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Abstract The effect of pre-deformation on the precipi-
tation process and magnetic properties of Fe—Cu model
alloys was investigated. These specimens simulate irradi-
ation embrittlement of nuclear reactor pressure vessel
(RPV) steels. Fe—1 wt%Cu alloys with and without pre-
deformation in solid-state solution were thermally aged at
773 K for various times and the evolution of hardness,
conductivity, and microstructure were investigated. Pre-
deformation enhanced Cu precipitation and caused pre-
cipitation at dislocations. The coercive force tended to
decrease for the pre-deformed specimen and the underlying
mechanism is discussed. The results obtained are related to
the magnetic characteristics of irradiated RPV steels.

Introduction

Aging degradation of nuclear power plant (NPP) compo-
nents is of great concern for safe operation of aged NPPs.
Irradiation embrittlement of reactor pressure vessels (RPV)
in NPPs is one of the crucial aging problems and is caused
by the formation of irradiation defects like Cu-rich pre-
cipitates [1-4]. Development of non-destructive evaluation
(NDE) techniques for these precipitates is a key to solve
the problem and the magnetic NDE method is a strong
candidate because of its high sensitivity to the formation of
lattice defects [5-7]. Since handling of neutron irradiated
specimens is not easy due to their radioactivity, non-
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radioactive specimens are often used to simulate irradiated
microstructures in feasibility studies. Thermally aged Fe—
Cu model alloys containing Cu precipitates are typical
specimens and magnetic properties of these alloys have
been investigated by several groups [8—11]. However, all
previous reports on Fe—Cu model alloys have focused on
precipitation effects for simplicity and neglected the effects
of other lattice defects. Actual RPV steels like A5S33B have
a complex bainite microstructure with various kinds of
lattice defects including dislocations. It is thus important to
check the influence of these defects by further experiments.
This study highlights the role of dislocations by adopting
pre-deformed Fe—Cu model alloys. The effect of pre-
deformation on the thermal precipitation process and
magnetic properties was investigated and multiple effects
due to coexistence of dislocations and precipitates are
discussed.

Experimental procedures

The chemical composition of the Fe—Cu model alloy is
listed in Table 1. Plates of Fe—1 wt%Cu alloys were water-
quenched from 1123 K to prepare a supersaturated solid-
solution state. One of the quenched plates was cold-rolled
successively. The former plate is designated undeformed
and the latter plate is pre-deformed. Four shaped specimens
were taken from both the undeformed plate and the pre-
deformed plate by an electrical-discharged wire cutting
machine and isothermally aged at 773 K by systematically
varying the aging time. The following three experiments
were carried out to determine differences in precipitation
processes. Micro-Vickers hardness was conducted for
block specimens under a load of 300 g at five points and
averaged. Electrical conductivity was measured at room
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Table 1 Chemical composition (wt%) of Fe—1 wt%Cu specimens

C Si Mn P S Al Cu N O

0.0010 <0.01 <0.01 0.001 0.0004 <0.001 1.03 0.0015 0.0085

temperature for thin rod specimens (25 x 0.5 x 0.5 mm?)
by a direct current four-point method. In addition to the
isothermally aged Fe—1 wt%Cu specimens, the conduc-
tivities of as-quenched specimens with different Cu content
from O to 1.2 wt% were also measured to clarify the Cu
concentration dependence. Structural characterization was
performed using a high-voltage transmission electron
microscope (TEM) operated at an acceleration voltage of
1250 kV. Disk specimens for TEM were prepared by
standard techniques such as mechanical polishing by fine
sandpaper and electro-polishing in a twin-jet system using
a solution of 10% perchloric and 90% acetic acid. Mag-
netic properties were also investigated, and magnetic
hysteresis curves (B—H curves) were measured using a lab-
made digital loop tracer for ring-shaped specimens. The
outer and inner diameters of the specimens were 18 and
12 mm, respectively, and the height was 2 mm. The
specimens were wound with excitation and detection coils
consisting of 62 turns. Induced voltage signals collected by
a pre-amplifier and a low-pass filter were digitized and
integrated to evaluate the flux density, B. The excitation
field value, H, calculated from a current signal was com-
bined with the flux density to obtain B—H curves. The
excitation field and frequency used were 3.8 kA/m and
0.05 Hz, respectively. The reduction ratio of cold-rolling
was 10% except for TEM specimen which was 40%. In
each measurement of the characteristics, the isothermal
aging and measurement were executed cyclically for one
specimen to avoid data scattering due to inherent variations
of batch characteristics. The aging time represented here is
thus an integrated time.

Results
Vickers hardness

Figure 1 shows the aging time dependence of Vickers
hardness for pre-deformed and undeformed specimens.
Both specimens were hardened by precipitation. In the
undeformed specimen the hardness shows a peak which
can be explained by considering structural changes of
precipitates from coherent to incoherent and also coarsen-
ing (so-called overaging) [12, 13]. The hardness behavior
of the pre-deformed specimen had two stages: the first was
an abrupt increase by thermal aging and the second was a
peak similar to the other specimen (arrows in Fig. 1). The
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Fig. 1 Aging time dependence of the Vickers hardness for pre-
deformed and undeformed Fe—Cu alloys

former trend is due to enhancement of precipitation caused
by the high nucleation rate at dislocations [12, 13]. This
phenomenon was also confirmed by other experiments as
described below.

Electrical conductivity

Figure 2 shows the aging time dependence of conductivity
for pre-deformed and undeformed Fe—Cu alloys together
with the value for pure iron. Both conductivities increased
with increasing aging time and reached at around the value
of iron. This is different to the peaking trend of hardness.
Figure 3 shows the Cu concentration dependence of con-
ductivity measured for another series of as-quenched
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Fig. 2 Aging time dependence of conductivity for pre-deformed and
undeformed Fe—Cu alloys
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Fig. 3 Cu concentration dependence of conductivity for as-quenched
Fe—Cu alloys measured at room temperature

Fe—Cu alloys in solid-solution state. The conductivity
almost linearly decreased with increasing Cu content,
which suggests conduction electrons are effectively scat-
tered by Cu solute atoms. Although the precipitate
contribution to the conductivity also should be considered
at the over aged state [14], the increasing trend observed in
Fig. 2 is primarily caused by a reduction of Cu solute
atoms during the precipitation process. At the initial aging
stage, the thermal treatment notably causes an abrupt jump
in conductivity in the pre-deformed specimen but not in the
undeformed specimen (arrows in Fig. 2). In addition to the
initial increase of hardness, this abrupt jump is additional
evidence for the enhancement of precipitation by pre-
deformation.

Microstructure

Figure 4 shows typical TEM images of pre-deformed and
undeformed Fe—Cu alloys at the over-aging state (aged for
2 x 10* min). Both images show many precipitates with

Fig. 4 TEM images after

2 x 10* min aging. a Pre-
deformed and b undeformed
Fe—Cu alloys

diameters measuring tens of nanometers. The crystal
structure of these precipitates was determined to be face-
centered cubic and the Kurdjumov-Sacks orientational
relationship to the matrix was confirmed from the diffrac-
tion patterns. The morphology of precipitation is, however,
slightly different; in the pre-deformed specimen several
dislocations are present and the precipitates are formed
within the matrix and at dislocations (Fig. 4a). Regarding
the initial aging state, the formation of coherent precipi-
tates, body-centered cubic (bcc) Cu, can be expected
[12, 13]. However, clear TEM images of these precipitates
could not be obtained probably due to their coherency and
small size. During the initial aging stage, it is plausible that
bce-Cu precipitated preferentially along dislocations in the
pre-deformed specimen.

Magnetic hysteresis properties

Figure 5 shows B-H curves of (a) pre-deformed and (b)
undeformed specimens before and after thermal aging for
1 kmin. In pre-deformed specimen, the B—H curve of the
unaged specimen shows relatively small slope (Fig. 5a),
and it is hardly magnetized due to its high dislocation
density. Thermal aging caused an increase of the slope
(Fig. 5a), whereas a decrease in undeformed specimen
(Fig. 5b). The insets of Fig. 5 are magnifications of each
B—H curve around the coercive force. The coercive force
also shows opposite behavior between the two specimens; a
decrease in pre-deformed specimen but an increase in the
undeformed specimen by thermal aging (insets in Fig. 5).
To confirm these trends, aging time dependence of the
coercive force is summarized in Fig. 6. Opposite changes
clearly occur by thermal aging; a decreasing trend for the
pre-deformed specimen and an increasing trend for the
undeformed specimen. The inset of Fig. 6 is a magnifica-
tion of the data for the undeformed specimen. During the
over-aging state the change is not large but the coercive
force of the undeformed specimen seems to be decreasing
which is consistent with previous reports [9, 10].
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Fig. 5 Magnetic hysteresis
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Fig. 6 Aging time dependence of the coercive force of pre-deformed
and undeformed Fe—Cu alloys

Discussion

We propose a mechanism for the opposite behavior of
coercive force by considering the differences observed in
the precipitation process. The coercive force generally
reflects the hindrance of magnetic domain wall movement
which is caused by the stress field around lattice defects
through magneto-elastic interaction [5, 6]. Due to the stress
field of dislocations, the coercive force of pre-deformed
specimen is much larger than that of undeformed specimen
before thermal aging (Fig. 6). The effect of thermal aging
on internal stress can be considered as follows. Since the
atomic volume of bee-Cu is larger than that of bee-Fe [15],
formation of coherent Cu precipitates produces an addi-
tional stress field around the precipitates. The internal
stress of the undeformed specimen would initially increase
by thermal aging and turn to decrease due to the structural
changes and coarsening of the precipitates. The peaking
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trend of the coercive force (inset of Fig. 6) is attributed to
such a process. The mechanism for the pre-deformed
specimen is not as simple due to its high dislocation density
and additionally the behavior of internal stress around the
dislocation needs to be considered. Two mechanisms are
plausible. The first is a compensation of the initial stress
field which is a compound effect that originates from the
coexistence of dislocations and precipitates. Pre-deforma-
tion results in Cu precipitation at dislocations as described
before. This probably occurs to reduce the elastic energy of
the system. The stress field inherent in precipitates thus
compensates for the initial stress field around a dislocation.
This compensation reduces the hindrance of magnetic
domain wall movement and thus the coercive force
decreases. The second mechanism is a modification of the
dislocation arrangement. The applied aging temperature of
773 K is relatively low and does not induce re-crystalli-
zation in pre-deformed microstructures. However, a small
alteration of the dislocation arrangement due to thermal
activation of dislocation motion could occur at this low
temperature [16]. This modification of dislocation
arrangement may affect magnetic properties. While future
study is needed to determine the dominant mechanism, the
first mechanism cannot be neglected as this study has
provided evidence of precipitate formation at dislocations.

It is notable that the coercive force of neutron irradiated
RPV steels showed a decreasing trend at high fluence [17].
Neutron irradiation defects, produced by cascade damage,
are usually treated as being uniformly distributed in a
matrix. However, it has been reported that nano-size defect
clusters can accumulate near dislocations because of their
mutual elastic interaction [18, 19]. In this case, the stress
field of a dislocation that initially exists in RPV steel would
be compensated for by the stress field of irradiation defects.
This compound effect between dislocations and irradiation
defects causes a decrease in the coercive force. This
is similar to the situation for the coercive force of
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pre-deformed Fe—Cu model alloys as discussed above. The
results of this study are quite relevant to understand the
magnetic properties of irradiated RPV steels. The correla-
tion between ductile—brittle transition temperature (DBTT)
and magnetic parameters of irradiated RPV steels is not
simple [17]. The present study helps us to understand the
correlation mechanism, which is important to establish a
reliable magnetic NDE on irradiation embrittlement.

Conclusions

The precipitation process and magnetic properties of pre-
deformed Fe—Cu model alloy were investigated by sys-
tematically varying the aging time. Pre-deformation
enhanced Cu precipitation and caused formation of pre-
cipitates at dislocations. The coercive force of the pre-
deformed specimen decreased with increasing aging time
suggesting a decrease of the initial stress field of disloca-
tions. This phenomenon could be related to compound
effects due to the coexistence of lattice defects and this
study provides a key to understand the magnetic properties
of irradiated RPV steel.
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