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Abstract

An atom probe field ion microscopy characterization has been performed to determine the copper matrix concentration in
a submerged arc beltline weld of the Midland Unit 1 pressurized water reactor after 4 conditions: unirradiated, unirradiated

23 y2 Ž .and annealed for 168 h at 4548C, neutron-irradiated in a test reactor to a fluence of 1.1=10 n m E)1 MeV at a
temperature of 2888C, and neutron-irradiated and annealed for 168 h at 4548C. Atom probe analysis of the unirradiated
material revealed a substantial depletion of the copper in the matrix to 0.119"0.007 at% Cu from the bulk value of between
0.18 and 0.28 at% Cu. Annealing the unirradiated material produced intragranular copper-enriched precipitates and reduced
the matrix copper level by ;25% to 0.088"0.012 at% Cu. Neutron irradiation also produced copper-enriched precipitates
and reduced the matrix copper level by almost 50% over the stress relieved material to 0.058"0.008 at% Cu. Annealing the
neutron-irradiated material reduced the matrix copper level further to 0.050"0.010 at% Cu. These results indicate that the
annealing treatment coarsens the copper-enriched precipitates produced during neutron irradiation with a slight decrease in
the matrix copper content. q 1997 Elsevier Science B.V.

1. Introduction

Atom probe field ion microscopy has clearly demon-
strated that one of the main sources of embrittlement of the
pressure vessel steel during service in a nuclear reactor is
the formation of a high number density of ultrafine intra-

w xgranular copper-enriched precipitates 1–12 . If this em-
brittlement can be controlled or eliminated, it should be
possible to extend the service life of a nuclear reactor.
Several studies have demonstrated that the embrittlement
may be dramatically reduced or even eliminated by anneal-

Ž .ing the pressure vessel at a low temperature 343 to 4548C
Ž w x.e.g. 13–18 . It should be noted that these temperatures
are also in the range in which phosphorus segregation to
grain boundaries, i.e., temper embrittlement, is dramati-
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w xcally enhanced 19,20 and therefore this approach should
be avoided in high phosphorus steels.

The annealing treatment is designed to reduce the
number of intragranular precipitates. There are two pri-
mary mechanisms by which the number of precipitates

Ž .could be reduced: 1 by dissolution of the precipitates into
the matrix with a concomitant increase in the matrix

Ž .copper level, or 2 by a coarsening mechanism with little
or no increase or possibly a decrease in the matrix copper
content. These two mechanisms are shown schematically
in Fig. 1. However, it is difficult to accurately predict
which of these two mechanisms is operating since it
depends on the precise state of the system after neutron
irradiation at low temperature. Neutron irradiation may
accelerate low temperature phase transformations due to
the presence of extra vacancies in the matrix resulting
from the cascades that are formed by the interaction of the
neutron with the crystal lattice. This process affects the
free energy of the system and hence may alter the position

w xof the phase fields 21 . In addition, the equilibrium copper
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Fig. 1. Schematic diagram of two possible mechanisms for the reduction of embrittlement of a neutron irradiated pressure vessel steel by
Ž . Ž .a dissolving the copper-enriched precipitates into the matrix and b coarsening the copper-enriched precipitates.

solubility in these steels is not well characterized at these
low temperatures due to the slow kinetics. These two
mechanisms will have a significant difference on the rate
and severity of re-embrittlement during subsequent service
in the nuclear reactor. The re-embrittlement should be
approximately the same as for the original material in the
first case, whereas a significantly lower level of re-embrit-
tlement would be expected in the second case since the
matrix copper level is significantly lower. It should be
noted that this argument assumes that everything else is
the same and that no other mechanisms are triggered by
the annealing treatment.

An atom probe field ion microscopy characterization
has been performed in order to distinguish between these
two mechanisms. In principle, the atom probe is capable of
measuring all three primary parameters involved with this
mechanism: size and number density of the precipitates
and the matrix composition. However due to the small size
Ž . Ž 21;1–5 nm and relatively low number density ;10

3.m of the copper-enriched precipitates, the magnitude of
the error associated with the measurement of size and
number density with the atom probe is large. In contrast,
the measurement of the matrix composition may be accom-
plished with high precision and is performed by collecting
a sufficient number of atoms from the matrix while avoid-
ing other microstructural features such as precipitates.
Therefore, this atom probe characterization has focused on
measuring the matrix copper concentrations.

2. Experimental

The material used from this study was taken from a 200
mm thick section of the beltline submerged arc weld

Ž .designated a Babcock and Wilcock WF-70 weld of the
Midland Unit 1 pressurized water reactor. This weld was
fabricated with the use of copper-coated welding wires and

Ž .Linde 80 flux and is known to be a low upper shelf LUS
energy, high copper weld. The chemical composition and
mechanical properties of this weld have been extensively
studied and the results have been reported in detail else-

w xwhere 22 . Bulk chemical analysis revealed that the cop-
per content of this weld varied from 0.18 to 0.28 at% Cu
w x22 . A summary of the compositions for the five different

Ž .positions studied across the weld section 1–13 as mea-
sured by chemical analysis are given in Table 1. All
materials used in this study were subjected to a standard
post-weld heat treatment at a temperature of 607"148C
for 22.5 h prior to subsequent irradiation or annealing
treatments. The weld was examined in four conditions:
unirradiated, unirradiated and annealed for 168 h at 4548C,

Table 1
Bulk chemical composition of the weld as a function of distance
though weld

Material Cu Ni Mn Cr Mo Si C P

1 wt% 0.24 0.58 1.60 0.11 0.40 0.58 0.07 0.015
at% 0.21 0.55 1.62 0.12 0.23 1.15 0.34 0.027

2 wt% 0.21 0.61 1.45 0.14 0.42 0.65 0.11 0.018
at% 0.18 0.58 1.46 0.15 0.24 1.28 0.51 0.032

3 wt% 0.22 0.63 1.49 0.14 0.43 0.57 0.11 0.016
at% 0.19 0.59 1.50 0.15 0.25 1.12 0.51 0.029

4 wt% 0.25 0.60 1.60 0.11 0.41 0.65 0.07 0.018
at% 0.22 0.57 1.61 0.12 0.24 1.28 0.35 0.032

5 wt% 0.32 0.60 1.61 0.11 0.41 0.67 0.08 0.022
at% 0.28 0.57 1.62 0.12 0.24 1.32 0.36 0.039
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Table 2
Ž .Composition of the matrix in unirradiated weld as a function of distance though weld as determined in the atom probe at% , balance is iron

Material Cu Ni Mn Cr Mo Si

1 0.09"0.01 0.53"0.02 1.34"0.04 0.11"0.01 0.14"0.01 0.96"0.03
2 0.11"0.01 0.55"0.03 1.34"0.05 0.07"0.01 0.22"0.02 1.54"0.05
3 0.10"0.02 0.68"0.04 1.66"0.07 0.07"0.01 0.14"0.02 1.30"0.06
4 0.06"0.02 0.39"0.05 1.02"0.08 0.12"0.03 0.21"0.03 1.52"0.09
5 0.14"0.01 0.51"0.02 1.22"0.03 0.14"0.01 0.14"0.01 1.16"0.04

neutron-irradiated in the University of Michigan Ford test
23 y2 Ž .reactor to a fluence of 1.1=10 n m E)1 MeV at a

temperature of 2888C, and neutron-irradiated and annealed
for 168 h at 4548C. Previous characterization of this weld

w xby Sokolov et al. 23 indicated a shift in the Charpy
transition temperature of DT s1038C for the neutron41J

irradiated material and DT s248C for the irradiated and41J

annealed material. These values represent a recovery of
;76%. No data are currently available for the annealed
unirradiated weld; however, data from the same annealing
treatment on similar welds have not revealed any substan-
tial shift in the Charpy transition temperature. The shift in
fracture toughness transition temperature was DT s928C0

for the neutron irradiated material and DT s138C for the0

irradiated and annealed material.
Atom probe characterization of these four conditions

was performed in the ORNL energy-compensated atom
w xprobe 24 . This instrument features high mass resolution

Ž .Dmrms1r2500 and a low minimum detection level
Ž .;50 appm in this study . Field ion images were recorded
with neon as the image gas. Atom probe analyses were
performed with a specimen temperature of 50 K and a
pulse fraction of 20%. These conditions have been shown
previously to eliminate the possibility of preferential evap-
oration and retention of atoms during field evaporation in
this type of material. Most concentrations quoted in this
paper were calculated from XsÝN rN where N is thei i

total number of atoms of the solute of interest and N is the
total number of ions collected from all analyses of the

w xsame material 25 . Most error bars quoted in this paper
are based on counting statistics and are given by

w x'ss X 1yX rN 25 .Ž .Ž .

3. Results and discussion

Atom probe analysis of the unirradiated material re-
vealed a substantial depletion of the copper in the matrix

Ž .to 0.119"0.007 at% Cu 1190 appm . This value is the
average copper content of all the atom probe analyses
taken at five different locations. However, a significant
variation in the copper content ranging from 0.06 to 0.14
at% Cu was found with position in the weld as shown in
Table 2. This position to position variation is also evident
in the individual measurements from a single location and
is therefore occurring on a highly local scale. For example,
the simple average and standard deviation of the individual
atom probe measurements from different specimens in
location 1 of the weld was 0.091"0.030 at% Cu com-
pared to an ensemble average and standard deviation based
on the total number of atoms of each element collected of
0.085"0.010 at% Cu. Similar variations were found in
the atom probe analyses at the other locations. This point
to point variation in composition was consistent with the
variation found in the chemical analyses and indicated that
the copper level varies both at the microscopic and macro-
scopic scales. It is therefore not appropriate to compare the
compositions determined at the same location in the chem-

Ž .Fig. 2. Field ion micrographs of ultrafine -1 nm diameter spherical refractory precipitates in unirradiated weld.
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Table 3
Ž .Composition of the matrix after annealing, irradiation, and irradiation and annealing treatments as determined in the atom probe at% ,

balance is iron

Material Cu Ni Mn Cr Mo Si

Ž .Unirradiated average of all data 0.119"0.007 0.51"0.02 1.46"0.02 0.09"0.01 0.18"0.01 1.33"0.02
Unirradiated and annealed at 168 h at 4548C 0.088"0.012 0.52"0.03 1.15"0.04 0.05"0.01 0.20"0.02 0.85"0.04

23 y2 Ž .Irradiated 1.1=10 m E)1 MeV 0.058"0.008 0.49"0.02 1.03"0.03 0.08"0.01 0.20"0.02 1.64"0.04
Irradiated and annealed at 168 h at 4548C 0.050"0.010 0.48"0.03 1.06"0.05 0.06"0.01 0.17"0.02 1.54"0.06

ical analyses with the atom probe analyses due to the
macroscopic and microscopic variation in the copper con-
centration.

A relatively high number density of brightly imaging,
roughly spherical refractory precipitates approximately 1
nm in diameter were also observed in the field ion images
of all the materials examined, as shown in Fig. 2. Atom
probe analysis revealed that these precipitates contained
molybdenum, carbon and nitrogen and therefore corre-
spond to a molybdenum carbonitride precipitate. Similar
precipitates have been observed previously in A302B and

w xA533B steels 2,7,8 .
Annealing the unirradiated material for 168 h at 4548C

produced some intragranular copper-enriched precipitates
and reduced the matrix copper level by approximately 25%
to 0.088"0.012 at% Cu, as shown in Table 3. This
decrease is shown on the phase diagram in Fig. 3. These
trends are in agreement with thermodynamic predictions
based on the Thermocalc program. However, the measured
value was slightly higher than the predictions of 0.072 and
0.047 at% Cu for a ternary Fe–Cu–Ni alloy from the
Kaufman and the Scientific Group Thermodata Europe
Ž .SGTE databases, respectively. This small difference may
be due to the annealing time of 168 h not being sufficient
to attain equilibrium, the effects of the other elements in
the system slightly altering the copper solubility, or inac-
curacies in extracting or extrapolating information from
the database information at this low temperature as indi-

Fig. 3. Diagram showing the reductions in copper content of the
matrix as a function of the different treatments.

cated by the difference between the two databases. No
significant change was found in the nickel, chromium and
molybdenum levels over the unirradiated material but small
decreases in silicon and manganese levels were observed.

This annealing treatment produces a decrease in the
solid solution hardening from the copper in the matrix and
an increase in the precipitation hardening from the
copper-enriched precipitates. This low temperature anneal-
ing treatment should be beneficial in reducing the neutron
irradiation induced embrittlement of new pressure vessels
in low phosphorus steels since it reduces the copper con-
tent of the matrix.

Neutron irradiation to a fluence of 1.1=1023 n my2

Ž .E)1 MeV at a temperature of 2888C also produced
some copper-enriched precipitates and reduced the matrix
copper level by almost 50% to 0.058"0.008 at% Cu over
the stress relieved material, as shown in Table 3. This
value is similar to that found in previous atom probe

w xstudies of other pressure vessel steels 7,8,11 . No signifi-
cant change was found in the nickel, chromium and
molybdenum levels over the unirradiated material but a
small increase in silicon and a decrease in the manganese
levels were observed.

Annealing the neutron-irradiated materials reduced the
matrix copper level further to 0.050"0.010 at% Cu, as
shown in Table 3. No significant changes from the neu-
tron-irradiated material were observed in the concentra-
tions of the other alloying elements. In addition, some
ultrafine intragranular copper-enriched precipitates were
observed in this material, as shown in Fig. 4. These values
and trends are in good agreement to previous results from

w xa Babcock and Wilcox weld 12 . Therefore, annealing
neutron-irradiated pressure vessel steel welds appears to
reduce embrittlement by coarsening the copper-enriched
precipitates with a decrease in the matrix copper content.
Since this level is significantly lower than that measured in

Ž .the unirradiated and annealed material 0.088 at% Cu , it
appears that further reduction in the copper level in the
matrix could be achieved by adopting a longer annealing
time at 4548C. Applying this heat treatment to new vessels
would provide an improved safety margin to neutron em-
brittlement. In addition, this level is slightly lower than
that in the neutron irradiated material and therefore indi-
cates that the copper solubility at the service temperature
of 2888C should be lower than 0.050 at% Cu since the
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Fig. 4. Field ion micrograph of a copper-enriched precipitate in
the matrix of the weld that was irradiated to a fluence of 1.1=1023

y2 Ž .n m E)1 MeV at a temperature of 2888C and then annealed
for 168 h at 4548C.

solubility should decrease with decreasing temperature.
Therefore, some re-embrittlement should occur on re-
irradiation due to the formation of additional copper-en-
riched precipitates and possibly some additional coarsen-
ing of the existing copper-enriched precipitates thereby
making them more effective at pinning dislocations. Since
the copper level is a factor of ;2.4 less than that in the
matrix after the stress relief, these results predict that the
amount of re-irradiation embrittlement should be signifi-
cantly less than during the initial neutron irradiation. This
reduced level of re-embrittlement has been observed in

w xother Linde 80 welds 18 .

4. Conclusions

This atom probe study has demonstrated that the copper
in solution in the matrix of an unirradiated pressure vessel
steel weld decreases with annealing for 168 h at 4548C and
also after neutron irradiation to a fluence of 1.1=1023 n

y2 Ž .m E)1 MeV at a temperature of 2888C. An addi-
tional decrease in copper level was measured by annealing
the neutron irradiated material for 168 h at 4548C. Anneal-
ing neutron-irradiated pressure vessel steel welds appears
to reduce embrittlement by coarsening the copper-enriched
precipitates with a decrease in the matrix copper content.

Acknowledgements

The authors would like to thank Dr. R.E. Stoller, Dr.
M.A. Sokolov and Dr. R.K. Nanstad for their assistance in

this project. This research was sponsored by the Division
of Materials Sciences, US Department of Energy, under
contract DE-AC05-96OR22464 with Lockheed Martin En-
ergy Research Corp. and by the Office of Nuclear Regula-
tory Research, US Nuclear Regulatory Commission under
inter-agency agreement DOE 1886-8109-8L with the US
Department of Energy. This research was conducted utiliz-

Ž .ing the Shared Research Equipment SHaRE User Pro-
gram facilities at Oak Ridge National Laboratory.

References

w x Ž .1 M.K. Miller, S.S. Brenner, Res. Mechanica 10 1984 161.
w x2 M.K. Miller, J.A. Spitznagel, S.S. Brenner, M.G. Burke, in:

Ž .J.T.A. Roberts, J.R. Weeks, G.J. Theus Eds. , Proc. 2nd Int.
Symp. on Environmental Degradation of Materials in Nu-
clear Power Systems–Water Reactors, Monterey, 1985,
American Nuclear Society, La Grange Park, IL, 1986, pp.
523–528.

w x Ž . Ž .3 M.G. Burke, S.S. Brenner, J. de Phys. 47 C2 1986 239.
w x4 S.P. Grant, S.L. Earp, S.S. Brenner, M.G. Burke, in: J.T.A.

Ž .Roberts, J.R. Weeks, G.J. Theus Eds. , Proc. 2nd Int. Symp.
on Environmental Degradation of Materials in Nuclear Power
Systems–Water Reactors, Monterey, 1985, American Nu-
clear Society, La Grange Park, IL, 1986, pp. 385–392.

w x Ž . Ž .5 M.K. Miller, M.G. Burke, J. de Phys. 48 C6 1987 429.
w x Ž . Ž . Ž .6 M.G. Burke, M.K. Miller, J. Phys. Paris 49 C6 1988

283.
w x7 M.K. Miller, M.G. Hetherington, M.G. Burke, Metal. Trans.

Ž .20A 1989 2651.
w x Ž .8 M.K. Miller, M.G. Burke, J. Nucl. Mater. 195 1992 68.
w x9 P. Pareige, J.C. Van Duysen, P. Auger, Appl. Surf. Sci. 67

Ž .1993 342.
w x Ž .10 P. Pareige, M.K. Miller, Appl. Surf. Sci. 94–95 1996 370.
w x11 P. Pareige, K.F. Russell, R.E. Stoller, M.K. Miller, J. Nucl.

Mater., in press.
w x12 P. Pareige, R.E. Stoller, K.F. Russell, M.K. Miller, J. Nucl.

Mater., in press.
w x13 J.R. Hawthorne, in: Conf. Steels for Reactor Pressure Cir-

cuits, Special Report 69, Iron and Steel Institute for the
British Nuclear Energy, 1961, pp. 343–369.

w x14 J.R. Hawthorne, H.E. Watson, F.L. Loss, in: J.A. Sprague,
Ž .D. Kramer Eds. , Effects of Radiation on Structural Materi-

als, ASTM STP 683, American Society for Testing and
Materials, Philadelphia, PA, 1978, pp. 278–294.

w x15 J.R. Hawthorne, H.E. Watson, F.L. Loss, in: D. Kramer,
Ž .H.R. Prager, J.S. Perrin Eds. , Proc. 10th Conf. on Effects of

Radiation in Materials, ASTM STP 725, American Society
for Testing and Materials, Philadelphia, PA, 1981, pp. 63–75.

w x16 R.G. Lott, T.R. Mager, R.P. Shogan, S.E. Yanichko, in: L.E.
Ž .Steele Ed. , Radiation Embrittlement of Nuclear Reactor

Pressure Vessel Steels, An International Review, vol. 2,
ASTM STP 909, American Society for Testing and Materi-
als, Philadelphia, PA, 1986, pp. 242–259.

w x17 J.R. Hawthorne, in: F.A. Garner, C.H. Hanager, N. Igata
Ž .Eds. , 13th Int. Symp. Influence of Radiation on Materials
Properties Part II, ASTM STP 956, American Society for
Testing and Materials, Philadelphia, PA, 1987, pp. 461–479.



( )M.K. Miller, K.F. RussellrJournal of Nuclear Materials 250 1997 223–228228

w x18 J.R. Hawthorne, A.L. Hiser, in: D. Cubicciotti, E.P. Simo-
Ž .nen, R.E. Gold Eds. , Proc. 5th Int. Symp. on Environmen-

tal Degradation of Materials in Nuclear Power Systems–
Water Reactors, Monterey 1991, American Nuclear Society,
La Grange Park, IL, 1992, pp. 671–678.

w x19 M.K. Miller, K.F. Russell, R. Jayaram, J. Nucl. Mater. 225
Ž .1995 215.

w x20 M.K. Miller, R. Jayaram, K.F. Russell, in: I.M. Robertson,
Ž .L.E. Rehn, S.Z. Zinkle, W.J. Phythian Eds. , Proc. Mi-

crostructure of Irradiated Materials, vol. 373, Materials Re-
search Society, Pittsburgh, PA, 113–118.

w x21 M.K. Miller, R.E. Stoller, K.F. Russell, J. Nucl. Mater. 230
Ž .1996 219.

w x22 R.K. Nanstad, D.E. McCabe, R.L. Swain, M.K. Miller,
Chemical Composition and RT Determination for Mid-NDT

land Weld WF-70, NUREGrCR-5914, ORNL-6740, 1992.
w x23 M.A. Sokolov, D.E. McCabe, S.K. Iskander, R.K. Nanstad,

Ž .in: G. Airey et al. Eds. , Proc. 7th Int. Symp. on Environ-
mental Degradation of Materials in Nuclear Power
Systems–Water Reactors, Breckenridge, CO, vol. 2, NACE,
1995, pp. 771–781.

w x Ž . Ž . Ž .24 M.K. Miller, J. Phys. Paris 47 C2 1986 493.
w x25 M.K. Miller, A. Cerezo, M.G. Hetherington, G.D.W. Smith,

Atom Probe Field Ion Microscopy, Oxford University Press,
Oxford, UK, 1996.


