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Evaluation of thermal recovery
of neutron-irradiated SA508-3 steel
using magnetic property measurements
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The Vickers microhardness and magnetic properties have been used to investigate

irradiation effects and thermal recovery characteristics of neutron-irradiated SA508-3 reactor

pressure vessel steel specimens irradiated to a neutron fluence of 5.5]1017 n cm!2

(E'1 MeV) at 70 °C. Two recovery stages were identified from the hardness results during

isochronal annealing and the mechanism responsible for the two stages was explained

using the results of Barkhausen noise on the basis of the interaction between radiation-

induced defects and the magnetic domain wall. The neutron irradiation caused the coercivity

to decrease, whereas the maximum magnetic induction increased. Barkhausen noise

parameters associated with the domain-wall motion were decreased by neutron irradiation

and recovered with subsequent heat treatments. From the sensitive changes in the

Barkhausen noise upon annealing heat treatment, it is suggested that the Barkhausen noise

measurements may be used as a useful tool for monitoring the early stage of the thermal

recovery behaviour of neutron-irradiated reactor pressure vessel steels.
1. Introduction
Among various mechanical and physical techniques,
the magnetic methods have been shown to have the
potential to detect radiation hardening and embrittle-
ment in reactor pressure vessel (RPV) steel [1]. The
deterioration in the mechanical properties due to neu-
tron irradiation and recovery by thermal annealing
has been explained in terms of interaction between
dislocation and defect clusters such as vacancies, va-
cancy—impurity complexes or fine precipitates [2, 3].
However, the underlying mechanism responsible for
the change in magnetic properties after irradiation is
not understood yet. Nonetheless, these defects are
expected to affect the change in the magnetic proper-
ties to some extent by strong interaction with the
domain walls analogous to that of small precipitates
with a spontaneous magnetization different from that
of the matrix [4].

The hardness change in the irradiated specimens
due to isochronal and isothermal heat treatments
has been used as a measure of the radiation damage
mechanism associated with defect dynamics involving
stability, mobility and mutual interaction of defects
produced during irradiation [5]. In the present work,
irradiation effects and thermal recovery characteristics
of neutron-irradiated RPV steel were investigated
0022—2461 ( 1997 Chapman & Hall
using hardness and magnetic measurements and the
results were analysed on the basis of radiation damage
mechanism and ferromagnetic domain theory.

2. Experimental procedure
2.1. Material and neutron irradiation
The specimens used in the present study were SA508-3
forged steel for nuclear pressure vessel produced by
Korea Heavy Industries and Construction Co, and
the chemical composition is shown in Table I.

Specimens were irradiated for 9 months for 8 h
a day for several cycles at full power of 1.5 MW in
the Triga Mark III reactor of the Korea Atomic
Energy Research Institute. The total accumulated
fluence determined by iron was 5.5]1017 n cm~2

(E'1 MeV). The irradiation temperature determined
by low-melting eutectic materials was approximately
70 °C.

2.2. Thermal annealing and microhardness
measurements

The specimens were annealed in a small bath contain-
ing a silicone oil with a temperature of up to 300 °C
and in a salt (NaNO

3
: KNO

3
"50 : 50) bath. The
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TABLE I Chemical composition and heat treatment of SA508-3 steel which had the following heat treatment history: 1133—1153 K for 4.5 h
water quenching; 928—933 K for 9 h air cooling; 92 K for 24 h air cooling (simulated post weld heat treatment)

Element C Si Mn P S Ni Cr Mo Al Cu V Co As Fe
Amount
(wt%) 0.17 0.004 1.42 0.004 0.003 0.98 0.22 0.58 0.003 0.045 0.003 0.006 62 ppm Balance
furnace temperature was raised to a predetermined
annealing temperature and held constant for 1 h using
a proportional integral differential PID controller.
The specimen temperature was monitored with a
thermocouple fixed at the bottom of the bath where
specimens were located. The specimen was withdrawn
from the bath after a predetermined annealing time
and cooled to room temperature.

The isochronal annealing was performed from 150
to 525 °C with 40 min of constant annealing time
during each step and a temperature interval of
15—35 °C. The isothermal annealing was carried out at
362 and 474 °C, where two distinctive recovery stages
were revealed in the isochronal annealing and con-
tinued until the asymptote appeared.

The Vickers microhardness measurement was con-
ducted to assess the recovery of radiation damage
following the ASME Standard E-384, ‘‘Standard test
methods for microhardness of materials’’. The test
load and time duration were 200 g and 15 s, respec-
tively, and the tests were conducted about 15—25
times.

2.3. Magnetic properties
Specimens in the shape of cylindrical pins with a dia-
meter of 1.5 mm and a length of 15 mm were magnet-
ized using a specially designed yoke magnet with an
amplified sinusoidal wave current of 0.1 Hz. The max-
imum current intensity was set sufficiently high to
extend the hysteresis loop beyond the range of ap-
proach to saturation. The magnetic hysteresis loop
(B—H) was measured with a fluxmeter and a gauss-
meter and the data were stored in an IBM personal
computer connected to the storage oscilloscope. The
stored data were processed by analysis software and
Barkhausen noise for a half-cycle of magnetization,
Barkhausen parameters above the threshold ampli-
tude of 0.2 V were calculated.

3. Results and discussion
3.1. Radiation hardening and recovery
3.1.1. Isochronal annealing
The variation in Vickers hardness after isochronal
annealing is shown in Fig. 1, where both the integral
and the differential recovery curves are presented as
functions of annealing temperature.

The recovery takes place in two annealing stages in
the isochronal annealing: stage I at around 362 °C and
stage II at around 474 °C. These were confirmed in the
differential isochronal annealing curve as seen in
Fig. 1. The annealing effectiveness indicated by the
decrease in the hardness increased with increasing
annealing temperature in agreement with other stud-
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Figure 1 Integral (j) and differential (K) isochronal annealing
curves of neutron-irradiated SA508-3 steel. (L), unirradiated steel.

ies [6, 7]. The contributions of the recovery stages to
the total recovery were approximately 57% and 33%
for stage I and stage II, respectively. The remaining
10% was unrecovered even after 40 min at 520 °C.

Most of the induced self-interstitials are annealed
out at dislocations by irradiation at the ambient tem-
perature in the research or power reactor at around
70 °C [8]. At around this temperature the vacancies
are expected to be immobile [9], and only vacancy
clusters are produced during irradiation [5]. The
impurity atoms migrate around and are trapped by
immobile point defects, presumably vacancies. These
vacancy—impurity complexes provide a stronger bar-
rier to dislocation motion than the impurity alone in
solution [10].

The hardness difference between unirradiated and
irradiated specimens, *H

V
"63, is very large consid-

ering the fluence level compared with that of 15 in
the SA508-3 steel with dose of 9]1018 n cm~2 (E'

1 MeV) at 290 °C [11]. It is known that the hardness
decreases with increasing irradiation temperature [10]
and the SA508-3 steel was fairly insensitive to higher
irradiation temperatures [12]. The present results sug-
gest that the degradation is more pronounced for
irradiation at lower temperatures.

With regard to the defects size, the hardening is
sensitive to defect diameters in the range 1—2 nm [13].
Small-angle neutron scattering results for SA508-3
steel irradiated at 290 °C revealed induced microvoids
of 2—4 nm diameter and the defect sizes increased with



increasing irradiation temperature [11]. The large
hardness change in this study also suggests that the
size of vacancy clusters and/or vacancy—impurity
complexes by neutron irradiation may be within this
range. As the annealing proceeds, firstly the small
vacancy clusters were annealed and the maximum
void size increases as the void number density de-
creased [14]. Thus it can be said that the hardness
recovery on isochronal annealing is attributed to the
decrease in the concentration of vacancy clusters, re-
sulting in the removal of dislocation barriers.

3.1.2. Isothermal annealing
The hardness changes due to isothermal annealing in
SA508-3 steel at 362 and 474 °C are shown in Fig. 2.
The microhardness decreased abruptly within 10 min
and annealing recovery amounts were approximately
68% and 85% at 362 °C and 474 °C, respectively. The
asymptote of the annealing curve appeared after
75 min at 362 °C and after 30 min at 474 °C. This
annealing time is very short in comparison with that
of the conventional recovery time of longer than 2 h
(120 min), reported for low-alloy steel irradiated to
a fluence of 1019 n cm~2 at 290 °C [6, 7].

It is generally accepted that the recovery of irradia-
tion hardening is governed by a thermally activated
process; thus the recovery activation energy is often
used as an index to represent the recovery mechanism
related with defect dynamics [6]. Small vacancy clus-
ters of low activation energy dissolve away more
rapidly than large vacancy clusters do [3] and the
recovery activation energy of defect increases with
increasing fluence and also with increasing irradiation
time [10]. In this study, the fluence level is low and the
irradiation time is very short in comparison with those
in the power reactor; therefore the activation energy of
defect clusters is expected to be small. The rapid radi-
ation recovery in this study may be attributed to small
defect clusters of low activation energy.
Figure 2 Isothermal recovery curve of neutron-irradiated SA508-3
steel measured by the Vickers microhardness. (j), 362 °C; (L),
474 °C.

The results suggests that the two recovery stages
most probably are due to the annealing of vacancy
clusters and the release of interstitial impurity from its
traps.

3.2. Magnetic properties
3.2.1. Hysteresis loop
Fig. 3 shows a comparison of the hysteresis loop for
a cylindrical pin specimen before and after irradiation.
The maximum magnetic induction increased by 3.8%
Figure 3 Typical hysteresis loop of unirradiated (—— ), and neutron-irradiated ( —— — ) SA508-3 steel.
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but the coercivity decreased by 8.7% on irradiation, in
agreement with the results of others [15].

The coercivity is the field required to move the wall
and increases when the motion of domain walls is
impeded by defects. Vacancy clusters within a domain
wall tend to anchor the wall in order to decrease the
area, and hence the energy of the wall. Consequently,
the domain walls are attracted to the defects which
effectively impede wall motion, leading to the increase
in the coercivity of irradiated specimens [16]. These
defects do not make a spike domain, because their
magnetostatic energy is small [17].

Coercivity varies with the microstructural features
characterizing specimen such as texture and atomic
order depending on irradiation conditions. The speci-
mens used in this experiment have a preferred orienta-
tion of transverse—longitudinal direction; defect
alignments seem to have occurred along a preferred
direction via radiation-enhanced diffusion as a result
of neutron irradiation. The defect alignments along
the preferred orientation may give rise to an increase
in magnetic anisotropy energy. The decrease in co-
ercivity in the present specimen may arise from com-
pensation of wall energy by increasing the anisotropy
energy.

The saturation magnetization is known to be insen-
sitive to structure in the sense that it does not depend
on the details of fine structure, such as strain, lattice
imperfection or small amounts of impurities [17]. The
maximum magnetic induction is proportional to the
saturation magnetization for the same shape of speci-
men. Therefore, the microstructural change due to
neutron irradiation would not cause any change in the
maximum magnetic induction, in contrast with the
observed results. The increase in maximum magnetic
induction in this study associated with the decrease in
wall energy induced by vacancy clusters.

3.2.2. Barkhausen noise
3.2.2.1. Barkhausen noise profile with isochronal
annealing. The Barkhausen noise profiles during
a half-cycle for the magnetization of unirradiated and
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neutron-irradiated specimens are shown in Fig. 4. The
decrease in peak voltage in the Barkhausen envelope
for the irradiated specimen is in agreement with the
results of Sipahi et al. [18].

Fig. 5 shows the recovery of the Barkhausen noise
count (BNC) for the irradiated specimen as a function
of annealing temperature. The BNC, decreased by neu-
tron irradiation, recovered by subsequent isothermal
annealing and it is known that the BNC is proportional
to the Barkhausen voltage [19]. The Barkhausen volt-
age decreases when the motion of the domain wall is
impeded by a retarding force [20] and the vacancy
clusters induced in the irradiated specimen act as a re-
tarding barrier to wall displacement, decreasing the
Barkhausen voltage at the coercive force.

In the course of thermal annealing, point defects
and vacancies recombine, forming microvoids by the
diffusion-controlled process. The concentration and
surface area of a microvoid decrease by clustering with
other vacancy clusters, resulting in a decrease in the
ability of domain-wall pinning; thus the recovery of
the BNC is accounted for by the decreased resistance
to domain-wall motion.

3.2.2.2. Barkhausen noise change with isothermal
annealing. Results of electron microscopy on neu-
tron-irradiated iron showed that vacancy clusters
grow and their density decreases, mainly in the range
300— 400 °C [21], during which the concentration and
surface area of the vacancy clusters are reduced, re-
sulting in the recovery of the BNC.

The variation in the BNC as a function of annealing
time at 362 °C and 474 °C is shown in Figs 6 and 7,
respectively. The BNC recovered 95% within 3 min
and then remained constant as shown in Fig. 6, where
the BNC recovery ratio is defined as the BNC of the
irradiated specimen to the BNC of the unirradiated
specimen. The recovery rate of the BNC in the pri-
mary annealed specimen at 474 °C was lower than at
362 °C and decreased with increasing annealing time,
contrary to expectation, since the recovery rate should
increase with annealing temperature.
Figure 4 Barkhausen emission profile of unirradiated (—— ) and neutron-irradiated ( — — — ) SA508-3 steel (magnetizing frequency, 0.1 Hz).
(— · — ), induced field.



Figure 5 BNC as a function of annealing temperature (annealing
time, 40 min). (L), unirradiated; (j), irradiated.

Figure 6 BNC recovery curve as a function of annealing time (an-
nealing temperature, 362 °C).

The recovery behaviour of the BNC in the primary
annealed specimens at 474 °C seems to be attributed
to the retardation of domain wall movement by de-
composed vacancy—impurity complexes [22].

The initial high recovery rate of the BNC for the
reannealed specimen at 474 °C can be explained in
terms of the removal of the domain-wall barrier by the
annealing of vacancy clusters. The following decrease
in recovery rate is the consequence of the strengthen-
ing of these barriers to wall motion by the decom-
posed vacancy—impurity complexes. Therefore, it can
be concluded that the decomposition of vacancy—
Figure 7 BNC recovery curve as a function of annealing time (an-
nealing temperature, 474 °C). (n), primary annealing at 474 °C; (d),
reannealing at 474 °C after an annealing at 362 °C.

Figure 8 Correlation between BNC and the Vickers microhardness.

impurity complexes arises at 474 °C because of the
isothermal annealing and not at 362 °C because
the binding energy of vacancy—impurity is larger than
the vacancy migration energy [2].

3.3. Correlation between hardness
and Barkhausen noise

Fig. 8 shows the relationship between the BNC and
hardness after isochronal annealing where it gives
some insight into the relation between mechanical and
magnetic properties. The average correlation factor
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for this parameter was 0.96. It shows good correlation,
and a similar relationship between BNC and hardness
was obtained by others [20]. Radiation hardening de-
pends on the number of small vacancy clusters and/or
vacancy—impurity complexes, whereas the recovery of
BNC associated with the ability of domain-wall pinn-
ing depends on their concentration and surface area;
thus good correlation is found. The empirical equation
between BNC and Vickers microhardness is

BNC " !0.475]hardness#393

The result suggests that the radiation hardening can
be evaluated non-destructively by using Barkhausen
noise parameters.

4. Conclusions
The present investigation of irradiation effects and
thermal recovery characteristics in neutron-irradiated
pressure vessel steel using hardness and magnetic
properties yielded the following conclusions.

1. The irradiation hardening and recovery are
attributed to vacancy clusters and vacancy—impurity
complexes.

2. The decrease in coercivity in the irradiated speci-
men is attributed to the increase in magnetic aniso-
tropy induced by the alignment of defects along a
preferred orientation, and the increase in the max-
imum magnetic induction could be understood in
terms of the decrease in the domain-wall energy.

3. The decrease in BNC in the irradiated specimen
is interpreted as a hindrance to domain-wall motion
induced by defects clusters, and the recovery of BNC
due to heat treatment may be a result of the removal of
the wall barrier by the annealing of defect clusters.
From the analysis of annealing data of hardness and
BNC data of post annealing, the first recovery stage
seems to occur by annealing of vacancy clusters and
the second stage by the decomposition of vacancy—im-
purity complexes.

4. The relationship between BNC and Vickers
microhardness is given empirically as BNC"

!0.475]hardness#393, which suggests that the
change in mechanical properties, like the hardness
associated with radiation hardening, is evaluated non-
destructively by using magnetic techniques of Bar-
khausen noise measurement.
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