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Abstract

Ž . Ž .Atom probe field ion microscopy APFIM investigations of the microstructure of unaged as-fabricated and long-term
Ž .thermally-aged ;100 000 h at 2808C surveillance materials from commercial reactor pressure vessel steels were

performed. This combination of materials and conditions permitted the investigation of potential thermal aging effects. This
microstructural study focused on the quantification of the compositions of the matrix and carbides. The APFIM results
indicate that there was no significant microstructural evolution after a long-term thermal exposure in weld, plate and forging
materials. The matrix depletion of copper that was observed in weld materials was consistent with the copper concentration
in the matrix after the stress relief heat treatment. The composition of cementite carbides aged for 100 000 h were compared
to the Thermocalce prediction. The APFIM comparisons of materials under these conditions are consistent with the
measured change in mechanical properties such as the Charpy transition temperature. q 1997 Elsevier Science B.V.

1. Introduction

Surveillance programs for nuclear reactor vessels were
primarily designed to monitor the radiation-induced
changes occurring in the mechanical properties of the
pressure vessel materials. Nowadays, a large set of data is
available on the mechanical properties and also the mi-
crostructural evolution of irradiated materials. The embrit-
tlement of vessel steels and weldments is known to be
related to the presence of residual elements such as copper
and phosphorus. Recent microstructural investigations have
conclusively shown that the presence of these elements
leads to the radiation-enhanced or radiation-induced forma-
tion of ultrafine copper-enriched clusters associated with
nickel, manganese, silicon, phosphorous and iron and
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w xphosphorous clusters in high phosphorous materials 1–12 .
However, this evolution of the microstructure has been
observed in materials that have been neutron-irradiated for
several years at temperatures near 2908C. It is therefore
possible that some of the degradation in mechanical prop-
erties may be a result of the long-term thermal aging
component.

Some previous research has indicated the potential for
thermal degradation of the mechanical properties of mate-
rials used in the construction of nuclear power systems
when they are operated at relatively high temperatures
Ž . w x)3718C 13 . However, degradation in properties as a

Žresult of long-term exposure at lower temperatures ;
. w x3008C is still an open question 14 .

Among the studies on pressure vessel steels, Pense et
w xal. 15 detected no shift in the ductile-to-brittle transition

Ž .temperature DBTT of an A302 Mn–Mo plate steel after
a relatively short aging time of 500 h at 3708C. After the
same aging time, an A203 Mn–Ni steel exhibited shifts in
the transition temperature in excess of 408C. Thermal
aging data are also available for a SA-302B steel for
periods of 9,726 h and 26,114 h at 3078C; these data were
reported from the surveillance program of the Big Rock

0022-3115r97r$17.00 q 1997 Elsevier Science B.V. All rights reserved.
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Ž . w xPoint Reactor BRP 16,17 . These data indicated little
effect of thermal aging on the Charpy impact results of

Žboth the SA-302, grade B modified steel which is equiva-
.lent to the current SA-533, grade B1 steel base metal and

weld metal. Also, one capsule from the Oconee Unit 1
PWR aged at 3048C for 15,800 h showed no significant
shift in DBTT for the same materials as described above
w x w x18 . Recent results 19 concerning materials removed
from Oconee Unit 3, aged for 103,000 h at 2808C, and
from Arkansas Unit 1, aged for 93 000 h at 2808C, have
shown that thermal aging had only a minor effect on the
impact properties of both SA-302B base and weld metal.
Changes resulting from thermal aging were of such small
magnitude as to be considered insignificant. It was con-

w xcluded 19 that ‘‘If low temperature thermal ageing affects
the fracture toughness of the materials, such changes can-
not be monitored by the Charpy V-notch test. To further
investigate the thermal ageing behavior on the fracture
properties of reactor vessel steels, additional evaluations
on the aged materials will include tension testing, fracture
toughness and microstructural inÕestigations.’’

The main objective of the work presented in this paper
was to use the technique of atom probe field ion mi-
croscopy to characterize the microstructure and the compo-

Ž . Žsition of low temperature ;3008C long-term ;100 000
.h thermally-aged plate, forging and weld materials from

the B&W Master Integrated Reactor Vessel Surveillance
Program in order to investigate the potential thermal aging
effects. It is important to determine if there are any
changes in the composition of the matrix and if any
ultra-fine precipitates had formed due to the thermal com-
ponent of the service environment only. These investiga-
tions focussed on the copper and phosphorous as they are
related to the embrittlement of pressure vessel steels and
weldments during neutron irradiation. If such changes are
observed, they would provide an early indication of the

Žpotential for thermal embrittlements at the longer ;
.300 000 h times associated with the vessel lifetime. In

addition, unaged specimens were investigated with the

atom probe in order to establish a baseline so that the
effects of long term exposure to temperature alone could
be evaluated.

2. Materials description

Five structural steels were selected for the examination
of long-term thermal aging effects. Both Oconee Unit 3
and Arkansas Unit 1 reactors have thermal aging boxes
containing pieces of surveillance materials. The material
removed from the thermal aging boxes included forging,
plate and two weld metals. The base and weld metals are
representative of the materials used to fabricate the beltline
shell course regions of the Oconee Unit 3 and Arkansas
Unit 1 reactor pressure vessels. In addition, the boxes
contained ASTM correlation monitor plate material. The
base metal materials were SA-533, grade B, class 1 plate
steel and SA-508, class 2 forging steel. The two weld
metals were typical Mn–Mo–Ni weld wire, Linde 80 flux
submerged arc welds. The chemical compositions of the
five materials are reported in Table 1.

The specimen aging capsules were located in one of the
holder tubes used for irradiation on the service structure
support of the reactor vessel heads. The boxes were lo-
cated under the head insulation to help maintain the aging
temperature. It was within the flow of the entering coolant
which helped maintain the capsule at the same temperature
as the reactor vessel wall. As a result of the location of
these boxes, the surveillance material was exposed to an

14 y2 Žactual neutron fluence of less than 1=10 n m i.e.,
y11 .less than 1.5=10 dpa or essentially zero insofar as

material damage is concerned. The exact exposure time for
each set of materials was difficult to determine because of
the time allowance for reactor heat up, cool down and hot
standby. The aging times given in Table 2 for these
materials reflect a 10% increase of the actual effective full

Table 1
Ž .Chemical composition bulk chemistry of B&W Owners Group surveillance materials, balance iron

Identifi- % Cu Ni Mn Si P C S Mo Cr
cation

Plate A wt% 0.15 0.52 1.32 0.2 0.01 0.21 0.016 0.57 0.19
at.% 0.13 0.49 1.33 0.39 0.018 0.97 0.028 0.33 0.20

Plate B wt% 0.17 0.64 1.39 0.21 0.013 0.23 0.013 0.50 –
at.% 0.15 0.60 1.40 0.41 0.023 1.06 0.022 0.29 –

Forging wt% 0.02 0.76 0.72 0.21 0.014 0.24 0.012 0.62 0.34
at.% 0.017 0.72 0.72 0.41 0.025 1.11 0.021 0.36 0.36

Weld A wt% 0.28 0.59 1.49 0.51 0.016 0.09 0.016 0.39 0.06
at.% 0.24 0.56 1.5 1.01 0.03 0.42 0.03 0.23 0.06

Weld B wt% 0.30 0.58 1.63 0.61 0.017 0.08 0.012 0.39 0.10
at.% 0.26 0.55 1.64 1.20 0.03 0.37 0.021 0.22 0.10
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Table 2
Ž .Thermal history of as-received reference and long-term thermally-aged commercial alloys

Material Heat Heat Thermal ageing
atype No. treatment conditioning

Ž .as-received

Plate A C5114-1 austenitized 899–9278C, WQ, tempered 6498C, AC, 93 000 h, Arkansas Unit-1, 2808C
stress-relieved 593–6218C for 29 h, FC

Plate B HSST 02 A1195-1 austenitized 829–9138C for 4 h, WQ, tempered 649–6778C
for 4 h,FC, stress-relieved 593–6218C for 40 h,FC

Forging ANK-191 austenitized 854–8778C for 4 h, WQ, tempered 666–6888C 103 000 h, Oconee Unit-3, 2828C
for 10 h, WQ, stress-relieved 593–6218C for 30 h, FC

Weld A WF-193 stress-relieved 593–6218C for 29 h, FC 93 000 h, Arkansas Unit-1, 2808C
Weld B WF-209-1 stress-relieved 593–6218C for 30 h, FC 103 000 h, Oconee Unit-3, 2828C

a WQswater quench, ACsair cool, FCs furnace cool.

power times when the surveillance material were removed.
The heat treatment and stress relief history of these materi-
als are given in Table 2.

3. Experimental

The technique of atom probe field ion microscopy
Ž .APFIM is particularly well suited to the characterization
of these pressure vessel steels because of its near atomic
resolution and its ability to chemically analyze features on

w xthe near atomic scale 20 . The microstructural characteri-
zations were performed in the ORNL energy-compensated

w xatom probe field ion microscope 21 .
The experimental conditions required to obtain accurate

APFIM data are well known for these ferritic steels. In
particular, it is necessary to cool the specimen to a temper-
ature of 50 K to avoid a systematic error on the copper
level measurement. Field ion specimens were electropol-

w xished using standard procedures 20 from blanks that were
cut from Charpy specimens. All compositions reported in
this work are quoted in atomic percent. The energy-com-
pensated atom probe used in these investigations has a

Ž .sufficient mass resolution mrDms;2500 to separate
all isotopes. Also peak overlaps of species having the same
mass-to-charge ratio were accounted for in composition

w xdeterminations by standard methods 22 . The pile-up ef-
fect, known to occur in these steels, was correct with the

w xmethod proposed by Menand et al. 23 .

4. Results

A parallel set of experiments has been undertaken with
unaged and thermally-aged materials. The results concern-
ing the chemical compositions of the ferritic matrix are

Ž .summarized in Table 3. Concentration uncertainties 2s

due to counting statistics, as given by the standard devia-
w Ž . x1r2tion ss X 1yX rN , where X is the measured

concentration of an element and N is the number of atoms
collected in each analysis. It must be noted that these
reactor pressure vessel steels can exhibit significant com-
positional variation from one specimen to another, particu-

Ž y25larly since only a small volume of material f3=10
3.m is sampled from any given specimen. The values in

Table 3 are an average of several experiments in which N

Table 3
Ž . Ž . Ž .Chemical compositions at.% of the ferritic matrix determined by APFIM in unaged UnA and long-term thermal-aged Th-A materials

Plate A Plate B Forging Weld A Weld B

UnA Th-A UnA Th-A UnA Th-A UnA Th-A UnA Th-A

Cu 0.11" 0.05 0.09 " 0.03 0.09 " 0.05 0.07 " 0.03 0.03 " 0.01 0.03 " 0.02 0.14 " 0.03 0.15 " 0.05 0.16 " 0.03 0.17 " 0.02

Ni 0.64 " 0.13 0.74 " 0.10 0.74 " 0.15 0.50 " 0.11 0.72 " 0.07 0.63 " 0.10 0.45 " 0.06 0.45 " 0.09 0.42 " 0.05 0.43 " 0.05

Mn 0.95 " 0.15 1.30 " 0.13 0.64 " 0.14 1.05 " 0.17 0.48 " 0.06 0.53 " 0.09 1.20 " 0.10 0.90 " 0.12 1.24 " 0.09 1.22 " 0.09

Si 0.41 " 0.10 0.62 " 0.09 0.44 " 0.12 0.43 " 0.10 0.50 " 0.06 0.44 " 0.08 1.05 " 0.10 0.80 " 0.12 1.73 " 0.10 1.49 " 0.09

P 0.02 " 0.02 0.003 " 0.003 0.01 " 0.01 0.007 " 0.007 0.02 " 0.01 0.003 " 0.003 0.03 " 0.03 0.02 " 0.02 0.05 " 0.02 0.07 " 0.02

C – 0.006 " 0.006 0.02 " 0.02 – 0.004 " 0.004 – 0.005 " 0.005 – 0.008 " 0.008 0.03 " 0.01

Mo 0.11 " 0.05 0.17 " 0.04 0.12 " 0.06 0.15 " 0.06 0.12 " 0.03 0.08 " 0.03 0.18 " 0.04 0.14 " 0.05 0.20 " 0.04 0.23 " 0.04

Cr 0.11 " 0.05 0.06 " 0.02 0.04 " 0.04 0.08 " 0.05 0.15 " 0.03 0.20 " 0.05 0.03 " 0.03 0.03 " 0.01 0.07 " 0.02 0.06 " 0.02

Ž .All compositions are the average of several experiments "2 s .
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is typically ;60 000 atoms. The error bars quoted are
Žbased on counting statistics i.e., the total number of atoms

.collected and do not reflect the composition variations
from one region to another. As copper repartitioning is a
major contributing factor in the embrittlement of pressure
vessel steels, particular attention has been paid to this
element. The composition variation was particularly evi-
dent in the measurement of the copper level in the plates A
and B. Severe fluctuations in the copper content from one
specimen to another were observed, varying from 0.02 to
0.14 at.% Cu. In such cases, the error bars were also
calculated based on the average compositions of different
volumes. More realistic values are 0.10"0.03 at.% Cu
Ž . Ž .plate A and 0.06"0.05 at.% Cu plate B . However, the
average copper solute concentration determined in the
ferritic matrix is consistent with the nominal level for the
two plates and the forging materials. In contrast, a deple-
tion of copper was observed in the matrix of the weld A
and weld B metals for both unaged and thermally-aged
samples. This depletion cannot be due to the spatial fluctu-
ation mentioned above since only 70% of the nominal
level was detected.

A coarser microstructural characterization with the
techniques of optical metallography and analytical trans-
mission electron microscopy has been performed on the

w xweld A material 24 . The low copper level in the carbides
or in inclusions cannot fully account for the measured
copper depletion from the nominal 0.25% Cu to the level
of 0.17% Cu measured in the matrix.

The stress relief heat treatment for the weld A and weld
B materials was performed at a temperature between 593
and 6218C. The predicted solubility limit of copper in the
iron–copper binary system ranges between 0.17 and 0.24
at.% for these two temperatures. The detected value of
0.17 at.% can be simply explained by the solubility limit
of copper in the ferritic solid solution at the stress relief
treatment. This suggests the formation of other copper-rich
precipitates during the stress-relief heat treatment, or also

Žduring the furnace cooling period at a cooling rate of
.;88Crh to ;3108C , even though they have not been

detected in this investigation. However, coarse copper-en-
riched precipitates have been detected at grain boundaries

w xby atom probe field ion microscopy of A533B steels 7 .
The Si and Ni contents of the matrix are, within the

standard deviation, in good agreement with the nominal
composition of the alloy. The depletion of carbon and
molybdenum in the materials suggests the presence of a
high volume fraction of carbides, particularly in the two

Ž .plate A and B and forging materials. This high volume
fraction of carbides in these materials may also explain the
observed phosphorus matrix depletion. Indeed, phosphorus
is often encountered at ferritercarbide interfaces. In all
materials, the detected level of manganese is always slightly
lower than the nominal concentration. This depletion is
due to its presence in cementite carbides, as shown below.

In order to characterize the structure of these unaged

Fig. 1. Field ion micrograph of disk-shaped molybdenum carbides
in the weld B surveillance material.

and long-term thermally-aged materials, analyses were per-
formed on both the carbides and the matrix. The more
common features encountered in the atom probe analyses
of these steels are M C cementite carbides and molybde-3

num-containing carbides.
Molybdenum-containing carbides were frequently ob-

served in both unaged and thermally-aged specimens. The
small carbides have a disc, needle or spherical shape,
whereas the larger precipitates are generally spherical, as
shown in Figs. 1 and 2. The size of the observed carbides
was determined to be between 5 to 20 nm. The Mo:C ratio,
in both the unaged and thermally-aged materials, is close
to that of Mo C.2

Fig. 2. Field ion micrograph of spherical molybdenum carbides in
the weld B surveillance material.
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Fig. 3. Field ion micrograph of a decorated dislocation in the
unaged forging material. Bright and diffuse spots are molybdenum
or phosphorus.

In addition, molybdenum atoms were also detected in
the vicinity of dislocations, sometimes associated with
carbon and phosphorus, as evident in Figs. 3 and 4. A field
ion image of a dislocation having a Burgers vector compo-
nent normal to the specimen surface is shown in Fig. 3.
The presence of a dislocation converts the usual pattern of
concentric rings at a crystallographic pole into a spiral at

Fig. 5. Decorated grain boundary in the weld B long-term ther-
mally-aged surveillance material. Bright spots are ultrafine Mo C2

carbides.

w xits point of emergence on the specimen surface 25 . Bright
spots, characteristic of molybdenum atoms, which decorate
the dislocation can be observed near its point of emer-
gence. The sequence of evaporation of the atoms during
the atom probe analysis of the core of the dislocation is
shown in Fig. 4. The atoms on each line are representative
of ;0.29 nm of material field evaporated from the speci-

Ž .Fig. 4. Sequence of arrival of ions at the detector from the analyzed dislocation see Fig. 3 . Note the Mo, C and P enrichments in the core
of the dislocation. Each line represents the removal of approximately 0.29 nm of material from the specimen.
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Fig. 6. Darkly-imaging cementite and brightly-imaging ferrite in
long-term thermally-aged plate B material. Bright region at the

Ž .interface is Mo C carbide see Fig. 7 .2

men. This figure clearly indicates that Mo, P and C are
detected in the vicinity of the dislocation. The concentra-
tions of these elements decrease significantly in regions far
removed from the dislocation.

In addition to the Mo C carbides and the cores of2

decorated dislocations, molybdenum is also observed at the
grain boundaries. A field ion image of a grain boundary
observed in the long-term thermally-aged weld B material
is shown in Fig. 5. This micrograph clearly indicates that
the grain boundary is decorated with a 1–2 nm thick layer
of molybdenum carbides precipitates. This type of decora-
tion has been observed in various Russian and Western
steels and is a common feature of molybdenum-containing

w xpressure vessel steels 7,8,26 .
Another common feature encountered in these materials

is M C cementite carbides. A field ion micrograph of a3

cementite–ferrite interface observed in the thermally-aged
plate B material is shown in Fig. 6. The ferrite can be
easily recognized by the presence of crystallographic poles
Ž .i.e., families of concentric rings , which are not evident in
the darkly-imaging cementite phase. A brightly-imaging
molybdenum carbide precipitate is also evident at the
interface. A composition profile starting in this molybde-
num carbide and emerging immediately into a cementite
precipitate located at the interface is shown in Fig. 7. It is
evident from this composition profile that there is a large
Fe and Mn content in the cementite but little solubility of
the Fe, Cr, and Mn alloying elements in the Mo C precipi-2

Fig. 7. Composition profile through a molybdenum carbide and cementite in long-term thermally-aged plate B surveillance material.
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Table 4
Atom probe analyses of the cementite carbides. Comparison of the atom probe results with the ThermocalcTM predictions

Fe C Mn Mo Cr Ni

Plate A unaged, stress-relieved 593–6218C for 29 h, FC
Thermocalc prediction: 6208C 59.1 25.0 11.1 1.5 3.1 0.1
Thermocalc prediction: 5938C 57.5 25.0 12.5 1.6 3.3 0.1
Atom probe experiment: 593–6208C 64"0.8 25.6"0.7 8.7"0.5 1.2"0.2 0.5"0.1 –
Thermocalc prediction: 3008C 36.5 25.0 29.9 3.4 5.0 0.1

Plate B long-term thermally-aged, stress-relieved 593–6218C for 40 h, FC, 93 000 h at 2808C
Thermocalc prediction: 6208C 61.8 25.0 11.6 1.5 – 0.1
Thermocalc prediction: 5938C 60.4 25.0 12.9 1.5 – 0.1
Thermocalc prediction: 3008C 42.1 25.0 29.3 3.35 – 0.2
Atom probe experiment: 93,000 h at 2808C 61.1"0.1 25.4"0.9 11.9"0.7 0.9"0.2 – 0.2"0.1

tate. In order to determine if there was an effect of the
;10 years thermal aging treatment on the evolution of the
composition of cementite, analyses were performed in
unaged and thermally-aged specimens. Analyses were per-
formed in plate A for the unaged specimen and in plate B
for the thermally-aged one. The chemical compositions
and stress-relief heat treatment of these two materials are
so similar that they can be compared. In addition, the atom
probe results were compared to thermodynamic predictions
w x27 . Thermocalce calculations were performed at two
temperatures, 620 and 5938C, within the stress-relief heat
treatment and also at 3008C, the temperature at which

Žspecimens were thermally-aged 93 000 h in the case of
.plate B . The results are summarized in Table 4.

The atom probe results revealed, in both unaged and
thermally-aged materials, carbides with classic M C stoi-3

Ž .chiometry, where M stands for Fe and Mn in majority ,
Ž . ŽMo, Cr and Ni in minority and also Cu and V as traces,

.0.02 at.% . These results are similar to those observed in
w xprevious analyses of the Chooz A pressure vessel steel 9

w xand weld metal 20 . In addition, the experimental compo-
sitions are in good agreement with the Thermocalce pre-
dictions for materials aged at 593–6208C. In all cases, the
compositions are comparable to the predicted values at
;6008C. This agreement indicates that long-term thermal
aging has no significant impact on the evolution of the
microchemistry of cementite carbides.

These initial APFIM microstructural examinations per-
formed on unaged and long-term, low temperature, ther-
mally-aged materials show no significant evolution of the
structure of the material. No phase transformation has been
observed for this low temperature heat treatment. Unaged
materials and materials thermally-aged for approximately
10 years have a similar ferritic matrix chemistry and
carbide compositions. These results are consistent with the

w xobserved mechanical properties of these materials 17 . A
general review of the data on thermal-aged material indi-
cates virtually no significant change in the impact data.
Only small variations in the Charpy V-notch impact prop-
erties were observed for all materials after exposure at the

Ž .thermal-aging temperature. Small increases ;18C in
transition temperature were observed for the forging metal
and weld B surveillance materials aged at 103,000 h, and

Žtheir upper-shelf energies demonstrated small decreases 3
.to 11 J . The Charpy V-notch results for plate A and weld

metal A aged for 93 000 h revealed differences in that the
41 J transition temperatures for both materials decreased
slightly.

Also, and especially for the weld materials, the copper
remains in solid solution with a concentration following
the solubility of copper in iron for unaged specimens. A
metastable solid solution is observed for thermally-aged
specimens. This confirms that the thermal mobility of
copper in iron at 3008C is effectively zero.

5. Conclusion

ŽMicrostructural characterization of long-term ;
. Ž .100 000 h thermally-aged 3008C and unaged surveil-

lance materials obtained from the B and W Owners Group
was performed. Two welds, two plates and one forging
material were investigated. The comparison between the
thermally-aged materials and unaged materials permitted,
for the first time, the investigation of a potential thermal
aging effect. Although a general review of the thermal-
aging data indicates that there may be some propensity

w xtoward embrittlement in sensitive materials 11,12 , the
materials examined in this study did not exhibit any signif-
icant embrittlement or microstructural evolution. The same
matrix copper level was found before and after the long
thermal aging treatment. In the two welds, a significant
decrease of the copper level in the matrix over the nominal
bulk composition was found and may be due to copper
precipitation during the stress-relief heat treatment. This
APFIM comparison of the microstructures in all three
conditions is consistent with the measured mechanical

Ž .properties transition temperature shift , i.e., no significant
changes in either the microstructure or the mechanical
properties has been observed.
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