similar reason could explain this shift. Vibrational entropy is obviously
not included in the rigid lattice model.

Thus, the atomistic simulations confirm that the lowest annealing stage is
related to the dissolution of pure vacancy clusters, while the higher annealing
stage is related to the dissolutions VSC. This conclusion is consistent with our

previous work [12], although the analysis there was less rigorous.
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4.8. Hardness

The results of hardness measurements are presented in Fig[fl As irradiated
Ringhals and 16MND5 steels have Vickers hardness of about 290 and 225 HV5,
respectively. The much larger hardness of the Ringhals steel is consistent with
previous work [10]. By increasing the temperature, the Vickers hardness of both
steels decreases towards the non-irradiated value, due to removal of defects by
annealing. Interestingly, the Vickers hardness of the Ringhals steel exhibits an
abrupt decrease at the temperature of 723 K. This temperature corresponds well
to the second annealing stage observed by the Doppler broadening experiment,
which corresponds to the dissolution of vacancy-Ni rich clusters. The fact that
the mechanical property recovers at this stage points to the important role

played by vacancies in the thermal stabilization of Ni-rich clusters.

4.4. Discussion

The average vacancy cluster size in Ringhals steels (5-6 vacancies in a cluster)
obtained by lifetime measurements is similar to the average vacancy cluster size
in high-Cu Doel steels [6] irradiated to similar dose. The presence of a similar
amount of vacancies in Cu-rich and Ni-rich precipitates suggests that in both

cases point-defects have a role in the nucleation and growth of solute clusters and
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are associated with them. There is, however, an important difference between
the two cases. In the case of the Cu-rich clusters, the dissolution of vacancy
clusters associated with them does not lead to the dissolution of the solute
clusters, which disappear at higher temperature. The hardness drop occurs
in correspondence with the disappearance of the Cu-rich clusters [23]. This
indicates that Cu-rich clusters are thermodynamically stable phases responsible
for hardening and that vacancies have an affinity for them, but are not needed
to stabilize them. In contrast, in the case of Ni-rich clusters the removal of the
vacancies determines the disappearance of the solute clusters and the hardness
drop as well. This indicates that the Ni-rich, and vacancy-containing, clusters
are responsible for the hardening, like the Cu-rich clusters, but vacancies are
in this case essential to stabilize the clusters. Thus Ni-rich clusters are not
thermodynamically stable phases, but rather radiation-induced features.
Moreover, no strong enhancement of the W-parameter due to Ni-clustering
was detected by PAS experiments in irradiated Ringhals steel, even tough it is
expected according to the results in non-irradiated pure Fe and pure Ni spec-
imens. This could be the consequence of the fact that Ni-rich clusters formed
in Ringhals steel have diffuse character, being rich in Fe, which would strongly

reduce the signal in the high momentum region of the Doppler broadening spec-

14



tra. APT results of the Ringhals steel and other high Ni steels indeed revealed
diffuse character of Ni-rich clusters |9, [10]. Following a diffuse cluster scenario,
the cluster composition, namely their Cu content, was estimated based on W
versus S plot. The plot showing the W-parameter versus the S-parameter of
post-irradiation thermally annealed Ringhals and 16MND5 steels, together with
Fe0.3Cu and Fe0.1CuMnNi alloys are presented in Fig8l This graph illustrates
the evolution of solute clusters as a function of the annealing temperature, and
can be used to estimate the Cu content in the cluster. In FeCu binary alloys,
the decrease of the S-parameter and accompanied increase of the W-parameter
follow the path determined by the straight line which connects pure Cu and
neutron irradiated Cu, see Figl8l This indicates that positrons preferentially
annihilate in the vicinity of Cu clusters which were formed by neutron irradia-
tion. If there were no solute clusters formed under neutron irradiation, or no Cu
atoms in the cluster (e.g. FeMnNi alloy - not shown for clarity), the S versus
W dependence would follow the path that corresponds to pure Fe. The anneal-
ing path observed for Ringhals steel samples lay well below the path of FeCu
binary alloy and slightly above the path of pure Fe, suggesting that a relatively
small number of copper atoms are contained within the solute clusters. From
the relative position of the annealing path of the Ringhals steel with respect to
those of binary FeCu and pure Fe, the copper content within the solute clusters
was estimated to be of about 10 %. This result is in very good agreement with

the estimate based on the APT data [9].

5. Conclusion

e PAS experiments detect vacancy-rich clusters containing 5-6 vacancies on
average in irradiated Ringhals steels. PAS experiments detect mono va-

cancy signal in 16 MND5.

e Post-irradiation annealing reveals a recovery stage at 650 K in all steels

and additional recovery annealing stage at 750 K for Ringhals steels.
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e OKMC simulations show that these annealing stages correspond to the
dissolution of two different populations of vacancy-rich clusters, with a
difference in dissociation energy of 0.2 eV. The relative fraction of both

cluster populations is ~ 4%.

e Atomistic simulations show a difference in dissociation energy of ~ 0.2 eV
for pure vacancy clusters and VSC clusters, respectively, containing 5-6

vacancies.

e Analysis of the S versus W parameter plot confirms the presence of Ni in

at least part of the vacancy clusters.

e All these observations support the hypothesis that the two annealing
stages correspond to the dissolution of vacancy and solute-vacancy clus-

ters, respectively.

e The evolution of the Vickers hardness with annealing temperature shows
that the dissolution of solute-vacancy clusters has a significant impact on

the mechanical properties of the steel.

e Irradiation induced Ni-rich clusters do not seem to be a thermodynami-
cally stable phase because they are thermally stabilized through interac-

tions with small vacancy clusters.
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