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ABSTRACT
Atom probe field-ion microscopy has been used to characterize
the '.ticrostructure of a neutron-irradiated A533B pressure vessel
steel weld. The atomic spatial resolution of this technique permits
a complete structural and chemical description of the ultra-fine
features that control the mechanical properties to be made. A
variety of fine scale features including roughly spherical copper
precipitates and clusters, spherical and rod-shaped molybdenum
carbide and disc-shaped molybdenum nitride precipitates were
observed to be inhomogeneously distributed in the ferrite. The
copper content of the ferrite was substantially reduced from the
nom-ina! level. A thin film of molybdenum carbides and nitrides
was observed on grain boundaries in addition to a coarse coppermanganese precipitate. Substantial enrichments of manganese and
nickel were detected at the copper-manganese precipitate-ferrite
interface and this enrichment exiended into the ferrite.
Enrichments of nickel, manganese and phosphorus were also
measured at grain boundaries.

INTRODUCTION

'

The mechanical properties of the pressure vessel of a light
water nuclear reactor change during in-service irradiation because
of an embrtttlement process. It has been shown statistically that
this embrittlement is associated with low levels of copper and
phosphorus in the steel.
More recently, nickel and manganese
were also shown to have a significant effect.'1'
The most
important aspect in understanding the embrittlement process is to
perform a complete characterization of the microstructural
evolution during service because it is the microstructure which
determines the mechanical properties of these steels.
The ultra-fine features that are associated with the
embrittlement process preclude direct observation by conventional
techniques such as analytical electron microscopy and optical
microscopy. The atom probe field-ion microscope (APFIM) with its
inherent atomic spatial resolution is very suitable for this type of
rnicrostructural characterization. This instrument combines the
atomic resolution imaging capability of the field-ion microscope
with single atom chemical identification in a time-of-flight mass
spectrometer and therefore provides both spatial and chemical
characterization of the microstructure.
The APFIM has been successfully applied to characterize
several, model alloys and pressure vessel steels'2"5'.
A high
density of fine structural imperfections was observed jn an Fe6
0.34% Co alloy after neutron irradiation at 288"C.' ' It was '
suggested that these imperfections were copper-stabilized
microvoids; however, this was not substantiated by any
experimental evidence. In an examination of unirradiated A533Btype steel weld, Worrall and Smith were unable to detect any
copper or nickel clustering.' 7 ' Examination of an Fe-0.6 at. Hi Cu
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binary alloy after aging at 500°C for 100 h revealed the presence
of some copper-rich precipitates.
!n addition, no copper
segregation to grain boundaries was detected in their study.
The effects of neutron irradiation on the microstructure of an
A302B pressure vessel steel surveillance sample have been
investigated by Miller et alJ 2 ' 4 ' The atom probe detected, for
the first time, small copper-rich and phosphorus-rich regions, and
the precipitation of smali rod-shaped and spherical molybdenum
carbides in the ferrite matrix.
This study aiso revealed
segregation of various solutes, other than copper and phosphorus,
to ferrite-ferrite and ferrite-cementite interfaces. Small copper
clusters thai were enriched in nickel and manganese were observed
in neutron-irradiated modified A533B pressure vessel stee! weld
metal by Burke et al.' 3|S '
Recently, the microstructure in a series of model Fe-Cu-Ni-P-C
steels has been characterized after neutron irradiation and thermal
aging.' 8 ' A high density of small, roughly spherical or discshaped copper clusters/precipitates were observed in the neutronirradiated alloys that contained copper.
Small spherical
phosphorus clusters were observed in the irradiated copper-free
alloys, and copper phosphides were observed in a high phosphorus
Fe-Cu-Ni-P alloy. None of these clusters or precipitates were
observed in thermally aged materials. The increases in the tensile
and yield strengths that were observed after neutron irradiauon
resulted from the formation of these clusters and other lattice
defects.
In this paper, an APFIM characterization of the fine-scale
microstructure of an A533B pressure vessel steel weld after both
neutron irradiation and thermal annealing at the irradiation
temperature is presented.
EXPERIMENTAL
A schematic diagram of an atom probe field-ion microscope is
shown in Fig. 1.
Modern atom probes incorporate several
instruments into a single vacuum system to enable a \ariety of
types of analyses to be performed on a w'ide range of metallic and
other materials.' 9 ' [ n t n e instrument depicted in Fig. I, four
distincj instruments are available I) a field-ion microscope (FIM),
2) an energy-compensated time-of-flight atom probe (ECTOF^P),
3) an imaging atom probe (IAP), and 4) a pulsed laser atom probe
(FLAP). High resolution images of the specimen are obtained in
the FIM. The ECTOFAP is used to fully quantify the chemi-,tr\ of
features observed in the FIW. Atomic resolution maps of a single
element over the entire specimen surface may be obtained with
the 1AP to reveal variations in local chemistry. Unfortunately,
the data obtained in the 1AP is only semi-quantifiable. The Pf.AP
is employed primarily for semiconducting materials and is therefore
not pertinent to this investigation.
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The energy-compensated variant of the atom probe has two
major advantages over the older straight time-of-Pight atom probe
in that it substantially improves the mass resolution of the
instrument by a factor of 10 to 20 times and it enables analyses
to be performed while viewing the field-ion image. The improved
mass resolution enables adjacent isotopes to be fully resolved, and
therefore obtain more accurate compositional information. This is
especially important in ferritic steels where many adjacent
elements are present in relatively small quantities. The ability to
view the microstructure while performing the chemical analysis has
several benefits. It improves the spatial accuracy of the analysis
and it dramatically reduces the time required to characterize the
material. This permits the analysis of precipitates or other
features that are present at a relatively low number densities.
Also, the statistical significance of the APFIM analyses of features
present at higher number densities is improved.
In this investigation, all APFIM analyses were performed in the
ORNL energy-compensated instrument. A detailed description of
this instrument can be found elsewhere.I10' The atom probe
analyses were performed with a specimen temperature of 50-60K
and with a pulse fraction of 20%. Field-ion specimens were
eleciropolished using standard procedures'9' from blanks that were
cut from miniature Charpy V-notch specimens.l11'
All
compositions are quoted in atomic percent.
Thin-foil transmission electron microscope specimens of the
thermally aged material were examined in a JEOL 200CX operated
at 200 kV.
The nominal composition of the A533B-type submerged arc
pressure vessel steel weld'11' used in this study is given in
Table I. The weld was stress-relieved for 50h at 620°C and then
irradiated to a neutron fluence of lxl019cnT2 (E>lMeV) in the
University of Virginia reactor at 288°C for approximately 1 year.
Unirradiated control material thermally aged for 556h at 288°C
was also examined for comparison.
RESULTS AND DISCUSSION
TEM examination of thin-foil specimens revealed the presence
of a variety of precipitates and inclusions in the ferrite matrix.
Fig. 2. Ultra-fine features were characterized from both field-ion
micrographs and atom probe chemical analyses. The distribution
of second phase precipitates within the ferrite matrix was
observed to be inhomogeneous for all the features described below.
Several coarse MojC (-50 nm) precipitates that probably formed
during the stress relief were observed in the APFIM. The Mo2C
imaged brightly with respect to the ferrite matrix, as shown in
Fig. 3. The composition of the precipitate as determined by atom
probe analysis is presented in Table 2. A significant enrichment
of phosphorus to the carbide/ferrite interface was measured.
In addition to the coarse Mo2C, ultra-fine (-1 nm) molybdenum
carbides and nitrides were observed in the ferrite matrix of the
irradiated material. Fig. 4. The molybdenum carbides were either
spherical or rod-shaped while the molybdenum nitrides had a disclike morphology. The extremely small size of these discrete
precipitates made quantification of their chemistry difficult,
although it is probable that large deviations from the equilibrium
stoichiometric composition existed. APFIM analysis indicated that
phosphorus was frequently associated with these precipitates. This
ultra-fine precipitation in the matrix was not observed in the
thermally aged control material. Both the coarse Mo2C and the
ultra-fine molybdenum carbides and nitrides were also observed in
a previous APFIM characterization of A302B steel.'2'
Extremely fine (<l nm), roughly spherical or disc-shaped
darkly-imaging regions were observed in the field-ion images of
the irradiated weld metal. Fig. 5. Atom probe composition profiles
through these regions revealed a complex chemistry. Fig. 6. These
zones were enriched in copper, nickel, manganese and silicon. The

extent of the composition profiles for nickel and manganese
indicated that the enrichment of these elements extended over a
slightly larger distance into the ferrite as compared to the copper
profile. It was not possible to unequivocally identify these regions
as precipitates or clusters due to their ultra-fine size and diffuse
nature; however, it should be emphasized that at this size scale,
the distinction between a cluster and a precipitate is largely a
matter of semantics.
Phosphorus was detected in a high
proportion of these zones. These features were only observed in
the irradiated weld metal confirming that their formation was
irradiation-induced. These types of copper-enriched features have
been observed in both the A302B'2'4' and A533B materials'3'5',
and the observation of enrichment of manganese and nickel is in
agreement with the previous characterization of A533B welds'3-5'.
The present study indicates that silicon also may have a roie in
the formation of the clusters/precipitates since a 10 fold
enrichment of silicon was measured in these zones.
Atom probe analysis of the ferrite matrix revealed that the
copper content was considerably lower in the irradiated material
than the nominal value. Table 3, in agreement with the APFIM
observations of the copper-enriched zones. It should be noted
that the thermal mobility of copper at the irradiation temperature
of 288DC is minimal, so that another mechanism should be invoked
to explain the formation of these zones.'12'
Some copper
depletion in the thermal control material was also observed,
consistent with precipitation during the stress relief treatment.
A coarse, darkly-imaging precipitate was observed on one side
of a ferrite grain boundary, as shown in Fig. 7. The composition
of this precipitate as determined by APFIM is given in Table 4.
Although this copper-rich precipitate contained a substantial
amount of manganese, this chemistry is still within the a copper
single-phase field. A composition profile taken from the center of
the copper precipitate into the ferrite matrix revealed significant
enrichments of manganese and nickel at the interface. Fig. 8. The
enrichment of nickel at the interface was 8.7 times the measured
nickel content of the ferrite and 3.3 times that of the precipitate.
Similarly, the values of manganese enrichment factors at the
interface were 27.0 and 2.5 with respect to the measured
manganese composition of the ferrite and precipitate, respectively.
The size of this large precipitate suggests that it was formed
during the stress-relief treatment.
In both the irradiated and the thermally aged materials,
ferrite-ferrite grain boundaries, including the one shown in Fig. 7.,
were found to be decorated with a brightly-imaging, nearly
continuous film. Atom probe analyses revealed that this film
consisted of a mixture of molybdenum carbides and nitrides. This
brightly-imaging film was similar to that observed at ferriieferrite and ferrite-cementite boundaries in the A3O2B
investigation.'2'4' Nickel, manganese and phosphorus enrichments
were detected at the ferrite grain boundaries for both irradiated
and thermally aged conditions. The enrichment factors are
presented in Table 5. While the nickel and manganese enrichments
were similar for the irradiated and thermally aged welds, a
significant difference was observed for phosphorus in that the
irradiated material exhibited enhanced segregation. These results
are in agreement with previous Auger results on thermally aged
A533B steel which also provided evidence of phosphorus
segregation to grain boundaries.'13'
CONCLUSIONS
The complex and diverse reactions occurring in neutronirradiated A533B PWR steel welds have been characterized by
APFIM. The extremely fine scale of the features detected in
these welds necessitates the use of the atomic resolution of the
APFJM technique since it would be difficult, if not impossible, to
characterize the microstructure by other techniques. The multielement chemistry of the ultra-fine irradiation-induced zones and
precipitates clearly demonstrates the importance of examining
actual reactor materials to elucidate the roles of manganese.

nickel, silic.on, and phosphorus in the embrittlement process.

Table 2. Atom probe analysis of a coarse Mo2C precipitate
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Composit ion
(at. %)

Molybdenum
Carbon
Iron
Manganese
Phosphorus
Oxygen
Nitrogen

63.6
31.4
2.4
2.1
0.09
0.26
0.17
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Element

wt. %

at. %

Carbon
Copper
Nickel
Manganese
Molybdenum
Silicon
Chromium
Phosphorus
Sulphur
Iron

0.12
0.4
0.6
1.36
0.44
0.51
0.044
0.006
0.013
balance

0.55
0.35
0.57
1.37
0.25
1.01
0.047
0.011
0.022
balance

1.4
1.4
0.4
0.4
0.09
0.15
0.12

Element

Irradiated

Thermal
Control

Carbon
Copper
Nickel
Manganese
Molybdenum
Silicon
Chromium
Phosphorus
Sulphur
Iron

0.01
0.06
0.75
1.23
0.12
0.98
0.04
0.005
0
balance

0.03
0.11
0.53
1.31
0.28
1.19
0.03
0.015
0
balance

Table 4.

Atom probe analysis of a grain boundary coppermanganese precipitate.

Element

Composition
(at. %)

Copper
Manganese
Nickel
Iron

83.6
14.6
1.5
0.3

Table 5.

Irradiated
Thermal

±
±
±
±

1.2
1.1
0.4
0.2

Grain Boundary Enrichment Factors with respect
to the ferrite composition
Ni

Table 1. Nominal composition of the A533B weld'11!

±
±
±
±
±
±
±

2.2
1.6

Mn P
1.6
2.1

12.5

3.6

DISCLAIMER
This report was prepared as an account of work sponsored by an agency of Ihe United Stales
Government Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes ?ny legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof The views
and opinions of authors expressed herein do not necessarily slate or reflect those of the

COMPUTER
CONTROLLED
FAST DIGITAL
CAMAC
TIMING SYSTEM

SINGLE ATOM
DETECTOR
HERZOG
ELECTROOE

DC
HIGH
VOLTAGE

0-30 kV
PULSED LASER
FOCUSSING LENS

PREPARATION
CHAMBER
PROBE
APERTURE
ISOLATION
VALVE
CRYOSTAT

HERZOG ELECTRODE
FIM VIEWPORT
VARIABLE IRIS

Fig. 1. Schematic diagram of an atom probe field-ion microscope

Fig. 2. Transmission electron micrographs of thermally aged
A533B
weld
steel
showing
a) general
ferritic
microstructure and b) carbide precipitates.
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Fig. 3. Field-ion micrographs of a coarse Mo2C carbide in the
irradiated material a) at best image voltage for ferrite
matrix and b) at best image voltage for precipitate.

Fig. 4. Field-ion micrographs of irradiated material showing a)
ultra-fine molybdenum carbides and b) disc-shaped
molybdenum nitride.
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Fig. 5. Field-ion micrographs of small darkly-imaging copperenriched zones in irradiated material.
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Fig. 6. Atom probe composition profiles through a copper-enriched
zone in irradiated material.

GRAIN BOUNDARY

GRAIN BOUNDARY

Fig. 7. Field-ion micrographs at different intervals of fieldevaporation of a coarse darkly-imaging copper-manganese
precipitate on a ferrite grain boundary. The ferriteferrite grain boundary was decorated with a thin brightlyimaging film of molybdenum carbides and nitrides.

COPPER

z
o
FERRITE

90

r—^^—^

-

I

80

IRON

70

-

60
50

2
O

40

o

30

PRECIPITATE

FERRITE

20

-

J

10
0

100
90

MANGANESE

80
70
60
SO

PRECIPITATE

FERRITE

40
30
20
10
0
100
90

NICKEL

80
70
60
50

PRECIPITATE

FERRITE

40
30
20
10
0

20

40

60
DISTANCE (A)

BO

100

Fig. 8. Atom probe composition profile through the copper-manganese precipitate shown
in Fig. 7 into the ferrite matrix.

