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A review of the contributions of the atom probe field-ion microscopy (APFIM) technique to
the microstructural characterization of pressure vessel steels and to the understanding of
the embrittlement of these materials during neutron irradiation is presented. Atom probe
studies have revealed that the microstructure contains a variety of ultrafine clusters and
precipitates some of which are only formed during neutron irradiation. Furthermore, there
is a complex pattern of segregation of various solutes (including phosphorus, nickel, man-
ganese, or molybdenum) to grain boundaries in some pressure vessel materials, and there
may also be additional intergranular precipitation in these materials. Published by

 

Elsevier Science Inc.

 

INTRODUCTION

 

Since the introduction of the atom probe
field-ion microscope (APFIM) [1, 2] in 1967,
it has been used extensively for the charac-
terization of steels that are used in the pres-
sure vessels of nuclear reactors. The pri-
mary aim of these studies has been to
characterize the microstructural features
that are responsible for the embrittlement
of these materials that occurs during ser-
vice, and to evaluate postirradiation an-
nealing treatments designed to restore the
mechanical properties. The embrittlement
of these materials is clearly evident from
the mechanical properties in an increase in
the ductile-to-brittle transition tempera-
ture, a reduction in fracture toughness, and
a loss in the upper shelf energy [3–8]. The
embrittlement has been correlated with the
levels of copper, phosphorus, nickel, and
manganese in the steel. In particular, the
steel welds in some of the first commercial
reactors are a special concern because of
the elevated copper content of the welds,
which was primarily due to the use of cop-

per-coated welding rods in the welding
process. Because the service temperature of
these materials is relatively low, typically
288

 

8

 

C, the thermal diffusion of solute is ex-
tremely slow. Although radiation-enhanced
diffusion may significantly increase solute
transport, the scale of the microstructural
features that develop is likely to be ex-
tremely small, and are generally under the
resolution of conventional techniques.

The atom probe is a particularly power-
ful tool for the characterization of these ma-
terials due to its high spatial resolution,
light element sensitivity, and ability to
quantify the composition of ultrafine
(

 

,

 

5nm) precipitates [2, 9]. The atom probe
technique has provided valuable informa-
tion about ultrafine precipitates, solute
clustering, and segregation to lath and
grain boundaries. The size, shape, and
number density of these ultrafine features
are obtained from high magnification im-
ages in the field ion microscope. The com-
position of these features and the matrix
have been obtained from both the classic
atom probe (i.e., the straight time-of-flight
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atom probe and the energy-compensated
instrument) and from atomic level recon-
struction of the positions of solute atoms
obtained in the three-dimensional atom
probe (3DAP). The relatively low doses of
neutron radiation and the extremely small
volume and activity of a typical field ion
specimen of these materials do not impose
significant difficulties in the preparation of
specimens if appropriate safety precautions
are followed [9].

Several other techniques have been used
in attempts to characterize the microstruc-
tures of these materials with varying de-
grees of success. The main alternatives to
atom probe field ion microscopy are small
angle neutron scattering (SANS) and trans-
mission electron microscopy. However,
both of these techniques suffer from serious
limitations in the characterization of these
ferromagnetic materials. Although the
SANS technique is able to gather informa-
tion from a large volume of material, the in-
terpretation of that data requires a valid
model, and the data are subject to multiple
interpretations as to the solute and vacancy
contents of the features present. In addi-
tion, SANS cannot reliably deconvolute the
contributions from the multiple types of
precipitates present in these materials or
distinguish between intergranular or intra-
granular precipitates. However, the results
obtained in the atom probe may be used to
provide a reliable framework for the inter-
pretation of SANS data. Transmission elec-
tron microscopy of these types of steels is
extremely sensitive to specimen prepara-
tion artifacts, such as the redeposition of
copper on the surface of the thin-foil speci-
men and surface oxidation. Furthermore,
these irradiation-induced clusters do not
generate sufficient contrast for imaging in
the transmission electron microscope. In
addition, quantification of the composition
of small features (

 

,

 

5nm) in the analytical
transmission electron microscope is ex-
tremely difficult or impossible due to their
size, the presence of significant composi-
tion gradients around the features, and the
interaction volume of the electron beam
and the thickness of the specimens.

In this paper, a review of the contribu-
tions of the atom probe technique to the un-
derstanding of the embrittlement of pres-
sure vessel steels is presented. Atom probe
studies have been performed on plate,
forged components and welds from sur-
veillance materials, materials obtained
from decommissioned reactors, and test re-
actor-irradiated materials [9–32]. In addi-
tion, unirradiated control material, long-
term thermally aged materials, and model
alloys have also been examined [33–43].
These characterizations have revealed that
the microstructure of the matrix of com-
mercial pressure vessel steels is extremely
complex and involves many different types
of intragranular features including copper
and phosphorus clusters and precipitates,
carbides, nitrides, and oxides. In addition,
atom probe studies have revealed a com-
plex pattern of segregation of various sol-
utes including phosphorus, nickel, manga-
nese, molybdenum, and nitrogen to grain
boundaries, and have also documented the
extent of intergranular precipitation. These
phenomena are a potential source of em-
brittlement because solute segregation and
intragranular and intergranular precipita-
tion can significantly alter the mechanical
properties of the matrix and grain bound-
aries and even promote mechanisms such
as temper embrittlement. In addition, the
hardening of the matrix from the formation
of intragranular clusters and precipitates
will make the mechanical properties of
the grain boundaries more important be-
cause the steel will generally fail at the
weakest link.

 

MICROSTRUCTURE AFTER
NEUTRON IRRADIATION

 

Most of the early atom probe studies fo-
cussed on Western pressure vessel steels.
These steels have included an A302B plate
and several A533B type steels and welds.
Some typical compositions of these steels
are given in Table 1. In addition to these
steels, a ferritic–bainitic 16MND5-type steel
from the French surveillance program and
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a vanadium-containing plate steel from the
Gundremmingen KRB-A reactor have been
examined. Recently, atom probe character-
izations have been performed on the signif-
icantly different 15Kh2MFA Cr–Mo–V and
15Kh2NMFA Ni–Cr–Mo–V pressure ves-
sel steels used in Russian VVER 440 and
VVER 1000-type nuclear reactors, respec-
tively.

 

SETTING THE STAGE

 

The first atom probe study of neutron-irra-
diated pressure vessel steels was performed
by Miller and Brenner in 1981 on an A302B
plate steel from a surveillance capsule [10,
11]. This steel had a composition (atom per-
cent—at. %) of Fe-0.17% Cu-0.17% Ni-
1.35% Mn-0.45% Si-0.29% Mo-0.12% Cr-
0.08% Al-1.1%, C-0.02% P-0.03% N-0.04% S,
and was irradiated for 8 years at 290
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C to a
fluence of 2.2 

 

3

 

 10 23n m

 

2

 

2

 

. After this expo-
sure, the copper and phosphorus levels in
the matrix were found to be significantly
reduced to 0.01 at. % Cu and 0.005 at. % P,
respectively. However, it was established
later that some preferential evaporation
of copper had occurred during the analysis,
and so these figures are probably a slight
underestimate of the actual levels in the
matrix. A high density of ultrafine (

 

,

 

z

 

10nm)
darkly imaging copper-enriched features
was observed in the matrix of the neutron-
irradiated steel, as shown in Fig. 1. These
copper-enriched regions were enriched in
other solutes including phosphorus and
aluminum. In addition to the copper-
enriched regions, some ultrafine phospho-

rus-enriched regions and some 1nm-diam-
eter spherical and needle-shaped Mo

 

2

 

C
precipitates were also observed, as shown
in Fig. 2. Large Mo

 

2

 

C precipitates were also
analyzed in the unirradiated and irradiated
materials. The composition of one of these
precipitates was reported as 56 at. % Mo-
8% Fe-1% Cr-35% C. No solute segregation
at the carbide matrix interface was ob-
served. In contrast, segregation was ob-
served at both cementite–ferrite interfaces
and at grain boundaries in this A302B steel,
as shown in Fig. 3 by the brightly imaging
decoration. Atom probe analysis revealed
that Mo, C, V, Cr, and Co were enriched at
the cementite–ferrite interface and the
grain boundaries.

These and some additional features have
subsequently been observed in many other
neutron-irradiated pressure vessel steels
and can be divided into four general
categories: matrix composition, ultrafine
(

 

,

 

z

 

10nm) precipitates, coarse (

 

.

 

z

 

10nm)
precipitates, and segregation to bound-
aries. These categories will be discussed in
detail in the following sections.

 

MATRIX

 

The characterization of the composition of
the matrix is important, as the solute con-
centrations are required to provide a mass
balance and also to establish the baseline
for the determination of the solute enrich-
ment factors. The composition of the matrix
is also required to establish the concentra-
tions of the alloying elements as a function
of different steps in the heat treatment. It is

 

Table 1

 

Typical Nominal Compositions of Pressure Vessel Steels

 

Alloy Cu Ni Mn Si Mo Cr V Al C P S

 

A302B 0.17 0.17 1.35 0.45 0.29 0.12 — 0.08 1.1 0.02 0.04
A533B 0.2–0.35 0.57 1.37 1.01 0.25 0.05 — — 0.55 0.011 0.022
16MND5 0.078 0.53 1.26 0.63 0.22 0.17 0.021 0.05 0.74 0.021 0.009
KRB-A 0.14 0.71 0.71 0.43 0.36 0.41 0.04 0.08 1.01 0.023 0.021
15Kh2MFA 0.30 0.07 0.36 0.36 0.39 2.77 0.33 — 0.67 0.032 0.052
15Kh2NMFA 0.05 1.15 0.41 0.49 0.34 2.49 0.11 — 0.79 0.016 0.009

 

The balance is iron and these data are presented in atomic percent.
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also important that contributions from ul-
trafine features are not included in the ma-
trix composition so that these parameters
can be determined accurately. Several sta-
tistical tools were developed specifically to
assist in this process [2, 9].

Atom probe studies have revealed the
importance of the stress-relief treatment in
high copper (

 

.

 

z

 

0.2at.% Cu) weld materi-
als. It has been established that the copper
level that remains in the matrix in high cop-
per alloys after the stress-relief treatment
and before neutron irradiation is strongly
dependent on the annealing temperature
and the cooling rate to room temperature.
The measured copper levels have been

found to be in good agreement with ther-
modynamic predictions. These studies
have concluded that a lower annealing
temperature and a longer time is most ef-
fective in minimizing the susceptibility of
these materials to embrittlement due to
copper [19].

The copper level in the matrix after neu-
tron irradiation has been measured in sev-
eral pressure vessel steels, and the results
are summarized in Table 2. It is evident
from these results that a significant deple-
tion in the copper content occurs after neu-
tron irradiation. There is a general trend at
low fluences that the copper level decreases
with increasing fluence. The minimum
level of copper in the matrix is approxi-
mately 0.04 to 0.05at.% Cu. No significant
difference has been found between the dif-
ferent types of steels. The copper levels
measured do not agree well with extrapola-
tion of high-temperature thermal annealing
data or equilibrium thermodynamic pre-
dictions in model iron–copper alloys. This
discrepancy is not surprising, because the
neutron irradiation increases the number of
point defects present in the matrix, and
hence, changes the free energy of the sys-
tem. This change will alter the position of
the phase fields in the phase diagram. This

FIG. 1. Field ion micrograph of an ultrafine darkly im-
aging copper-enriched feature in the matrix of the
neutron-irradiated A302B plate steel.

FIG. 2. Field ion micrograph of 1nm-diameter spheri-
cal and needle-shaped Mo2C precipitates in the matrix
of the neutron-irradiated A302B plate steel.

FIG. 3. Field ion micrograph of a cementite precipitate
at a grain boundary in a neutron-irradiated A302B
steel plate. Both cementite–ferrite interfaces and fer-
rite–ferrite interfaces are decorated by a thin film of
molybdenum carbonitride precipitates.
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effect has been observed in neutron-irradi-
ated Fe–Cr alloys [44].

Composition variations of the other ele-
ments in the alloy, particularly nickel, man-
ganese, phosphorus, and silicon, are
present, but are not as distinct as those of
copper. In addition, the matrix composition
of the steels is always different from the al-
loy composition due to the formation of
coarse precipitates that depletes the matrix
of the elements that are consumed in these
precipitates (typically carbon, molybde-
num, chromium, and vanadium). This ef-
fect varies with the different types of steels.

 

ULTRAFINE CLUSTERS AND PRECIPITATES

 

The most common characteristic of the neu-
tron-irradiated pressure vessel steels is the
presence of darkly imaging copper-enriched
features, which are not observed in unirra-
diated materials. Two different morpholo-
gies have been observed. Most of these fea-
tures were found to be roughly spherical,
but a few examples of elongated ribbons
have also been observed. It has been specu-
lated that the ribbon morphology is a result
of copper segregation to a moving disloca-
tion. The size of these spherical features
was found to be between 

 

z

 

1 and 4nm. Sev-

eral other solutes have been detected in the
copper-enriched features. It has already
been mentioned that phosphorus and alu-
minum were observed in A302B steel.
Phosphorus has also been detected in a
large proportion of these features in other
steels.

The microstructural development in neu-
tron-irradiated weldments was evaluated
for materials from H. B. Robinson II and
from a Rolls Royce test program by Burke
and Brenner using APFIM [13, 14]. In addi-
tion to the identification of copper-enriched
solute clusters in the irradiated microstruc-
ture, Burke and Brenner also provided the
first evidence of Mn and Ni enrichments
associated with these irradiation-induced
clusters. These irradiation-induced features
were termed “solute-rich clusters” because
they contained significant amounts of cop-
per, manganese, nickel, silicon, and occa-
sionally phosphorus, as well as high levels
of iron. The H. B. Robinson II data also in-
cluded examples that suggested that the ir-
radiation-induced clusters had a copper-
enriched core with manganese and nickel
surrounding the core. Burke and Brenner
observed that manganese and nickel were
also enriched in these features in a high
nickel and high manganese neutron-irradi-

 

Table 2

 

Comparison of the Copper Contents in the Matrix of a Variety of Neutron-Irradiated 
Pressure-Vessel Steels

 

Reference Steel
Fluence
n m

 

2

 

2

 

Nominal
at. % Cu

Matrix
at. % Cu

 

[17, 18] A533-B 2 

 

3

 

 10

 

21

 

0.13 0.10 

 

6

 

 0.03
[17, 18] KRB-A 8.4 

 

3

 

 10

 

21

 

0.14 0.13
[17, 18] KRB-A 2 

 

3

 

 10

 

22

 

0.14 0.12
[17, 18] KRB-A 2.7 

 

3

 

 10

 

22

 

0.14 0.11 

 

6

 

 0.01
[23] Chooz 4.7 

 

3

 

 10

 

22

 

0.08 0.05 

 

6

 

 0.01
[34] Weld 6.6 

 

3

 

 10

 

22

 

0.14 0.13 

 

6

 

 0.04
[17, 18] KRB-A 8.5 

 

3

 

 10

 

22

 

0.14 0.09 

 

6

 

 0.01
[33] Weld 1.1 

 

3

 

 10

 

23

 

0.18 to 0.28 0.06 

 

6

 

 0.01
[13, 14] Rolls Royce 2 

 

3

 

 10

 

23

 

0.2 0.1
Weld 2.0 

 

3

 

 10

 

23

 

0.27 0.06 

 

6

 

 0.01
[23] Chooz 2.5 

 

3

 

 10

 

23

 

0.08 0.04 

 

6

 

 0.01
[34] Weld 3.5 

 

3

 

 10

 

23

 

0.14 0.05 

 

6

 

 0.01
[23] Chooz 6.6 

 

3

 

 10

 

23

 

0.08 0.03 

 

6

 

 0.04
[23] Chooz 1.2 

 

3

 

 10

 

24

 

0.08 0.04 

 

6

 

 0.01
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ated weld from a Rolls Royce test program
(Fe-0.2 at. % Cu-1.5% Ni-1.6% Mn-0.9% Si-
0.2% Mo) [14]. Manganese, nickel, and sili-
con enrichments have also been observed
in A533B and other steels. Atom probe
composition profiles revealed that the spa-
tial extent of the manganese, nickel, and sil-
icon enrichments was generally slightly
larger than that of the copper, as shown in
Fig. 4. A set of atom maps of some of these
features in a weld (Fe-0.27 at. % Cu-1.58%
Mn-0.57% Ni-0.34% Mo-0.27% Cr-0.58% Si-
0.003% V-0.45% C-0.009% P-0.009% S) after
neutron irradiation to a fluence of 2 

 

3

 

 10

 

21

 

n
m

 

2

 

2

 

 (E 

 

.

 

 1MeV) is shown in Fig. 5. In the
16MND5 steel from the Chooz A reactor,
Pareige et al. [30] found that the number
density of 3 to 4nm diameter copper-
enriched clusters increased from 3.3 

 

3

 

 10

 

23

 

to 11 

 

3

 

 10

 

23

 

m

 

2

 

3

 

 with increasing fluence 2.5
to 16 

 

3

 

 10

 

23

 

n m

 

2

 

2

 

 (E 

 

.

 

 1MeV). These results
were found to be in good agreement with
SANS data. The composition of the clusters
was found to be Fe-

 

z

 

1 at % Cu-

 

z

 

4% Ni-

 

z

 

5% Mn-

 

z

 

3% Si did not appear to change
significantly with increasing fluence.

The copper levels measured in these fea-
tures (

 

z

 

1 to z30% Cu) in neutron-irradi-
ated materials are always substantially
below the equilibrium copper level of the

e copper precipitate. Copper invariably
has the highest enrichment factor over the
matrix level, although the absolute copper
level measured may be less than the abso-
lute levels of manganese and nickel in the
clusters in some cases. This effect is due to
the significantly lower initial level of cop-
per in the matrix of the steel compared to
either nickel or manganese after the stress-
relief treatment. It was also evident that
these features contained significant levels
(.70%) of iron.

These features have been referred to as
copper-enriched clusters, zones, precipi-
tates, and copper-stabilized microvoids.
One of the main difficulties in establishing
the true identity of these small features is
the lack of proper definitions of what these
terms mean at ultrahigh resolution. A clus-
ter is simply an aggregate of solute atoms
within the matrix with no distinct interface,
whereas a precipitate is generally defined
as a region of solute with a well-defined
crystal structure and interface with the ma-
trix. Copper is a substitutional atom in the
body centered cubic (or body centered tet-
ragonal) iron lattice, and copper precipi-
tates (e Cu) in iron are face-centered cubic
(fcc). It is thought that the copper forms an
intermediate body-centered cubic precipi-
tate as a precursor to the fcc structure [45].
A high-resolution transmission electron
microscopy analysis of precipitates in aged
Fe-1.3at.% Cu and Fe-1.3at.% Cu-1.1% Ni
alloys by Othen et al. [46] indicated that the
structure of fine precipitates formed during
thermal aging is 9R. Similar structures have
not yet been observed in pressure vessel
steels. The cluster vs. precipitate identifica-
tion is further complicated when other sol-
utes and composition gradients are in-
volved. It should be noted that a diffuse
solute-enriched cluster or well-defined pre-
cipitates containing larger numbers of cop-
per atoms would both impede the motion
of dislocations through the microstructure,
and therefore, have an effect on the me-
chanical properties. Although vacancies
have been imaged in the field ion micro-
scope in pure elements and ordered com-
pounds [2], it is not possible to establish the

FIG. 4. Atom-probe composition profiles across a cop-
per-enriched feature in a neutron-irradiated A533B
submerged arc weld showing that the spatial extent of
the manganese, nickel, and silicon enrichments was
generally slightly larger than that of the copper.
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presence or concentration of vacancies in
these features in these complex steels from
either their appearance in the images in the
field ion microscope or from compositional
determinations in the atom probe.

Atom-probe analyses have also revealed
the presence of phosphorus clusters. They
can sometimes be distinguished from the
darkly imaging copper features by the
presence of some bright spots on the darkly
imaging background, as shown in Fig. 6.
These z1nm diameter clusters are gener-
ally observed only in high phosphorus
steels or when the copper level is extremely
low. These phosphorus clusters are often
associated with nickel enrichments.

Another common microstructural feature
is the ultrafine, brightly imaging spherical
and needle-shaped molybdenum carbide
and disc-shaped molybdenum nitride pre-
cipitates. Some of these precipitates were
found to be only z1nm in diameter. These
precipitates have been observed in A302B
plate [11] and A533B plate and weld mate-
rial [9, 15, 17, 18, 24] and in material from

the Gundremmingen KRB-A reactor [17,
24]. These precipitates have been observed
in both unirradiated and neutron-irradiated
materials. The distribution of these features
in the steel was generally found to be rela-
tively inhomogeneous. Their number den-
sity was typically slightly lower than that of

FIG. 5. Atom maps of the copper, manganese, nickel, and silicon distribution in a submerged arc weld neutron-
irradiated to a fluence of 2 3 1023 n m22 (E . 1MeV) obtained in a three-dimensional atom probe. Note the solute-
enriched regions that result from neutron irradiation.

FIG. 6. Field ion micrograph of a phosphorus cluster
in a neutron-irradiated VVER 440 pressure vessel
steel.
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the copper-enriched features. Insufficient
data exist to conclusively establish whether
there is a change in the number density of
these features after neutron irradiation and
whether these precipitates are responsible
for some of the embrittlement observed
during neutron irradiation. Isolated exam-
ples of small darkly imaging oxide precipi-
tates have also been observed [19].

Pareige et al. [32] also detected decoration
of molybdenum and phosphorus atoms at
dislocations in an unirradiated forging, as
shown by the bright spots decorating the
dislocation in Fig. 7. No attempts have been
made to study the possible segregation to
dislocation or interstitial loops in the irradi-
ated materials.

COARSE PRECIPITATES

Coarse precipitates are present in low num-
ber densities in the interior of the grains, at
grain boundaries, and on dislocations.
These coarse precipitates are present in
both the unirradiated and neutron-irradi-
ated materials. The compositions of these
precipitates are important parameters in
determining the location and levels of all
the solutes in the steel. It should be noted
that the size of these coarse precipitates are

normally larger than the field of view of the
field ion microscope (typically z100nm), so
size measurements are generally estimated
from the transmission electron microscope.

A 200 to 600nm fcc copper–manganese
precipitate was observed on a grain bound-
ary in a neutron-irradiated A533B sub-
merged arc weld [15, 18], as shown in Fig.
8. The composition of the central portion of
this coarse precipitate was determined to
be 83.6 6 1.2 at. % Cu, 14.5 6 1.1% Mn, 1.5 6
0.4% Ni, and 0.3 6 0.2% Fe. The precipi-
tate–matrix interface was also found to be
substantially enriched in manganese and
nickel, as shown in Fig. 9. These coarse
copper–manganese precipitates are often
formed at grain boundaries and disloca-
tions during the initial treatment of the
alloy or the stress-relief treatment and sub-
sequent cooling. They account for the dif-
ference between the nominal copper con-
tent of the alloy and the measured matrix
copper level after the stress relief treatment.

Coarse (z0.1 to 0.5mm) darkly imaging
cementite precipitates have been observed
in A302B, as noted above, and in A533B
and the Gundremmingen KRB-A and the
Russian VVER 440 and 1000 steels. A sum-
mary of the compositions of these cement-
ite precipitates is given in Table 3. The com-

FIG. 7. Field ion micrograph of molybdenum and
phosphorus atoms decorating a dislocation in an unir-
radiated forging.

FIG. 8. Field ion micrograph of a darkly imaging cop-
per–manganese precipitate at a grain boundary (ar-
rowed) in a neutron-irradiated A533B submerged arc
weld.
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position of the cementite was found to
depend on the composition of the steel. The
enrichment of solutes in these precipitates
accounts for some of the depletion of these
elements in the matrix analyses.

Coarse brightly imaging Mo2C precipi-
tates have been observed in A533B sub-
merged arc weld, as shown in Fig. 10(a). A
summary of the compositions of these pre-
cipitates is given in Table 4. Phosphorus en-
richment at the carbide–matrix interface
has been observed. The enrichment of sol-
utes in these precipitates accounts for some
of the depletion of these elements in the
matrix analyses.

Smaller brightly imaging roughly spheri-
cal V(C,N) precipitates have been charac-
terized in both vanadium-containing Gun-
dremmingen KRB-A and the Russian VVER
440 and 1000 steels. A z10nm diameter
V(C,N) precipitate in the ferrite matrix of
the Gundremmingen KRB-A reactor steel is
shown in Fig. 10(b). This precipitate con-
tained virtually no molybdenum, manga-
nese, or chromium. Phosphorus was de-
tected in the precipitate and in the ferrite
matrix adjacent to the precipitate. Similar
precipitates were observed in the matrix
and at boundaries in the Russian VVER 440
and 1000 steels [25–29], as shown in Figs.
10(c) and (d). The average composition of
these precipitates in a neutron-irradiated
high-phosphorus weld (Fe-1.7 at. % Cr-
0.37% Mo-0.2% V-0.95% Mn-0.14% Ni-0.69%
Si-0.23% C-0.12% Cu-0.058% P) was deter-
mined to be 51.3 6 0.9 at. % V-18.8 6 0.7%
C-22.1 6 0.7% N-4.9 6 0.4% Cr-2.3 6 0.3%
Mo-0.36 6 0.05% Fe-0.07 6 0.05% B-0.03 6
0.03% P.

Blocky M7C3 carbides have also been ob-
served in the Russian VVER 440 and 1000
steels [26, 27]. An atom probe analysis of
one of these darkly imaging precipitates in
the VVER 440 steel yielded a composition
of 37.6 6 1.7 at. % Cr-22.7 6 1.4% Fe-3.5 6
0.6% Mo-2.7 6 0.6% V-0.6 6 0.3% Mn-33.0 6
1.6% C. No nitrogen, nickel, silicon, or cop-
per was detected in this precipitate. Trans-
mission electron microscopy of these pre-

FIG. 9. Atom-probe composition profile from the cen-
ter of the copper–manganese precipitates shown in
Fig. 8 into the ferrite matrix. The interface was also
found to be substantially enriched in manganese and
nickel.

Table 3 Composition of Cementite Precipitates as Measured by the Atom Probe in Different 
Pressure Vessel Steels

Solute
[Ref.]

A302B
2.2 3 1023

n m22 [10, 11]

16MND5
1.4 3 1024

n m22 [20]

16MND5
.28 h at

600°C [20]

SA-533 Plate
29 h at

593–621°C [32]

SA-533 Plate
93,000 h at
280°C [32]

Fe balance 60.0 6 1.1 61.5 6 0.7 64.0 6 0.8 61.1 6 0.1
Mn 9.3 9.4 6 0.7 10.4 6 0.5 8.7 6 0.5 11.9 6 0.7
Mo 2.6 to 16 1.65 6 0.3 1.3 6 0.2 1.2 6 0.2 0.9 6 0.2
Cr 1.3 2.6 6 0.4 1.7 6 0.2 0.5 6 0.1 —
Ni — 0.7 6 0.2 0.7 6 0.1 — 0.2 6 0.1
Si — 0.11 6 0.07 0.07 6 0.04 — —
C 25a 25.5 6 1.0 22.3 6 0.7 25.6 6 0.7 25.4 6 0.9

Data are in atomic percent.
a Normalized to 25% C.
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cipitates revealed a characteristic faulted
structure and a size range of 60 to 300nm
and 60 to 500nm in the VVER 440 and 1000
steels, respectively.

SEGREGATION TO BOUNDARIES

Recently, the susceptibility of Russian pres-
sure vessel steels to temper embrittlement
has become a serious concern for continued
safe operation. This concern is primarily
due to the high phosphorus levels that

have been measured in the bulk materials
and the observation of intergranular frac-
ture in some materials. Although the maxi-
mum permissible levels for phosphorus
and sulphur are 0.020 wt. % in the
15Kh2NMFA steel and 0.025 wt. % in the
15Kh2MFA steel, a number of cases have
been found where these values were ex-
ceeded.

A general characteristic of the steels is
that the grain and lath boundaries are deco-
rated with solutes, and this is manifested as
some brightly imaging spots in the field ion

FIG. 10. Field ion micrographs of (a) a brightly imaging Mo2C precipitate in a neutron-irradiated A533B sub-
merged arc weld, (b) a z10nm diameter V(C,N) precipitate in the ferrite matrix of the Gundremmingen KRB-A re-
actor steel, (c) V(C,N) precipitates in the matrix, and (d) at a boundary in Russian VVER 440 and 1,000 steels.
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micrographs, as shown in Fig. 3 for an
A302B steel and Figs. 11(a) and (b) for an
A533B and a Russian VVER 440 steel. Atom
probe analysis has established that these
brightly imaging spots are a thin semicon-
tinuous film of molybdenum carbonitride
precipitates. In addition, the boundaries
generally exhibit phosphorus segregation.

The amount of solute segregation at in-
terfaces may be estimated with the use of a
method based on the Gibbsian interfacial
excess [27, 47]. The Gibbsian interfacial ex-
cess of element i, Gi, may be determined di-
rectly from an atom probe analysis for all
elements with the use of the following rela-
tionships:

(1)

where Ni(excess) is the excess number of solute
atoms associated with the interface, Ni is the
total number of solute atoms in the volume
analyzed, Ni(a) and Ni(b), are the number of
solute atoms in the two adjoining regions a
and b either side of the dividing surface, and
A is the interfacial area over which the inter-
facial excess is determined. This method
provides a fundamental estimate of the level
of segregant at an interface.

The phosphorus coverage measured at
some boundaries in both an A533B and
Russian steels is summarized in Table 5
[27–29]. It is evident that the phosphorus

Γ i Ni excess( ) A Ni Ni α( ) Ni β( ) A⁄––=⁄=

coverage at the boundary increases with
neutron irradiation and with the initial
phosphorus level in the steel. With the ex-
ception of the neutron-irradiated Weld 37
material, the fracture surface of all these
materials was found to be transgranular. It
has been suggested that because the level
of phosphorus at thee boundaries is signifi-
cantly higher than that required to produce
intergranular failure in binary Fe–P alloys,
the carbon or the carbonitride film at the
boundaries is playing an important role in
suppressing a change in failure mode.

Because the parameters for phosphorus
segregation are reasonably well established
in steel [48, 49], the atom-probe results from
the unirradiated materials have been com-
pared with predictions from the McLean
model of equilibrium segregation [50]. A
free energy change of DGp 5 256,700 1
12.4 T was used in these calculations [49]. A
comparison of the measured and predicted
values for some boundaries in unirradiated
pressure vessel steels is shown in Table 5
[27–29]. Excellent agreement between the
measured and predicted values was found.
It was also noted that these model predic-
tions indicate that the phosphorus coverage
at the boundary will increase significantly
with postirradiation annealing, and so it
was recommended that this method should
be avoided in high phosphorus steels.

Table 4 Composition of Some Typical Coarse Mo2C Precipitates as Measured by the Atom Probe 
in Different Pressure Vessel Steels

Element

A302B
2.2 3 1023

n m22

A533B
1 3 1023

n m22

16MND5
1.4 3 1024

n m22

16MND5
1.4 3 1024

n m22

Mo 56 63.6 6 1.4 61.0 6 2.1 63.0 6 6.3
Fe 8 2.4 6 0.4 — 1.9 6 1.7
Cr 1 — 3.2 6 0.6 —
Mn — 2.1 6 0.4 1.8 6 0.5 —
C 35 31.4 6 1.4 30.8 6 1.9 32.7 6 6.1
O — 0.26 6 0.15 — —
N — 0.17 6 0.12 — —
P — 0.09 6 0.09 — 1.9 6 1.7

Data are in atomic percent.
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POSTIRRADIATION ANNEALING STUDIES

If embrittlement can be reduced or elimi-
nated, it should be possible to extend the
service life of a nuclear reactor with consid-
erable returns in economics and environ-
mental impact. Several studies of mechani-
cal properties have demonstrated that the
embrittlement may be dramatically re-
duced or even eliminated by annealing the
pressure vessel at a low temperature (343 to
4548C) [51–55]. The upper temperature of
the annealing treatment is limited by the

magnitude of the stresses that are gener-
ated in the vessel. These low temperature
postirradiation annealing treatments are
designed to reduce the number of intra-
granular precipitates or hardening centers
in the material.

Pareige et al. [32] characterized two types
of materials from the B & W Master Inte-
grated Reactor Vessel Surveillance Pro-
gram. The first material was a SA-508,
class 2 forging steel, with a nominal copper
content of 0.02 wt. %. The second material
was a typical Mn–Mo–Ni weld wire/Linde

Table 5 Summary of the Average Phosphorus Coverage at Lath and Grain Boundaries as Measured 
in the Atom Probe and Predicted by the McLean Model of Equilibrium Segregation

Material

Fluence
(n m22)

E . 1MeV
P Content

(at. %)
Gi

atoms cm22
Coverage,

monolayers
Prediction,
monolayers

A533B Unirradiated 0.011 5.7 3 1013 3% 5%
1 3 1023 0.011 1.8 3 1014 10%

VVER 440 Unirradiated 0.032 8.2 3 1013 5% 7%
VVER 1000 Unirradiated 0.016 1.3 3 1014 8% 5%
Weld 28 Unirradiated 0.045 2.0 3 1014 11% 10%

1 3 1023 0.045 4.0 3 1014 24%
Weld 37 Unirradiated 0.058 2.8 3 1014 13% 12%

1 3 1024 0.058 9.0 3 1014 54%

FIG. 11. Field ion micrographs of decorated boundaries in (a) an A533B submerged arc weld, and (b) a Russian
VVER 440 steel.
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80 flux submerged arc weld, representative
of the materials used to fabricate the belt-
line shell course regions of the Oconee
Unit-3 and Arkansas Unit-1 vessels. The
copper content in the matrix of the weld
material was depleted from the bulk level
of 0.24at.% Cu to 0.14 6 0.03at.% Cu after
the stress-relief heat treatment of 29 h at
593–6218C followed by a furnace cool to
3108C at a rate of z88 C per h. The copper
level in the matrix was reduced to 0.13 6
0.04 and 0.05 6 0.01at.% Cu after neutron
irradiation to fluences of 0.66 and 3.5 3
1023n m22 (E . 1MeV), respectively. An-
nealing the higher fluence material for 168
h at 4548C resulted in a further reduction
of the matrix copper content to 0.04 6
0.02at.% Cu. Annealing the higher fluence
material for 29 h at 6108C was found to in-
crease the copper level in the matrix to
0.17 6 0.04 at.% Cu.

An atom probe characterization of a 200-
mm-thick section of the beltline submerged
arc weld (designated a Babcock and Wilcox
WF-70 weld) of the Midland Unit I pressur-
ized water reactor was performed by Miller
and Russell [33]. This weld was fabricated
with the use of copper-coated welding
wires and Linde 80 flux, and is known to be
a low upper shelf (LUS) energy, high cop-
per weld. This atom probe study has dem-
onstrated that the copper in solution in the
matrix of an unirradiated pressure vessel
steel weld after a standard postweld heat
treatment of 22.5 h at 607 6 148C was 0.119 6
0.007at.% Cu. This value was found to de-
crease to 0.088 6 0.012at.% Cu after anneal-
ing for 168 h at 4548C and to 0.058 6 0.008
at.% Cu after neutron irradiation in a test
reactor to a fluence of 1.1 3 1023n m22 (E .
1MeV) at a temperature of 2888C. An addi-
tional decrease in copper level to 0.050 6
0.010at.% Cu was measured by annealing
the neutron irradiated material for 168 h at
4548C. These values and trends are in good
agreement to previous results from a Bab-
cock and Wilcox weld [34].

Both studies concluded that annealing
neutron-irradiated pressure vessel steel
welds appeared to reduce embrittlement
by coarsening the copper-enriched precipi-

tates and decreasing the matrix copper con-
tent. Because the measured copper levels
were significantly lower than those in the
matrix after the stress-relief treatment,
these results predict that the amount of
reirradiation embrittlement due to copper
precipitation should be significantly lower
than during the initial neutron irradiation.
These atom probe studies have also shown
that the susceptibility of pressure vessel
steels to embrittlement could be reduced by
annealing the steel at an intermediate tem-
perature of 450 to 5008C after the stress-
relief treatment and prior to service.

The 16MND5 steel from the Chooz A re-
actor was also examined by Pareige et al.
[31] after annealing for 2 and 100 h at
4508C. The size of the copper clusters was
found to decrease to 1–2nm diameter after
annealing for 2 h and then increase to 3–
4nm diameter after annealing for 100 h. The
copper level in the copper-enriched clusters
was also found to increase significantly
from 1% Cu after the irradiation to 30% Cu
after 2 h and to 60% Cu after 100 h at 4508C.
In conjunction with hardness and SANS re-
sults, it was concluded that the neutron-
induced copper clusters partially dissolve
in that the Si, Ni, and Mn return to the solid
solution on annealing and then the remain-
ing copper-enriched cluster acts as a nuclei
for the pure copper precipitates.

LONG TERM THERMAL AGING

To study the potential effects of long term
thermal aging, atom probe characteriza-
tions of the microstructure of as-fabricated
and long-term thermally aged (z100,000 h
at 2808C) surveillance materials from com-
mercial reactor pressure vessel steels have
been performed by Pareige et al. [34]. This
microstructural study focused on the quan-
tification of the compositions of the matrix
and carbides. The atom probe results indi-
cate that there was no significant micro-
structural evolution after a long-term ther-
mal exposure in typical Mn–Mo–Ni weld
wire, Linde 80 flux submerged arc weld,
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SA-533 Grade B plate, and SA-508 Class 2
forging materials.

The average copper solute concentration
determined in the ferritic matrix after ther-
mal aging was found to be consistent with
the nominal level for the two plates and the
forging materials. Copper depletion from
0.24at.% Cu to 0.17at.% Cu was observed in
the matrices of welds of both unaged and
thermally aged materials. This depletion
occurred during the stress-relief heat treat-
ment that was performed at a temperature
between 593 and 6218C and subsequent
furnace cool rather than the thermal aging
treatment.

Molybdenum-containing carbides were
frequently observed in both unaged and
thermally aged specimens. The size of the
observed carbides was determined to be
between 5 and 20nm. The small carbides
were found to have a disc, needle, or spher-
ical shape, whereas the larger precipitates
are generally spherical. The Mo:C ratio, in
both the unaged and thermally aged mate-
rials, was close to that of Mo2C. Some evi-
dence of molybdenum atoms was found in
the vicinity of dislocations and it was some-
times associated with carbon and phospho-
rus. The grain boundaries were decorated
with a 12nm-thick layer of molybdenum
carbide precipitates.

The compositions of the cementite pre-
cipitates were found to be in good agree-
ment with ThermocalcTM predictions for
materials aged at 593–6208C. This agree-
ment indicates that long-term thermal ag-
ing has no significant impact on the evolu-
tion of the microchemistry of cementite
carbides. The cementite compositions were
similar to those determined from cementite
precipitates in the Chooz A pressure vessel
steel and weld metal.

It was concluded that the atom probe
comparisons of materials under these con-
ditions was consistent with the measured
mechanical properties, such as the ductile-
to-brittle transition temperature measured
in Charpy V-notch impact tests, and that no
significant changes in either the micro-
structure or the mechanical properties has
been observed.

MODEL ALLOYS

Model alloys have been used in parallel
with pressure vessel steels to evaluate the
effect of radiation. These studies can be di-
vided in two different categories, namely,
studies of model alloys after neutron irradi-
ation treatments representative of that in a
nuclear reactor, and studies of model alloys
after higher temperature isothermal aging
treatments.

The first study on model alloys that is re-
lated to the embrittlement of the pressure
vessel was performed by Goodman et al. in
1973 [35]. In this study, the size, number
density, and compositions of the precipi-
tates that formed in a binary Fe-1.4at.% Cu
model alloy during thermal aging at 5008C
were characterized by field ion microscopy
and atom probe analysis. In addition, some
supporting transmission electron micros-
copy was performed on the material after
the longer aging times. The mean diameter
of the particles at peak strength was deter-
mined to be 2.4nm. The mean particle size
was found to follow a t0.5 relationship with
aging time, t, and a copper diffusivity of
z2 3 1021m2 s21 was estimated. The num-
ber density of the particles when they were
first visible was of the order of 1024 m23,
and this value rapidly decreased after the
peak strength of the alloy was reached. The
average copper content of the initial precip-
itates (z47% Cu after 1 h aging) was found
to be significantly lower than that of the
equilibrium e phase, whereas, after aging
for 120 h, they were consistent (93% Cu)
with that of the equilibrium phase. The re-
sults of Worrall et al. [36] on similar alloys
were in reasonable agreement. A composi-
tion of 95% Cu was measured in a later 3D
atom probe study of one precipitate in an
Fe-1.2% Cu-1.4% Ni alloy aged close to the
peak hardness (2 h at 5508C) [37]. However,
there is significant confusion about the true
size of this precipitate (2 or 4 to 5nm),
which makes comparison with the previ-
ous studies difficult [19].

In 1978, Brenner et al. [38] detected very
fine darkly imaging features in a field ion
microscopy study of an Fe-0.34% Cu model
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alloy after neutron irradiation to a fluence
of 3 3 1023n m22 at a temperature of 2908C.
The size of these generally spherical fea-
tures ranged from 0.4 to 1.6nm, with a mean
diameter of 0.6nm, and were present at a
number density of 8 3 1017cm23. Although
no atom probe microchemical analyses were
performed in this study to differentiate be-
tween microvoids and copper-enriched pre-
cipitates, Brenner et al. tentatively identi-
fied these features as copper-stabilized
microvoids, and concluded that they were
responsible for radiation-induced embrit-
tlement of copper-containing ferritic steels.

A comparison between a thermally aged
model Fe-1.1at.% Cu-1.4% Ni alloy and a
neutron-irradiated Fe-0.22at.% Cu-0.70%
Ni model steel was performed by Pareige et
al. [39]. This study revealed that the com-
position of the copper clusters was differ-
ent in the model alloy than in the pressure
vessel steel. The low temperature copper
solubilities have been determined in the
same Fe-1.1at.% Cu-1.4% Ni alloy by Miller
et al. [40] after long term isothermal aging
at 300, 400, 500, 550, and 6008C. The results
are summarized in Table 6. A small deple-
tion in copper was found in the matrix after
aging for 4,000 h at 3008C, and significantly
larger depletions were observed at the higher
temperatures. The kinetics of copper pre-
cipitation was found to have an activation
energy of 250kJ mol21. An atom map of the
copper distribution in this material aged
for 10,000 h at 3008C is shown in Fig. 12.
Some small copper-enriched regions are ev-
ident, indicating that phase separation can
occur in highly supersaturated Fe–Cu–Ni
alloys at these low temperatures.

Pareige [41] has also characterized an Fe-
1.4% Cu model alloy after neutron irradia-
tion to a fluence of 5.5 3 1023n m22 at a tem-
perature of 2908C, and a flux of 2.8 3 1017n
m22s21. A copper atom map showing a
high density (2 3 1024m23) of 2 to 4nm di-
ameter copper precipitates obtained from
this material in the tomographic atom
probe [41] is shown in Fig. 13(a). In this
type of representation, each dot indicates
the location of an individual copper atom,
and the copper precipitates are evident

from the local high density of spots. A com-
position profile through one of the copper
precipitates and the distribution of the
maximum copper concentrations measured
in these precipitates are shown in Fig. 13(b)
and (c), respectively. It is evident from
these data that there is a significant distri-
bution in the copper level from one precipi-
tate to another in this neutron-irradiated
material, and that the copper level is signif-
icantly lower (0.04% Cu) than that pre-
dicted from materials thermally aged at
higher temperatures. Pareige also studied
the same material after electron irradiation
at the same temperature to a fluence of 9 3
1023e m22 with a flux of 4 3 1017e m22 s21,
and found 2nm-diameter precipitates con-
taining 95% Cu at a number density of 1024

m23. This indicates that, even if the NRT
displacements per atom are not the same
(5.4 3 1025 and 7.5 3 1022 for electron and
neutron, respectively), the phase transfor-
mation under these irradiation conditions
does not follow the same path.

Some model pressure vessel steels were
also characterized by Miller et al. [42, 43] in
1987. In this systematic study, five model
alloys were produced from a split melt
with a base composition representative of a

Table 6 Change in Copper Content of the 
Matrix of an Fe-1.1% Cu, 1.4% Ni 
Model Alloy as a Function of
Aging Time and Temperature

Time
(h)

Copper concentration, at. %

300°C 400°C 500°C

0.5 — — 0.47 6 0.11
1 — 0.92 6 0.08 0.31 6 0.10
4 — — 0.13 6 0.03

10 — 0.91 6 0.09 0.13 6 0.03
100 — 0.54 6 0.08 0.073 6 0.02
168 0.93 6 0.06 — —

1,000 0.82 6 0.06 0.12 6 0.03 0.082 6 0.03
4,000 0.80 6 0.05 0.085 6 0.01 —

5508C 6008C 8508C AQ)

5 — — 0.91 6 0.04
1,000 0.12 6 0.03 0.18 6 0.03 —
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low manganese (0.01at.% Mn) pressure
vessel steel and with low and high levels of
copper (,0.008 and 0.22at.% Cu), nickel
(0.011 and 20.67% Ni), and phosphorus
(20.007 and 0.041at.% P). These materials
were examined after neutron irradiation for
1600 h to a fluence of 4.6 3 1023n m22 (E .
1MeV) at a temperature of 2888C. The ma-
trix copper level was found to be signifi-
cantly depleted in the 0.22at.% Cu steels
after neutron irradiation (0.03at.% Cu in
the FeCu, 0.07% Cu in the Fe–Cu–Ni and
0.08% Cu in the Fe–Cu–Ni–P alloy) com-
pared to the 0.19 at. % Cu measured in a
Fe–Cu alloy annealed for 1600 h at 2888C.
No clusters or precipitates were observed
in the thermally aged alloy. A high number
density of ultrafine (z2nm) darkly imaging
copper-enriched clusters were observed in
all neutron-irradiated copper-containing
steels. In the Fe–Cu–Ni alloy, the clusters
contained approximately 50% Cu, and
were also enriched in nickel. Similar results
were observed in an irradiated Fe-0.31at.%
Cu-0.51% Ni-0.46% C alloy. The maximum
phosphorus-to-copper ratio in the phos-
phorus-free Fe–Cu and Fe–Cu–Ni alloys
was 22%. However, in the Fe–Cu–Ni–P al-
loy, phosphorus-to-copper ratio of the clus-
ters was found to be between 25 and 50% in
z30% of the cases, indicating a copper–
phosphide cluster or precipitate. The nickel
level was also found to be higher in the vi-
cinity of these clusters. In the copper-free
Fe–Ni–P and Fe–Ni alloys, several ultrafine
spherical phosphorus-rich clusters were
detected. The number density of the clus-
ters in the phosphorus-containing alloy
was significantly larger due to the higher

phosphorus content of the alloy. Both
nickel and carbon were found to be associ-
ated with these phosphorus clusters.

FIG. 12. Copper atom map in an Fe-1.1%Cu-1.4% Ni alloy aged for 10,000 h at 3008C. Small copper-enriched re-
gions are evident. Box is 13 3 13 3 101nm. Individual random copper atoms have been omitted for clarity.

FIG. 13. (a) Copper atom map (15 3 15 3 30nm), (b)
composition profile through a 2.5nm-diameter copper
precipitate, and (c) the distribution of the copper con-
tent of the copper precipitates from a neutron-irradi-
ated Fe-1.4% Cu alloy (T 5 2908C, dose 5 5.5 1023

n m22, flux 5 2.8 1017 n m22 s21).
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SUMMARY

Atom probe studies have provided the first
direct evidence of copper-enriched clusters
and phosphorus clusters in the matrix of
neutron-irradiated pressure vessel steels.
The copper-enriched clusters were also
found to be enriched in other solutes partic-
ularly nickel, manganese, phosphorus, and
silicon. In addition, several types of intra-
granular and intergranular precipitates
have been characterized in these materials.
Atom probe studies have also revealed a
complex pattern of segregation of various
solutes including phosphorus, nickel, and
manganese to grain and lath boundaries in
some pressure vessel steels. Furthermore,
atom probe analysis has provided the only
true quantitative measurement of the ma-
trix solute content so that the true copper
content of the matrix prior to irradiation
and after irradiation can be determined.
These data have demonstrated the impor-
tance of the stress-relief temperature for
weldments in reducing the amount of cop-
per available for cluster/precipitate forma-
tion in high-copper steels. Also, the atom
probe has been able to provide unique mi-
crochemical data that have been very im-
portant in the interpretation of results ob-
tained from other analytical techniques
such as small angle neutron scattering
(SANS).

The information obtained by the atom
probe technique has provided experimen-
tal evidence that has led to a basic under-
standing of the causes of embrittlement of
these pressure vessels and the mechanisms
that operate during postirradiation anneal-
ing treatments.
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