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Abstract

Atom probe tomography has played a key role in the understanding of the embrittlement of neutron irradiated reactor
pressure vessel steels through the atomic level characterization of the microstructure. Atom probe tomography has been
used to demonstrate the importance of the post weld stress relief treatment in reducing the matrix copper content in high
copper alloys, the formation of ~2-nm-diameter copper-, nickel-, manganese- and silicon-enriched precipitates during
neutron irradiation in copper containing RPV steels, and the coarsening of these precipitates during post irradiation heat
treatments. Atom probe tomography has been used to detect ~2-nm-diameter nickel-, silicon- and manganese-enriched
clusters in neutron irradiated low copper and copper free alloys. Atom probe tomography has also been used to quantify

solute segregation to, and precipitation on, dislocations and grain boundaries.

Published by Elsevier B.V.

1. Introduction

The characterization of the fine scale microstruc-
tural features responsible for the embrittlement of
reactor pressure vessel (RPV) steels and related
alloys after exposure to neutron irradiation has been
the focus of many experimental studies. Two com-
plementary techniques, atom probe tomography
(APT) and small angle neutron scattering (SANS),
have emerged as powerful experimental techniques
for the characterization of these neutron irradiated
materials due to the fine scale of the microstructural
features responsible for the embrittlement.
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Several different types of RPV materials have
been investigated by APT including plate, forgings,
and welds from commercial Western and Russian
variants of pressure vessels, test reactor irradiated
steels, and model alloys with systematic alloying
additions. These materials have been characterized
in the irradiated, irradiated and annealed conditions
and also after long term thermal aging. In this
paper, a brief outline of atom probe tomography
and its application to the characterization of RPV
steels is presented.

2. Atom probe tomography

Since the first characterizations of a neutron
irradiated Fe-0.34% Cu binary alloy by field ion
microscopy in 1978 [1] and a neutron irradiated
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RPYV steel by atom probe field ion microscopy in
1979 that conclusively proved the existence of ~2-
nm-diameter copper-enriched precipitates [2,3],
many major advances have been made to the instru-
ments and the methodologies for the quantification
of the data. The first type of atom probe used in
these studies featured an ~1-mm-diameter aperture
that defined the entrance to the time-of-flight mass
spectrometer [4]. Due to the million times magnifi-
cation of the instrument, this circular aperture
defined an ~1-nm-diameter region on the specimen
surface. Therefore as the sample was field evapo-
rated, the atoms in a cylindrical volume of material
defined by the aperture were collected in the time-
of-flight spectrometer. In this atom probe field ion
microscope, atoms were collected from significantly
less than 1% of the specimen. Reviews of the charac-
terizations performed on irradiated RPV steels with
these early types of atom probe were reported in
1989 [5,6]. Approximately a decade later, the intro-
duction of a new generation of three-dimensional
atom probes (3DAP) featuring position-sensitive,
single atom sensitive detectors noticeably improved
the extent of the volume analyzed to a region 10—
20 nm in diameter or 10-20 nm on each side of a
square [6,7]. These instruments enabled volumes
containing between ~100000 and a million atoms
to be collected. These experiments took many hours
due to the 50-2000 Hz repetition rate of the high
voltage pulse generator used to field evaporate the
individual atoms from the specimen. Some reviews
of the characterization performed with these 3DAPs
have been reported [8-11]. More recently, the com-
mercial availability of the local electrode atom
probe (LEAP®) has again significantly increased
the field of view to over 50 by 50 nm and also dra-
matically reduced the time required to perform the
experiments due to its 200 kHz pulse generator. A
schematic diagram of this instrument is shown in
Fig. 1. With this instrument under appropriate
experimental conditions for full quantitative analy-
sis, volumes containing up to 100 million atoms
can be reliably collected at rates of approximately
a million atoms every 5 min. Due to the brittleness
of neutron irradiated RPV steels (and the fracture
of the atom probe specimen under the high stress
applied during analysis), typical analyzed volumes
contain between 1 and 20 million atoms. Because
of the use of microchannel plates in the position-
sensitive single atom sensitive detector, Fig. 1, the
detection efficiency of the time-of-flight mass spec-
trometer in all these variants is typically 50-60%.
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Fig. 1. Schematic diagram of a local electrode atom probe
showing the needle-shaped specimen mounted on a 3-axis stage,
the field defining local electrode and the position-sensitive single
atom cross delay line detector. Atoms may be field evaporated
from the specimen with either the voltage pulse generator or the
pulsed laser.

The atom probe is equally sensitive to and is able
to detect all elements. The mass resolving power
of the atom probe is sufficient to resolve the individ-
ual isotopes of the elements. Solute concentrations
are estimated from counting the number of atoms
of each element in the volume of analysis, as dis-
cussed below. Ongoing developments in atom probe
position-sensitive detector designs should further
increase the field of view and the re-introduction
of laser-assisted field evaporation should enable
more brittle materials to be routinely characterized.

Sample preparation of irradiated steels is per-
formed in a hot cell environment. The bulk material
is initial cut into 0.25x0.25% ~10 mm blanks.
Because of the mass of this small volume, each
blank generally has low activity. This blank is elec-
tropolished into the required needle-shaped atom
probe specimen geometry with an apex radius of
~50 nm [4,6,7]. After electropolishing, the activity
is reduced further. The same specimen can often
be repolished several times to further reduce the vol-
ume of material. However, safety procedures for the
handling of radioactive materials are required to
examine these steels in the atom probe.

3. Data processing

In addition to the instrument developments, sig-
nificant advances have been made in the visualiza-
tion and analysis of the data collected [7]. The
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basic data generated in atom probe tomography are
the atomic coordinates and mass-to-charge state
ratio of each atom in the volume analyzed [7]. These
data can be processed in a variety of ways. The most
common visualization method is the atom map, as
shown in Fig. 2 for a neutron irradiated pressure
vessel steel weld. In these atom maps, a small
color-coded sphere is used to indicate the position
of each atom. The atoms of the major element,
i.e., iron, are not shown for clarity. A copper-, man-
ganese-, nickel-, and silicon-enriched precipitate is
clearly visible in this selected volume. Due to slight
differences in local magnification between the pre-
cipitate and the matrix, solute enrichments should
not be inferred from the atom density in these maps
but from concentration estimates. The number den-
sity is estimated from the number of precipitates, 7,
in the volume, where the volume, v, is estimated
from the total number of atoms, »n, and the atomic
volume, Q, of the appropriate crystal structure
(i.e., body centered cubic (bcc) Fe) and a calibrated

detection efficiency, ¢, i.e., Ny = ny/v =n,¢/nQ. In
the local electrode atom probe, precipitates with
number densities greater than ~10**m > may be
detected and their parameters quantified.

Due to the small size and the small number of
atoms in these copper-enriched precipitates, the esti-
mation of their size and composition requires some
careful consideration as to which atoms belong to
the matrix and which are associated with the precip-
itate. For example, 1-, 2- and 4-nm-diameter bcc
precipitates, with a lattice parameter of «ay=
0.288 nm, typically contain only 55, 350 and 2800
atoms, respectively. A simulation of typical 2-nm-
diameter spherical precipitates with a number den-
sity of 1x 10** m~? is shown in Fig. 3. The atoms
in each precipitate, ~350, and its facetted surface
are shown in Fig. 3(a). Note that some precipitates
are cut by the 10 x 10 x 10 nm bounding box. As the
detection efficiency of the atom probe is typically
50-60%, not all these atoms are detected, as shown
in Fig. 3(b). Additionally, small aberrations in the

2 nm Cc

Fig. 2. Atom maps of a copper-, nickel-, manganese- and silicon-enriched precipitate in a model pressure vessel steel neutron irradiated to

a fluence of 1.6 x 102 m™2 (E> 1 MeV).

Fig. 3. Atom simulations of 2-nm-diameter precipitates with 100% solute. (a) All atoms with 100% detection efficiency, (b) 50% detection
efficiency and (c) 50% detection efficiency with a position scatter of 0.2 nm.
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trajectory of the ions occur as they leave the speci-
men thereby moving the atoms off their lattice posi-
tions in the reconstruction, as shown in Fig. 3(c).

The solute concentration of element a, C,, in a
precipitate or the matrix is determined by counting
the number of atoms of each element, n,, i.e.,
C, = n,/nt within a sampled volume of that feature,
where nt is the total number of atoms in the sam-
pled volume. The standard deviation of this mea-
surement is given by o =./(C,(1 — C,))/nt. As
the smallest precipitates contain very few atoms,
counting statistics are important in the composition
determination and a difference of only one or two
solute or solvent atoms has a significant effect on
the estimated solute concentration. In addition,
the small number of atoms in the precipitate limits
the minimum measurable solute concentration for
an individual precipitate. A more important issue
is the exact definition of the precise location of the
precipitate-matrix interface and the contribution
of the solvent atoms, i.e., iron, on the surface of
the precipitate, particularly when the precipitate
contains some solvent atoms. In the 1-2 nm size
range, the majority of the atoms are in the surface
layer of the precipitate. Therefore, some definition
must be used to determine whether a solvent atom
on the surface of the precipitate belongs to the
precipitate or the matrix. If all solvent atoms on
the surface are assigned to the matrix, the solute
concentration of the precipitate will be overesti-
mated. Conversely if these atoms are assigned to
the precipitate, the solute concentration will be
underestimated. Unfortunately, there is no defini-
tive answer to this question, which has resulted in
some confusion as to the composition of these pre-
cipitates estimated by different atom probe groups
and when comparing the atom probe estimates to
those obtained from other techniques such as small
angle neutron scattering. This issue is complicated
further when there are solute gradients of the pri-
mary solute atoms, e.g., copper, and gradients or
interfacial segregation of other elements, such as
nickel, manganese and silicon, as shown in the atom
maps in Fig. 2.

Hyde developed a maximum separation method
[12] to estimate the size of these precipitates that is
based on a friend-of-friends concept. The method
is based on the concept that the solute in a solute-
enriched precipitate are closer together than the
solute atoms in a dilute solid solution. Therefore,
the solute atoms in the precipitate can be identified
as the solute atoms that are within a maximum sep-

aration distance, dy.., from one another. This
method detects solute agglomerations containing 2
or more atoms of interest. However, some of the
smaller agglomerations are expected from the solute
distribution in a random solid solution. Therefore, a
minimum size cutoff limit, n.;,, is used to eliminate
these agglomerations. The value used for the cutoff
is estimated either from the analyses of APT data
from a solid solution or from a simulation of ran-
dom solid solution with the same parameters as
the alloy under investigation including the matrix
solute level, atomic density (i.e., crystal structure
and lattice parameters), and detection efficiency
[13,14]. The estimate of the cutoff limit is an upper
limit; when phase separation or precipitation
occurs, the solute level in the matrix decreases,
resulting in an increase in the separation of similar
atoms in the matrix. Once all the solute atoms in
the precipitates are identified, its size can be esti-
mated from the positions of these atoms by a stan-
dard radius of gyration, /,, equation [7]. The
Guinier radius for spherical precipitates is given
by rg = 1.291,. The algorithm is most effective when
the matrix solute level is low and there is a substan-
tial solute content in the precipitate, which is the
case for the copper-enriched precipitates found in
neutron irradiated RPV steels. At matrix concentra-
tions above ~1%, the solute atoms become too close
together to distinguish matrix and precipitate solute
atoms and the algorithm is not appropriate. New
methods are under development for these cases.

These methods can also be applied to estimate
the extent and level of solute segregation to disloca-
tions. In order to estimate the extent of the segrega-
tion, a volume surrounding the dislocation is
selected such that the line of the dislocation is par-
allel to the major axis of the volume. The maximum
separation method is applied to identify the solute
atoms associated with the dislocation. The extent
of the segregation is estimated from the two radii
of gyrations in the directions perpendicular to the
selected major axis.

Several methods have been used to estimate the
composition of precipitates from atom probe data.
In the envelope extension to the maximum separa-
tion method [7], a fine three-dimensional grid of
volume elements (or voxels) is superimposed on
the data. The selected solute atoms identified
by the maximum separation method that belong
to the precipitates are then used to identify the voxels
belonging to each precipitate. Due to the fine scale of
the grid, typically less than 0.2 nm, some voxels in
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the interior of the precipitate may not contain any
of the selected solute atoms but are included in the
composition estimate if they are surrounded by vox-
els that contain selected solute atoms. The solute
concentrations are then determined by counting
the number of atoms of each element within this
three-dimensional envelope. An alternative recur-
sive search algorithm that assigns atoms to the
matrix or the precipitate based on their local envi-
ronment may also be used [12]. This algorithm is
less aggressive in removing the solvent atoms.

The solute profile and interfacial segregation
behavior may also be characterized in the ultrafine
precipitates. One method is to calculate spherical
shells from the center of mass of the precipitate.
The center of mass is calculated from the position
of the selected solute atoms found by the maximum
separation method. However, this method is only
applicable to spherical precipitates. Linear concen-
tration profiles have also been used in which a rect-
angular or cylindrical volume is selected that passes
through the precipitate. However, this method gen-
erally suffers from simultancous sampling of the
matrix and the precipitate and results in averaging
of the concentration estimates or has large error
bars on the concentration estimates due to the small
sample size. Another method is to create an isocon-
centration interface with a marching cube algorithm
and then count the atoms within thin volume slices
parallel to this surface. This method is applicable to
precipitates (and interfaces) with any morphology
and is known as a proximity histogram or proxi-
gram [15]. A comparison of a radial concentration
profile and a proxigram to the copper-enriched pre-
cipitates in an irradiated pressure vessel steel is
shown in Fig. 4. The methods may be applied to
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individual precipitates or may be averaged over sev-
eral precipitates to reduce the statistical scatter due
to the small number of atoms in each precipitate.
Good agreement between the two methods is evi-
dent in Fig. 4. In this typical example, the extents
of the nickel, manganese and silicon atoms are
slightly larger than that of copper, indicating inter-
facial segregation of these elements. The levels of
nickel and manganese in the interior of the precipi-
tate were higher than the matrix level indicating sol-
ute partitioning.

4. Microstructure

Many factors including alloy type and composi-
tion, prior heat treatment history, irradiation tem-
perature, neutron fluence and flux, etc. influence
the microstructure and consequently the susceptibil-
ity of the steel to embrittlement during neutron irra-
diation. RPV steels have complex ferritic, tempered
martensitic, or bainitic microstructures that contain
distributions of 10 nm to micrometer size precipi-
tates, including cementite (FezC), Mo0,C, M»3Cs,
M,C;, V(CN), etc. depending on the type of steel.
These coarse precipitates do not change significantly
during service in the nuclear reactor. As some of the
alloying elements preferentially partition to these
precipitates and therefore deplete the matrix of
these solutes, their compositions, sizes and volume
fractions are an important component in fully
understanding the solute partitioning between the
microstructural features. Due to their low volume
fraction, coarse precipitates are only occasionally
encountered in atom probe analyses. In addition,
the high evaporation field and poor electrical con-
ductivity of refractory carbides have made their
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Fig. 4. (a) Averaged radial concentration profile from the center of masses of 30 copper-enriched precipitates and (b) corresponding
proximity histogram. Vertical dashed line in (b) is the position of the master isoconcentration surface.
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characterizations in the atom probe challenging.
The recent re-introduction of laser-assisted field
evaporation and new wider field-of-view atom
probes coupled with focused ion beam based speci-
men preparation techniques will enable these types
of precipitates to be more readily analyzed. Some
examples of the compositions of these precipitates
have been reported in previous atom probe studies
(5]

The atomic scale microstructural features that
are commonly found in neutron irradiated pressure
vessel steels are described in the following sections.
Many different forgings, plates and welds from both
Western and VVER type reactors have been charac-
terized by atom probe tomography. The develop-
ment of fine scale microstructural features depends
more on the precise composition of the steel rather
than the base microstructure. These commercial
RPV steels have encompassed a relatively narrow
range of compositions. In order to fully understand
the roles of individual alloying elements, model
alloys with systematic variations in the alloying
additions have also been studied, and the atom
probe results of these model alloys will be reported
in detail elsewhere.

5. Importance of the post weld or stress relief heat
treatment

One of the most important steps of the heat treat-
ment history for high copper alloys is the stress
relief treatment and subsequent cooling rate to
room temperature [16]. The stress relief treatment
is typically performed in the 600-620 °C tempera-
ture range for several hours. Consequently in high
copper alloys, the matrix copper level will be
reduced to the copper solubility level at that temper-
ature through the precipitation of ¢-copper precipi-
tates at grain boundaries [5] and on dislocations.
Some additional reduction in the copper level will
also occur during the cool to room temperature
due to the high heat capacity of the thick sections
used in reactor vessels. It has been experimentally
demonstrated from atom probe and thermoelectric
power (TEP) data [17] that simple extrapolation of
high temperature binary Fe—Cu solubility data and
thermodynamic predictions do not yield reliable val-
ues at either these stress relief or lower reactor oper-
ating temperatures due to kinetic effects and the
influence of other solute elements. Atom probe
experiments revealed that the matrix copper level
of the weld in the Midland reactor was reduced

from 0.18-0.28 at.% Cu to 0.12 £ 0.01 at.% Cu after
a stress relief treatment of 22.5 h at 607 °C[18]. In a
high copper weld, designated 73 W, lower stress
relief temperatures and slower cooling rates have
been shown to lower the matrix copper level [19].
This lower matrix copper content is beneficial as
the reduced supersaturation should result in a lower
number density of copper-enriched precipitates
being formed during neutron irradiation. However,
the lower temperature may be detrimental for other
temperature sensitive segregation processes [20].
The maximum matrix copper level also is an impor-
tant parameter to consider when high copper model
alloys are used to simulate trends in actual RPV
steels.

6. Intragranular precipitation and solute clustering

Apart from the coarse carbides and precipitates
formed during the post welding stress relief treat-
ment and some dislocations, the matrices of unirra-
diated RPV steels are generally found to be solid
solutions with no fine scale precipitates or solute
clustering.

Fine scale precipitates are not typically observed
in neutron irradiated welds, forgings and plates with
copper contents below ~0.05at.% Cu or nickel
levels below ~1.2% Ni. In steels with higher copper
levels, high number densities of ultrafine copper-
enriched precipitates are observed, as shown in
Fig. 2. A set of atom maps for all solute elements
in the radiation sensitive high copper (0.37 wt%
Cu) high nickel (1.23 wt% Ni), high manganese
(1.64 wt% Mn) KS-01 weld that was neutron irradi-
ated to a relatively low fluence of 0.8 x 10** n m >
(E>1MeV) at a temperature of 288 °C is shown
in Fig. 5. This weld exhibited a large Charpy T4
shift of 169 K and a significant decrease in upper-
shelf energy (USE) from 118 7] to ~781J [21,22]. A
high number density (~3 x 10**m~) of copper-,
manganese-, nickel-, silicon and phosphorus-
enriched precipitates, with an average radius of
gyration of 3.3 + 0.6 nm, is evident.

A typical size distribution of similar copper-
enriched precipitates in a high-copper (0.20 wt%
Cu), high-nickel (1.20 wt%) weld from the Palisades
reactor [23] that was irradiated in the Ford reactor
at a temperature of 288 °C and a flux of ~7 X
10" em 257! to a fast fluence of 3.4 x 10> n m™>
(E>1MeV) is shown in Fig. 6. The average radius
of gyration of 235 precipitates from this and a
second local electrode atom probe analysis was
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Fig. 5. Atom maps from a KS-01 weld that was neutron irradiated to a fluence of 0.8 x 10> nm~2 (E> 1 MeV) at a temperature of
288 °C. A high number density (~3 x 10** m~?) of Cu-, Mn-, Ni-, Si- and P-enriched precipitates with an average radius of gyration of
3.3+ 0.6 nm is evident. A Cr-, Mn-, Ni-, Cu-, C-, N-, Si- and Mo-enriched feature (arrowed) is also evident.
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Fig. 6. Size distribution of copper-enriched precipitates in the
neutron irradiated weld from the Palisades reactor.

estimated to be 0.82 4 0.16 nm. This yields an aver-
age Guinier radius of 1.0 0.2 nm. The number
density was estimated to be ~5x 102 m~>. The
compositions of the core of these precipitates, as
estimated from the maximum separation envelope
method with a maximum separation distance of
0.6 nm and a grid size of 0.1 nm, are shown sche-
matically in Fig. 7. In this figure, the precipitate
compositions have been sorted by size with size
increasing from left to right. No significant varia-

Concentration, at. %

W Fe B si B vn W N B Cu

Ig[Cu]

Fig. 7. The compositions of copper-enriched precipitates from
the neutron irradiated weld from the Palisades reactor.

tion of the composition with size was observed.
The white bars on some of the measurements indi-
cate the presence of the other alloying elements in
the steel. The average composition of the core of
these precipitates was estimated by the envelope
method to be Fe-83 + 10 at.% Cu, 2.3% Ni, 1.5%
Mn, 0.5% Si.

Some phosphorus enrichment has also been
observed in these precipitates particularly in high
phosphorous (0.017 wt%, 0.031 at.% P) alloys such
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Fig. 8. Atom map from the KS-01 weld that was neutron
irradiated to a fluence of 0.8x10%nm™ (E>1MeV) at a
temperature of 288 °C showing phosphorus segregation to the
copper-enriched precipitates and a phosphorus cluster.

as the KS-01 weld, as shown in the atom map in
Fig. 8. The average radius of gyration of the P clus-
ters was estimated to be 5.6 + 3.3 nm and their aver-
age composition was estimated by the envelope
method to be Fe-54+12% P, 1.6 +£1.6% Mn,
1 + 1% Ni, 0.5 +0.5% Cu and 0.5 + 0.5% Mo.

The crystal structure of these copper-enriched
precipitates has not been confirmed as the other stan-
dard high resolution transmission electron micros-
copy, X-ray diffraction and other techniques are
unable to resolve them at their earliest stage of
formation. The matching of crystallographic planes
of these precipitates and the surrounding body cen-
tered cubic (bcc) matrix in both field ion images
and atom maps [24] suggests that these precipitates
have a bcce crystal structure and are therefore a pre-
cursor to the equilibrium face centered cubic &-Cu
precipitate.

Although the term precipitate is used here to
describe the ultrafine copper-enriched regions, sev-
eral other terms such as clusters, nanoclusters,
embryos, or atmospheres can also be used. It may
also be correct to describe the initial regions as Gui-
nier-Preston zones. It should not be inferred from
this precipitate terminology that these features are
thermodynamically stable or at equilibrium.

10 nm

Fig. 9. Ultrafine Mn-, Ni- and Si-enriched clusters in a neutron irradiated fluence 2.4 x 10> n m~2 (E > 0.5 MeV) low copper (0.05% Cu)

weld from a VVER1000 reactor.
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Another form of solute clustering has been
observed in low copper and copper-free alloys that
also have high nickel contents. An example of these
nickel-, manganese- and silicon-enriched clusters in
a weld with a Russian VVER 1000 type reactor
composition that was neutron irradiated in the Ford
test reactor to a total fluence of 1.4x 102 nm
(>1 MeV)[2.4 x 10> n m~2(>0.5 MeV)]at a temper-
ature of 288 °C is shown in Fig. 9 [25]. These ~1-2-
nm-diameter clusters are similar in size to or slightly
smaller than the copper-enriched precipitates. As
these clusters were originally thought to only form
after exposure to high fluences and were therefore
termed ‘late-blooming phases’ [26], they are a con-
cern for plant life extension especially in low copper,
high nickel welds. Research to establish the parame-
ter space for the formation of these clusters is ongo-
ing. One possibility is that the clusters form due to
phase separation in a low temperature miscibility
gap. The phase separation may have a long incuba-
tion time at this low temperature or it may be due
to a spinodal-type reaction. The shorter incubation
time copper-enriched precipitates may also form a
nucleus onto which these clusters can nucleate and
grow and hence appear as the observed nickel-, man-
ganese- and silicon-enriched shell. This phase separa-
tion/cluster formation may also be related to the
nickel and silicon segregation to dislocations.

7. Dislocations

The atom probe is unique in that it can detect
and quantify solute segregation and precipitation
on individual dislocations [27-29]. Many examples
of phosphorus segregation to dislocations have been
observed in atom probe studies of RPV steels. An
example of phosphorus segregation to a dislocation
in a weld from the Midland reactor after exposure
to a fluence of 1.1x10%nm? (E>1MeV) is
shown in Fig. 10. In addition to phosphorus segre-
gation, several copper-enriched precipitates are
evident along the dislocation. Several other substi-
tutional elements such as manganese and silicon
have also been observed on dislocations and dislo-
cation loops [30]. In some cases, the distribution
of the manganese and silicon were found at different
regions of the loop. This effect was attributed to the
different accommodations of the undersized manga-
nese and oversized silicon atoms in the stress field
associated with the dislocation loop.

The preferential precipitation of copper-enriched
precipitates on and the solute segregation to the dis-
location will effectively pin these dislocations from
movement. These pinned dislocations will act as
barriers for glissile dislocations, thereby influencing
the mechanical properties. However, the relative
importance of the pinned dislocations with their

Fig. 10. Example of a two-dimensional concentration map and 2 orthogonal views of an atom map of phosphorus segregation and
copper-enriched precipitates on a dislocation in a neutron irradiated weld from the Midland reactor.
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associated copper-enriched precipitates versus the
matrix copper-enriched precipitates as barriers to
the movement of new glissile dislocations remains
to be established. The preexisting dislocation den-
sity may be an additional factor in determining
the mechanical properties after neutron irradiation.

8. Grain boundaries

Grain boundaries are a potential location for the
failure of pressure vessel steels by an intergranular
fracture mechanism. The susceptibility of grain
boundaries to intergranular failure depends on the
solute levels at the boundaries, particularly the
elements that are responsible for temper embrittle-
ment. Intergranular failure is not common in
Western RPV steels.

The atom probe may be used to characterize the
level of all the solutes on the grain boundary. In
addition, the presence of small precipitates on the
grain boundary may be characterized. However,
the tens-of-micron grain size of most RPV steels is
significantly larger than the typical volume of anal-
ysis even for the current generation of wide angle
instruments such as the LEAP. Although techniques
have been developed to improve the probability of
encountering a grain boundary in the analyzable
volume of the atom probe specimens by pre-exami-
nation in a transmission electron microscope
coupled with pulsed electropolishing [6,7], the meth-
ods have not been applied to irradiated materials as
they require significantly more handling and result
in an undesirable oxide film on the surface of the
specimen. Moreover, the rapid data acquisition rate
of the LEAP can alleviate the problem by improved
throughput of specimens. The next generation of
wider angle instruments will further improve the
situation.

A few studies have been performed on grain
boundaries in unirradiated and irradiated RPV
steels. Most of the grain boundaries analyzed have
been through random encounters in the volume of
analysis [31-33]. Field ion microscopy and atom
probe analysis revealed that the lath and grain
boundaries in A533B, A302B, 15Kh2MFA
(VVER440) and 15Kh2NMFA (VVER1000) are
decorated with a thin film of molybdenum carbonit-
ride precipitates. The level of phosphorus segrega-
tion at lath and grain boundaries in unirradiated
steels was found to be in good agreement with the
predictions of the McLean model of equilibrium
segregation [32,34]. For example in a 15Kh2MFa

Cr-Mo-V VVER steel with an abnormally high
phosphorus content of 0.058 at.% P, the phospho-
rus interfacial excess was measured to be I';=
2.8 x 10'® atoms m 2. This excess is equivalent to a
coverage of ~13% of a monolayer which is in good
agreement with the McLean model prediction of
12% of a monolayer. Neutron irradiation was found
to significantly increase the level of phosphorus seg-
regation to lath and grain boundaries. In this same
steel, the interfacial excess increased to a maximum
of I''=13x10" atomsm 2 (~60% of a mono-
layer) after neutron irradiation to a fluence of
1.15x 10** nm 2. The phosphorus coverage was
found to increase with both phosphorus content of
the alloy and fluence [32]. Other elements including
manganese, molybdenum and carbon were also
found to be enriched at the boundaries [11].

9. Post irradiation annealing studies

Several studies have indicated that the mechanical
properties of the irradiated RPV steel may be recov-
ered, at least in part, by extended (~168 h) post
irradiation annealing of the vessel in the temperature
range ~350 to ~450 °C [35-44]. For a preexisting
nuclear reactor vessel, this upper temperature is the
technically achievable temperature limit. If the
mechanical properties of the steel are recovered
without introducing any other detrimental effects,
it should be possible to extend the life of a reac-
tor. Two mechanisms have been proposed for the
recovery of the properties; dissolution of the
copper-enriched precipitates or coarsening of these
precipitates to reduce their number density and effec-
tiveness [45]. The dissolution mechanism essentially
returns the alloy to its original unirradiated condi-
tion. Consequently, the alloy should re-embrittle at
approximately the same rate as during the initial
irradiation. The coarsening mechanism should not
result in re-embrittlement at the same rate as the
solute level in the matrix of the alloy is lower.

The APT results of several post irradiation
annealing studies on different steels, including a
weld from the Midland reactor [45], a weld from
the Babcock and Wilcox Master Integrated Reactor
Vessel Surveillance Program [46], 15Kh2MFA steel
[47,48] and JRQ weld [49]. The copper levels in the
matrix after the stress relief (SR) treatment, neutron
irradiation (I), post irradiation annealing (IA), and
re-irradiation (IAR) are summarized in Table 1. In
all the steels studied, the copper level in the matrix
was reduced after neutron irradiation due to the
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Table 1

Atom probe tomography results of the copper content (at.%) in the matrix of different steels after the stress relief treatment (SR),

irradiation (I), annealing (IA), and re-irradiation (IAR)

Material Cu after SR Fluence Cu after 1 PIA Cu after 1A Fluence Cu after Ref.
10%¥ m™2 102 m— IAR

Midland 0.119 +0.007 1.1 0.06 £0.01 168 h at 0.05+40.01 [44]

weld E>1MeV 454 °C

B&W weld 0.14 +0.03 3.5 0.05+0.01 168 h at 0.04 +0.02 [45]
E>1MeV 454 °C

Weld 73W 0.12 +0.01 1.8 0.06 +0.01 168 h at  0.04 +0.01 0.8 0.04 +£0.01 [49]
E>1MeV 454 °C E>1MeV

15Kh2MFA  0.14 nominal 9.7 0.05 4+ 0.02 150 h at  0.07 +0.03 9.7 0.054+0.02 [46,47]
E>0.5MeV 475°C E>0.5MeV

JRQ 0.12 +0.01 5 0.07 +0.01 168 h at 0.06 & 0.01 [48]
E>1MeV 460 °C

JRQ 0.12 4+0.01 0.85 n/a 168hat n/a 0.85 0.09 +0.01 [48]
E>1MeV 460 °C E>1MeV

formation of the copper-enriched precipitates.
Annealing the neutron irradiated material slightly
reduced the copper level in the matrix. In the weld
from the Midland reactor, some copper-enriched
precipitates were observed by field ion microscopy
in the matrix after the annealing treatment [45]. In
the JRQ steel, coarser copper-enriched precipitates
were also observed in the matrix after the annealing
treatment [49]. The average size of the copper-
enriched precipitates increased from 0.87 to 1.4 nm
from the neutron irradiated material to the post
irradiation annealed condition.

An atom probe study was performed on a sub-
merged arc weld from the Midland reactor after
neutron irradiation to a fluence 1.1 x 10 m~2 at a
temperature of 288 °C and post irradiation anneal-
ing treatment. In agreement with thermodynamic
predictions, this study revealed that thermal anneal-
ing of the unirradiated weld for 168 h at 454 °C
reduced the copper level in the matrix from
0.119 +0.007 to 0.088 +0.012 at.% Cu through
the formation of copper-enriched precipitates. Sim-
ilar small reductions from 0.0540.01 (fluence
3.5%10% m 2 at 288°C) to 0.04 +0.02 at.% Cu
was also observed in a (0.24at.% Cu bulk,
0.14 £+ 0.03 at.% Cu stress-relieved) weld after the
same post irradiation annealing treatment of 168 h
at 454 °C. These studies support the coarsening
mechanism rather than the dissolution mechanism.

Another APT study of a weld containing
0.14 wt% Cu also revealed the formation of cop-
per-enriched precipitates during the initial irradia-
tion (fluence of 9.7x10m™2 (E>0.5MeV)),
dissolution and growth of these precipitates during
the thermal anneal (150 h at 475 °C), but no addi-

tional copper-enriched precipitates were detected
in the volume analyzed after re-irradiation to an
additional fluence of 9.7 x 10 m~2 (E > 0.5 MeV)
[47,48].

An APT study was also performed on a sub-
merged arc weld (73 W) containing 0.12 at.% Cu
in the matrix after the stress anneal. This study
was initially performed on a traditional 3DAP [50]
and was later repeated on a local electrode atom
probe. The significantly larger sampling capabilities
of the local electrode atom probe enabled a more
complete characterization of the low number den-
sity precipitates formed during the thermal anneal-
ing treatments. This study revealed the formation
of Cu-, Ni-, Mn-, Si-enriched precipitates (/, =
0.9 nm, N, = 6 x 10* m ) during the initial irradi-
ation to a fluence of 1.8x 10% m™2 (E> 1 MeV),
and dissolution and growth of these precipitates
(lg=13nm, N, =5x 10 m~?) during the thermal
anneal for 168 h at 454 °C. The matrix copper level
decreased slightly from 0.06 to 0.04 at.% Cu during
the annealing treatment. Some additional smaller
precipitates (/; = 0.6 nm) were formed after re-irra-
diation to an additional fluence of 6.3 x 102 m—>
(E>1MeV), IAR, as well as the coarse precipitates
(/g = 1.5 nm). No depletion in the 0.04 at.% Cu level
in the matrix was detected after this re-irradiation.
However, the depletion may have been less than
the error in the measurements. After an additional
annealing treatment of 168 h at 454 °C, IARA, the
finer precipitates were no longer present in the
matrix. Atom maps of this precipitation and disso-
lution sequence are shown in Fig. 11. The coarse
precipitates were found to be preferentially located
on the dislocations.



156 M.K. Miller, K.F. Russell | Journal of Nuclear Materials 371 (2007) 145160

matrix

1A

matrix

IAR

IARA

Cu Ni

ol

2
e
e

<.
Dt

7
.-Br'l\‘!-‘-"é&%‘h = Jﬁ

e e

&5

Fig. 11. Atom maps of submerged arc weld (73 W) revealed the formation of Cu-, Ni-, Mn-, Si-enriched precipitates during irradiation to
a fluence of 1.8 x 102 m~2 (E > 1 MeV), I, dissolution and growth of these precipitates during a thermal anneal for 168 h at 454 °C, 1A, the
formation of some additional precipitates after re-irradiation to an additional fluence of 6.3 x 10> m™2 (E> 1 MeV), IAR, and their
dissolution after another thermal anneal for 168 h at 454 °Cl, JARA. The arrows indicate dislocations.

10. Long term thermal aging

Thermodynamics predict that there is a potential
for copper precipitation if the level in the alloy is
above the copper supersaturation limit at the oper-
ating temperature of nuclear reactors (typically
280 °C). However, the predicted diffusion rates of
substitutional solutes at these low temperatures
are negligible. A few atom probe studies have been

performed to determine whether any precipitation
occurs during long term thermal aging [51,52]. In
these experiments, the thermal aging specimen
boxes were attached to the service support structure
on top of the reactor vessel head [Oconee Nuclear
Station, Unit 3 (ONS3)] and are located under the
head insulation. In this study, a SA-533 grade B
class 1 plate B (HSST-02, A1195-1), SA-508 class
2 forging A (ANK 191) and a submerged arc weld
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Table 2

Alloy compositions and mechanical property data for long term thermally aged A533B plate, SA-508 forging and submerged arc weld

materials [53]

Element Plate B Forging A Weld B

wt% at.% wt% at.% wt% at.%
Alloy compositions
Copper 0.17 0.15 0.02 0.02 0.30 0.26
Nickel 0.64 0.60 0.76 0.72 0.58 0.55
Manganese 1.39 1.40 0.72 0.72 1.63 1.64
Silicon 0.21 0.41 0.21 0.41 0.61 1.20
Molybdenum 0.50 0.29 0.62 0.36 0.39 0.22
Chromium - - 0.34 0.36 0.10 0.10
Carbon 0.23 1.06 0.24 1.11 0.08 0.37
Phosphorus 0.013 0.023 0.014 0.025 0.017 0.03
Mechanical properties, DBTT, °C and USE, J [52]

411J USE 41] USE 41] USE
Unaged 1 130 -37 177 -2 85
93000 h 7 6120
103000 h =32 180 -7 93
209000 h 6 5134 -23 173 -3 76
Courtesy Gunawardane and Hall of AREVA.
B-Mn-Mo-Ni weld wire/Linde 80 flux (WF-209-1) Table 3

were placed on the reactor vessel heads before
startup and were removed from ONS-3 after an
exposure time of either 93000 or 103000 and
209000 h (~24 years) at a temperature of ~260 °C
[53]. The exact exposure time for each set of materi-
als was difficult to determine because of the time
allowance for reactor heatup, cooldown and hot
standby. To account for these transitions, the stated
aging times reflect a 10% increase of the actual effec-
tive full power times when the surveillance materials
were removed. Because of its location, the surveil-
lance material was considered to have negligible
neutron fluence exposure which was experimentally
verified. The bulk compositions of these alloys and
the change in mechanical properties during
extended aging treatments are given in Table 2
[53]. Small changes in the impact properties were
observed, but were generally within the 95% confi-
dence bounds for typical Charpy data [53]. Upper-
shelf energy showed small variations. Master curve
Ty testing in the transition region showed little
change in the forging and plate and a small
improvement in the weld [53].

The matrix compositions of the SA-508 forging
after the thermal aging treatments as determined
by APT are listed in Table 3. No significant changes
were evident after the extended aging treatments.
No fine precipitates were observed in the SA-508
forging or SA-533 plate after aging for 209000 h.
Atom probe analysis of the matrix revealed that

Compositions of the matrix in the forging after thermal annealing
for 209000 h at 260 °C

at.% Alloy Unaged 103k 209k

Cu 0.02 0.03 £0.01 0.03£0.02 0.03+0.01
Ni 0.72 0.72 £0.01 0.63+£0.10 0.73+0.01
Mn 0.72 0.48 £0.06 0.53£0.09 0.37£0.01
Si 0.41 0.50 £ 0.06 0.44 £0.08 0.50 £0.01
Mo 0.36 0.12 £0.01 0.08 £0.01 0.13+£0.01
Cr 0.36 0.15+0.03 0.20 £0.05 0.20+£0.01
C 1.11 0.004 +£0.004 - 0.01 +£0.01
P 0.025 0.02£0.01  0.003+0.003 0.02+0.01

Material courtesy Gunawardane and Hall of AREVA.

the copper level in the forging was 0.03 at.% Cu
and within the experimental scatter of the alloy
composition. The low copper content of the forging
is below the level at which Cu-enriched precipitates
are typically observed.

A few relatively coarse rod-shaped precipitates
were observed in the weld that was thermally aged
for 103000 h at 260 °C, as shown in Fig. 12. The
Guinier radii of these precipitates were estimated
to be between 2 and 5 nm. A concentration profile
through this precipitate is shown in Fig. 13. Some
enrichment of manganese in the precipitate and
the nickel and manganese enrichments at the precip-
itate—matrix interface are evident. The relatively
coarse nature of these precipitates indicated that
they likely formed during the high temperature
stress relief treatment rather than during the
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Fig. 12. A copper atom map containing a copper-enriched
precipitate in the submerged arc weld after long term thermal
aging for 103000 h at 260 °C. The radius of gyration of this
precipitate was 5 nm. Material courtesy Gunawardane and Hall
of AREVA [53].

extended aging treatment and was accompanied by
the reduction in the matrix copper level from 0.3
to 0.2 at.%. However, the possibility of some coars-
ening during the aging treatment cannot be

Ni 4-nm-thick Si
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Fig. 13. A 4 x4 nm cross-section concentration profile through
the central region of the precipitate shown in Fig. 12. Note the
enrichment of manganese in the precipitate and the nickel and
manganese enrichments at the precipitate-matrix interface.
Material courtesy Gunawardane and Hall of AREVA [53].

excluded. In contrast, a low number density,
~10?> m~?, of copper- and manganese-enriched pre-
cipitates was observed in the weld after aging for
209000 h, as shown in Fig. 14. This number density

10 nm

Fig. 14. A 4-nm-thick atom map containing ultrafine copper- and manganese-enriched precipitates in the submerged arc weld after long
term thermal aging for 209000 h at 260 °C. Material courtesy Gunawardane and Hall of AREVA [53].
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is significantly lower than the typical number den-
sity observed in neutron irradiated welds. The
average Guinier radius of these precipitates was esti-
mated to be 1.0 £ 0.2 nm. A small decrease in the
matrix copper content to 0.16 £ 0.01 at.% Cu was
also measured. This matrix level is higher than the
copper level in the plate indicating that precipitates
are not likely to form in the plate under these aging
conditions. The absence of ultra fine precipitates
after the 103000 h aging treatment could be due to
a long incubation period or their size was too small
to be resolved above the random fluctuations.
Therefore, these results indicate that it is possible
to form a low number density of copper-enriched
precipitates by thermal aging at the reactor temper-
ature in high copper welds. However their contribu-
tion to embrittlement is negligible. The thermal
aging results indicate that neutron radiation
enhances the formation of the copper-enriched
precipitates.

11. Conclusions

Atom probe tomography has proved to be an
invaluable tool for the characterization of the
microstructure of neutron irradiated pressure vessel
steels. Atom probe tomography has revealed that:

e The post weld stress relief treatment reduces the
matrix copper content in high copper alloys
thereby making these alloys less susceptible to
embrittlement.

e ~2-nm-diameter copper-, nickel-, manganese-
and silicon-enriched precipitates formed during
neutron irradiation in copper containing RPV
steels.

e The copper-enriched precipitates coarsened dur-
ing post irradiation heat treatments and a second
finer distribution formed during re-irradiation.

¢ Solute segregated to and precipitated on disloca-
tions and grain boundaries.

e ~2-nm-diameter nickel-, silicon- and manganese-
enriched clusters formed in neutron irradiated
high nickel, low copper and copper free alloys.

¢ Fine copper-enriched precipitates formed during
long term thermal exposure at the reactor
temperature.
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