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Abstract

We have investigated magnetic properties for reactor pressure vessel model alloys with vari-
able Cu contents, subjected to neutron irradiation up to a fluence of 9x 10'® n em~2. Unlike
a monotonic increase of microhardness with neutron fluence, the major-loop coercivity de-
creases at a higher fluence and the decrease becomes larger for the alloy containing a higher
amount of Cu. The measurements of first-order reversal curves (FORCs) for the high-Cu
alloy show that the position of the FORC distribution peak shifts toward a lower coercivity
just after neutron irradiation, followed by a slight increase, associated with the broadening
along both the coercivity and interaction field axes. The results can be explained by the
enhancement of magnetic inhomogeneity in a matrix due to Cu precipitation and an in-
creasing magnetostatic interaction between local magnetic regions with different coercivity.
The magnetic method using FORCs can be a possible technique which provides in-depth
information on microstructural changes due to neutron irradiation, which is not obtained
by measurements of a conventional major hysteresis loop.

Keywords: Neutron irradiation, Magnetic hysteresis, SANS, First-order-reversal curves,
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1. Introduction

Reactor pressure vessel (RPV) is the major safety-critical component in a light water
reactor (LWR) plant. During the operation at the service temperature of ~ 290 °C, a RPV,
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which is made of low-alloy steels, is subjected to irradiation by high-energy neutrons, yield-
ing the embrittlement [1]. For the long-term safety operation, the embrittlement should be
appropriately evaluated and predicted. The irradiation-induced embrittlement of RPV steels
is primarily caused by both precipitation and defect hardening; Cu-rich precipitation con-
tributes to the hardening in low and medium fluence regimes, whereas the Mn-Ni-Si-enriched
precipitates dominate the hardening at high fluence [1, 2]. Currently, the embrittlement is
evaluated by a ductile-to-brittle transition temperature (DBTT) shift, which is obtained by
a Charpy impact test of surveillance Charpy samples preinstalled in a RPV. However, most
of the samples were withdrawn in the designed lifetime of RPVs and the diminishing stock
is a crucial issue.

Non-destructive evaluation (NDE) methods have the potential for monitoring the level
of the irradiation embrittlement during service. Their development is critically important,
because the integrity of RPVs can be assessed over a long period of time using the same
irradiated surveillance samples [3, 4]. Since RPV steels used for LWR plants are ferromag-
netic, a magnetic method using hysteresis loops has been considered to be one of useful NDE
methods to evaluate the microstructural changes; lattice defects create a stress field and can
act as pinning centers to the movement of magnetic domain walls [5], resulting in a change
in hysteresis properties depending on the level of microstructural changes [6, 7]. Historically,
coercivity and remanence of the major hysteresis loops have been mainly focused on to seek
irradiation effect on RPV steels [8, 9, 10, 11]. Extensive investigations revealed that coer-
civity and remanence change after neutron irradiation; however, the results strongly depend
on experimental conditions and the irradiation effect has been controversial. In the last
two decades, we have focused on minor hysteresis loops, because a minor-loop coefficient is
sensitive to defect density and obtained with low applied fields [12, 13]. We found that the
coefficient changes with neutron fluence and increases with Cu, Ni, and Mn contents which
are key elements for irradiation hardening [14, 15, 16]. However, the coefficient exhibits a lo-
cal maximum in the low-to-medium fluence regime, whereas DBTT and hardening-sensitive
properties like yield stress, hardness, increase monotonically with fluence [1]. The observed
local maximum was explained as due to competing microstructural changes; the increas-
ing density of Cu-rich precipitates increases the coefficient, whereas the recovery through
such as rearrangement of dislocations decreases it. The relatively higher sensitivity of mag-
netic properties to recovery makes it difficult to extract the information about precipitation
hardening from magnetic hysteresis properties [16].

A magnetic method using first-order-reversal curves (FORCs) may be useful to inves-
tigate ferromagnetic materials with complicated microstructures [17, 18, 19, 20]. FORCs
are one types of minor loops and magnetization at the same magnetic field is measured by
several different histories, which enable us to provide valuable information about coercivity
distribution and local interaction field. Quite recent studies on Nd-Fe-B sintered magnets
[18] and multi-phase materials [19] showed that magnetic features with different microstruc-
tural origin can be successfully separated in the FORC diagram, unlike a major hysteresis
loop that reflects an average of microstructures. In this paper, we report results of major
hysteresis and FORC measurements for neutron-irradiated RPV model alloys with vari-
able Cu contents to get in-depth information on their microstructural changes after neutron
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Table 1: Chemical compositions of measured samples. (wt%)

Sample Cu Ni Mn Cr Mo P C Si

LG 0.00 0.74 1.37 0.05 0.55 0.005 0.16 0.22
LH 0.11 0.74 1.39 0.05 0.55 0.005 0.16 0.24
LJ 042 0.81 1.34 0.085 0.55 0.005 0.16 0.13

Table 2: Neutron irradiation conditions

Flux (>1 MeV) Fluence (>1 MeV) Irradiation exposure time

(10" n cm=2s71) (10" n cm™2) (days)
Irrad-1 1.46 0.19 1.4
Irrad-2 1.44 0.55 4.2
Irrad-3 2.12 2.99 16
Irrad-4 2.15 9.15 49

irradiation.

2. Experimental

Three A533B-type RPV model alloys with different chemical compositions were used as
listed in Table 1. The LG sample has no Cu content, whereas LH and LJ have medium
(0.11%) and high (0.42%) Cu content, respectively, with keeping Ni and Mn contents nearly
constant. The alloys were austenitized at 900°C for 1 h, air cool, tempered at 664°C for 4
h, air cool, stress relieved at 600°C for 40 h, furnace cooled to 300°C, and air cooled. The
microstructure of the as-received (AR) sample is a mixed tempered ferrite-bainite structure.
The detail of the model alloys is given in literatures [21].

Small plate samples with dimensions of 2 x 12 x 0.5 mm® were neutron-irradiated at
300°C to fluences up to 9.15 x 10" n em™ (> 1 MeV) in the BR2 reactor at SCK-CEN
in Belgium. To obtain samples with four different neutron irradiation condition, the ir-
radiation was performed in four needles with subcapsules that contain the samples under
helium atmosphere. Each needle experienced a different irradiation fluence because the nee-
dles were lifted out after different irradiation time. The temperature of subcapsules was
precisely controlled with electrical heaters and monitored with thermocouples. The average
temperature during neutron irradiation was 300+1 °C. The neutron flux and fluence were
calculated based on results of dosimetry measurements using Fe dosimeters, which are listed
in Table 2. For each alloy and irradiation condition, two samples were prepared.

Microhardness was measured with a load of 300 gf and the averaged value was obtained
from approximately 20 indents for each irradiation condition.

Small-angle neutron scattering (SANS) measurements were performed, at the Heinz
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Maier-Leibnitz Zentrum (MLZ), Garching, Germany, using the KWS-1 SANS instrument
[22, 23]. The small plate samples with dimensions of 2 x 12 x 0.5 mm?, were used. The
wavelength of neutrons was 5.0 A and two dimensional (2D) detector position was set at
three different sample-detector distances of 1.5, 8.0, and 20 m, covering a scattering vector ()
in the range from 0.002 to 0.3 A" Tn order to separate magnetic and nuclear contributions,
a vertical magnetic field of 2.2 T, which is enough to saturate the sample, was applied along
the direction perpendicular to the neutron beam. The SANS intensities due to magnetic
contrast were analyzed with an analysis tool developed by Ilavsky et al. [24]

Magnetic measurements were carried out at room temperature using a fluxmeter designed
for neutron-irradiated small samples [16]. A U-shape Fe-Si yoke was attached to a sample
surface to form a closed magnetic circuit. A 500-turn excitation coil was wound around the
yoke and the triangular current was applied to the coil to generate magnetic field inside
the sample. Induced voltages, detected by a 400-turn pick-up coil, were used to obtain
the magnetic flux inside the sample. Measured voltages were converted to digital signals
by the AD converter with a sampling frequency of ~ 10° Hz. After the signal processing,
a magnetic-flux-density (B)-vs-field (H) hysteresis loop was obtained. The detail of the
measurement setup is described in Ref. 16.

FORCs with different reversal fields, H,, were measured at a field sweep rate of dH/dt =
18 kA/m/s; magnetic field, H, is reduced from a saturation field of 14 kA/m and then
increases toward 14 kA /m after H reaches H,. This procedure was repeated with reducing
H, with a step of ~ 280 A/m. The FORCs are a function of H, and H, and FORC
distribution is defined as

10°B(H, H,)

p(H, H,) = T2 OHOH. (1)

FORC diagrams were plotted by using rotating axes; an interaction field axis H, = (H +
H,)/2 and a coercivity axis H, = (H — H,) /2. Generally, the intensity of p(H., H,) is
related to irreversibility at given H, and H, [17].

All the measurements were performed for samples separately prepared for different ir-
radiation condition. Since magnetic properties are sensitive to initial microstructure as
compared to hardness, samples which had almost the same coercivity before irradiation
were only used for the measurements. The averaged coercivity for as-received LG, LH, and
LJ samples was 745 4+ 8, 798 4+ 14, and 787 + 6, respectively; the percentage of deviation
from the average was 1.0, 1.7, and 0.7 %, respectively.

For each irradiation and alloy condition, two samples were measured and the magnetic
parameters such as coercivity and FORC parameters were averaged. The experimental error
of the magnetic parameters was found to mainly result from the sample dependence and the
error bars of the magnetic parameters are standard deviation of the averaged values for the
two samples.

Note the influence of contact between sample surface and U-shape yoke on hysteresis
parameters. When the contact is not complete due to such as incomplete flatness of the
sample surface, measured hysteresis loop was slightly inclined and the remanence becomes
lower, whereas coercivity was not sensitive to the contact condition. In the case of coercivity
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measurements from the major loop, therefore, we did not pay close attention to the perfect
contact condition. Therefore, there is no systematic relationship between coercivity and
remanence changes due to neutron irradiation. On the other hand, in the case of FORCs,
such incomplete contact yielded a broadening of FORC distribution curve [20]. Therefore,
in the case of FORC measurements, a great care was taken for the contact.

3. Experimental results and discussions

3.1. Vickers hardness

Figure 1 shows a change of Vickers hardness for LG, LH, and LJ samples, as a function of
neutron fluence. Vickers hardness before neutron irradiation was 196 4+ 6, 196 + 7, and 202
+ 6 for LG, LH, LLJ samples, respectively, and slightly depends on chemical compositions
[21]. For all the sample hardness increases with neutron fluence, and the larger increase of
hardness was observed for the high-Cu sample. This reflects the higher volume fraction of
Cu-rich precipitates for Cu-bearing alloy (LH, LJ; Cu >~ 0.07 wt%), as commonly observed
in previous studies [1]. In the case of the Cu-free LG sample, the increase of the hardness
with neutron fluence would be mainly caused by matrix features such as solute-vacancy
complexes.
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Figure 1: Change of hardness as a function of neutron fluence. The circles, triangles, and squares represent
data for LG, LH, and LJ, respectively.

3.2. SANS measurements

To investigate irradiation-induced nanoscale features, we performed SANS measurements
for the LG, LH, and LJ samples in the four irradiation conditions listed in Table 2. For all
the samples, we observed butterfly patterns of SANS intensity in the 2D detector, reflecting
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Figure 2: Magnetic SANS intensities in the AR and Irrad-4 conditions. The inset shows the enlargement
around @ ~ 0187 for L , with different irradiation condition. The solid lines through the data for the LJ
sample are the least-squares fitting lines.

strong magnetic scattering due to a Fe matrix In a saturated state, SANS intensity, I(Q) is
given by

I(Q) = I(@)nuc + I(Q)magsin®, (2)

where f is the angle between () vector and applied magnetic field in the detector plane,
I(Q)nue and I(Q)mae are nuclear and magnetic SANS intensities, respectively [25, 26].
I(Q)mag Was obtained by subtracting I(Q)) for # = 0° from that for § = 90°.

Figure 2 shows I(Q))mag curves for the LG, LH, and LJ samples for the AR and Irrad-4
conditions. For the LG and LH samples with no and low Cu contents, respectively, there is no
discernible difference before and after the irradiation within accuracy of our measurements.
In the case of the LJ sample with a high Cu content, on the other hand, I(Q)mag exhibits a
significant increase and broad peak at around ) = 0.1 A" after the irradiation as shown in
the inset in Fig. 2. This suggests the development of nanoscale features for the LJ sample,
yielding magnetic contrast between the matrix and nanoscale features.
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Table 3: Parameters of nanoscale features for LJ, obtained from SANS

Fluence (>1 MeV) Radius Volume fraction Number density

(10" n cm~2) (nm) (%) (cm™?)
Irrad-3 2.99 1.6 0.11 6.6x10'°
Irrad-4 9.15 1.5 0.37 2.7x10%7

To extract the detailed microstructural information from I(Q)mag, (Q)mag Was least-
squares fitted, assuming that nanoscale features are non-magnetic spheres with the log-
normal size distribution [26]. In the fitting procedure, the background parameter obtained
from the AR data was used for the irradiated samples to obtain reliable fitting parame-
ters. Note that due to the small sample size, the SANS intensity at around @) = 0.1 A_l,
which reflects the formation of nanoscale features, was not so intense as compared with the
background and experimental errors; therefore, only the data for the high-fluence Irrad-3
and Irrad-4 conditions of the LJ sample, could be reliably fitted. In Table 3, parameters of
nanoscale features for the LJ sample are summarized. The radius of nanoscale features is
1.5—1.6 nm for both conditions, and the volume fraction and number density for the Irrad-4
condition are approximately 3—4 times larger than that for the Irrad-3 condition.

During neutron irradiation, various kinds of nanoscale defects including Cu-rich precip-
itates, Mn-Ni-Si-enriched precipitates, small vacancy-type clusters, are formed [1, 2, 27].
In the case of Cu-bearing alloys (LH, LJ), the formation of nanoscale Cu-rich precipitates
dominates irradiation hardening in the low-to-medium fluence regime. At the high fluence,
Mn-Ni-Si-enriched precipitation additionally starts to influence the irradiation hardening.
In our irradiation condition, neutron flux was 1.4—2.2 x10"® n cm 25! and approximately
20 times higher than that in our previous studies [14, 15, 16]. Generally, neutron flux influ-
ences nucleation and growing process of irradiation-induced defects and high flux results in
delaying precipitation formation [1, 27, 28]. According to the analysis of flux effects on pre-
cipitation based on previous studies [1, 27], dominant nanoscale features for the Cu-bearing
alloy (LH, LJ) are Cu-rich precipitates within our irradiation condition and full precipitation
is achieved for the Irrad-4 condition; 0.1 and 0.4 % fraction for LH and LJ, respectively.
The volume fraction listed in Table 3 is consistent with previous SANS and atom probe
tomography studies [1, 26].

3.3. Magnetic measurements

Figures 3(a) and 3(b) show the major hysteresis loop for the LG and LJ samples, respec-
tively, in the AR and Irrad-4 conditions. The insets show the enlarged view at low fields.
For both samples, the loop width becomes slightly narrower after the irradiation, without
significant modification in the overall loop shape. A change of major-loop coercivity, AH, .,
as a function of neutron fluence is summarized in Fig. 4. Here, AH,, . for each irradiation
condition was obtained by measuring the identical sample before and after the irradiation to
obtain the coercivity change precisely. For comparison, a change of coercivity expected by
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Figure 3: Major hysteresis loops in the AR and Irrad-4 conditions for (a) LG and (b) LJ. The insets show the
enlargement around the origin. The solid and open circles denote data for the AR and Irrad-4 conditions,
respectively. The experimental error of each data point is much smaller than the size of the symbols.

a thermal aging at ~ 300°C is also given for each sample. Here, this change was calculated
using coercivity-vs-time data for thermal aging at 290°C [29] and the irradiation exposure
time of each irradiation condition listed in Table 2, assuming that thermal aging effects at
290 and 300°C are almost the same [29]. For the LG and LH samples AH, . drops just
after the irradiation, exhibits a maximum at ~ 1 x 10" n cm™2, followed by the decrease
with fluence, whereas that for the LJ sample maximizes just after the irradiation and then
decreases with neutron fluence. The appearance of a maximum in AH,, . can be attributed
to a competing effect of Cu precipitation and recovery, which result in an increase and de-
crease in coercivity, respectively [16]. Since the increasing effect for coercivity is enhanced
for alloy with a high Cu content, the coercivity maximum for the L.J sample is located at a
lower fluence than that for the LH and LG samples, being consistent with our previous study
[16]. At the highest fluence (Irrad-4), the decrease of coercivity, as compared with the value
before the irradiation, is 1.1, 2.0, and 2.0% for the LG, LH, and LJ samples, respectively.
This indicates that the contribution of recovery to magnetic property changes is more sig-
nificant than that of nanoscale defect formation at the highest fluence. For all the samples,
the coercivity decrease is larger than that estimated by a thermal aging effect, primarily
due to an enhanced recovery through radiation-induced diffusion process [1]. Considering
almost the same values of AH,, . for the LJ and LH samples despite the higher contribution
of Cu precipitation to a coercivity increase for the L.J sample, the recovery contribution can
be more significant for the LJ sample than that for the LH sample. The observed fluence
dependence of coercivity is in contrast to a behavior of Vickers hardness shown in Fig. 1
which is dominantly sensitive to nanoscale defect formation.

Figure 5 shows FORC diagrams for the LJ sample in the AR and Irrad-4 conditions. In
the insets FORCs for each condition are given. In this study, we focused only on the LJ
sample, which exhibits a significant irradiation effect on both hardness and Hy, .. The FORC
diagram has a single distribution peak on the H, axis for all the irradiation conditions. The
peak position slightly shifts toward a lower H, after neutron irradiation.

To quantitatively analyze the FORC distribution peak, both the coercivity distribution,
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Figure 4: Change of major-loop coercivity, as a function of neutron fluence. The circles, triangles, and
squares represent data for LG, LH, and LJ, respectively. The dotted, dashed, and dash-dotted lines denote
a coercivity change due to thermal aging effect, estimated from previous thermal aging study [29].

pe(H.), and the interaction field distribution, p,(H,), were calculated using the following
equations.

polHe) = [ plHe H)dH, (3
pulH) = [ p(He, H,)dH, (4

Figures 6(a) and 6(b) show p.(H.) and p,(H,) for the LJ sample, respectively, in the AR
and Irrad-4 condition. For p.(H,), the peak is asymmetric in shape and becomes narrower
after neutron irradiation. On the other hand, the p,(H,) peak is located at H, ~ 0 and
seems to slightly become broad after the irradiation. To evaluate the position and width of
the p.(H.) and p,(H,) peaks, p.(H.) and p,(H,) peaks were least-squares fitted assuming
a lognormal distribution function and Lorentzian function, respectively.

Figures 7(a) and 7(b) show the peak position of p.(H.), H.p, and the width parameter
Oc,p» Tespectively. The behavior of p.(H.) peak gives information about coercivity distribu-
tion. As shown in Fig. 7(a), H., drops just after neutron irradiation, followed by a broad
local maximum at around the medium fluence of ~ 3 x 10! n cm~2. Such a local max-
imum was observed in our previous study of the minor-loop coefficient for the LJ sample
[16], and reflects competing microstructural changes of Cu-rich precipitation and recovery.
Note that in the case of Hy, . shown in Fig. 4, a slight increase just after neutron irradi-
ation might reflect such a competition. On the other hand, o, slightly increases (~ 3%)
and then decreases at a higher fluence. This implies that the number of magnetic regions
with different coercivity increases in the early stage of neutron irradiation. The decrease of
H., and increase of o, observed after the neutron irradiation is ~ 3% of the value of the
AR samples, and is comparable to a change of Hy, .. Figures 7(c) and 7(d) show the peak
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Figure 5: FORC diagrams for LJ in the (a) AR and (b) Irrad-4 conditions. The insets show the measured
FORGCs.

position of p,(H,), Hyp, and the half-width at half-maximum, W, ,, respectively. Whereas
H,, seems to decrease and then increase with fluence, W, , exhibits an increase after the
neutron irradiation; the changes of H, , and W), for the Irrad-3 sample is ~ 11% and 4%
of the value for the AR sample, respectively. These behavior implies the enhancement of
interaction fields between magnetic units with different coercivity [17].

It should be noted that in our previous FORC study for other RPV model alloys including
Russian-type RPV steels, only the data for H., and o, which exhibits a decreasing trend
with neutron fluence, was observed; this could be due to the shortage of data points in
the low fluence regime and also due to lower Cu content (< 0.14 wt%Cu) [20]. Further,
interaction-field parameters of H, , and W, , were not precisely obtained primarily due to a
poor contact between the sample surface and Fe-Si yoke; this contact condition yielded the
small air gap and a hysteresis loop was slightly sheared by the demagnetizing field inside
the sample, resulting in an artificial broadening in W, ,. In this study, the contact condition
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Figure 6: FORC distribution curves along (a) H. and (b) H, axes for LJ in the AR and Irrad-4 conditions.

was largely improved by carefully attaching the yoke to nearly flat surface.

Neutron irradiation induces the formation of various types of nanoscale defects such
as Cu-rich precipitates, Mn-Ni-Si-dominated precipitates, dislocation loops, solute-vacancy
complexes [1]. For the Cu-bearing LH and LJ samples, Cu-rich precipitation is a primary
cause of irradiation hardening in our irradiation condition as described in Sec. 3.2. The
volume fraction and size of Cu-rich precipitates develop with neutron fluence through radi-
ation enhanced diffusion and segregation. Matrix features such as solute-vacancy complexes
may also be formed during the irradiation, yielding steady but small hardening with fluence
[1]. At the same time, irradiation-induced diffusion may accelerate recovery process through
such as annihilation and rearrangement of pre-existing dislocations, which were produced
during the manufacturing process. This reduces dislocation density in the matrix.

In ferromagnetic materials, magnetization process occurs primarily due to the displace-
ment of Bloch walls which separate two magnetic domains with opposite magnetization [5].
Both nanoscale precipitates and dislocations create internal stress fields around them, re-
sulting in the pinning of Bloch walls. This pinning will lead to an increase of H,,. and
H.,. However, a Bloch wall width is a few tens nanometers (~ 40 nm for a-Fe) and is
relatively wider than the size of nanoscale precipitates. Therefore, magnetic properties are
more sensitive to internal stress due to dislocations than to nanoscale precipitates, unlike
mechanical properties such as hardness and yield stress that are sensitive to nanoscale fea-
tures [30, 31]. During neutron irradiation, the nanoscale defect formation and recovery occur
simultaneously for the Cu-bearing samples. The former increases Hy, . and H, , whereas the
latter decreases them. For the LJ sample with a higher Cu content, effects of the precipi-
tate formation are further enhanced as compared with the LH and LG samples. The local
maximum in H., at around ~ 3 x 10 n cm 2 (Fig. 7(a)) and possibly in a slight increase
of Hy, . just after irradiation (Fig. 4) may reflect the competition between the precipitation
and recovery.

The precipitation formation also influences other FORC parameters for the LJ sample
and this can be explained as follows. Before neutron irradiation, all Cu atoms are dissolved
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position and (d) width parameter of p,(H,), for the LJ sample.

in a Fe matrix. If Cu atoms are homogeneously distributed in the sample, distance between
adjacent Cu atoms would be ~ 1 nm. Since the distance is much smaller than a domain wall
width, the domain walls may displace in a matrix, without the pinning at Cu atom sites
creating local lattice strain. Under neutron irradiation, Cu atoms segregate and form pre-
cipitates through irradiation-enhanced diffusion process. Since a Cu-rich precipitate creates
a stress field around it [32], a stress field in a matrix becomes inhomogeneous; the stress field
around the precipitates develops with their growth whereas it decreases in the other matrix
region due to the reduced number of dissolved Cu atoms. Therefore the pinning effect on the
Bloch wall movement enhances at around the precipitates in particular. Note that assuming
the number density and size of nanoscale features (Cu-rich precipitates) listed in Table 3
and their homogeneous distribution, the distance between neighboring Cu-rich precipitates
would be ~ 28 and 17 nm for Irrad-3 and Irrad-4, respectively; such distance may be enough
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for Bloch walls to feel the spatial variation of stress fields in a matrix. The increased mag-
netic inhomogeneity in a matrix leads to an increase of the coercivity distribution o, , shown
in Fig. 7(b).

Finally, we remark the peak position of p,(H,) along the H, axis. If there exist mag-
netic regions with different coercivity, each magnetic region feels interaction fields from the
surrounding magnetic regions during magnetization process. For instance, when external
magnetic field is reduced from a positive high field, magnetically softer regions without Cu
precipitates would preferentially reverse their magnetization. However, the magnetization
reversal may be influenced by magnetostatic interaction fields, coming from the adjacent
magnetically harder regions. Such interaction field results in the broadening of the p,(H,)
peak along the H, axis [17] and may be responsible for the increase of W), after neutron
irradiation shown in Fig. 7(d). The interaction fields, on the other hand, shift the position of
pu(H,) along the H, axis, whose direction depends on whether the interaction field acts as a
demagnetizing or magnetizing field [17, 33]. Considering the negative value of H, , shown in
Fig. 7(c), positive magnetostatic interactions may exist between magnetic regions with and
without Cu-rich precipitates. Further systematic FORC studies for RPV model alloys with
variable Cu, Ni, and Mn, which are key elements of precipitation hardening are in progress
to get in-depth information about nanoscale precipitation and FORC parameters.

4. Summary

We performed measurements of major hysteresis loops and FORCs for A533B-type RPV
model alloys with variable Cu contents (0.0—0.42 wt% Cu), subjected to neutron irradiation
up to a fluence of 9 x 10 n cm™2. The major-loop coercivity exhibits a local maximum in
the low fluence regime and then decreases at higher fluence for all the samples. The appear-
ance of the maximum can be due to the competition between the formation of nanoscale
defects and recovery, which increase and decrease coercivity, respectively. The decrease in
coercivity at the highest fluence is larger for the high-Cu sample, indicating that magnetic
softening due to recovery is enhanced for the high-Cu sample. On the other hand, FORCs,
which consist of many hysteresis curves with different reversal fields, give much informa-
tion about coercivity distribution and interaction field between magnetic regions. From the
FORC analysis for the high-Cu sample, we found that a position of the FORC distribution
peak shifts towards a lower coercivity just after irradiation, then move to the higher coer-
civity at medium fluence. This behavior may reflect the competing microstructural changes.
At the same time, the FORC distribution peak exhibits the broadening after irradiation,
along both the coercivity and interaction field axes. This broadening can be attributed to
the increase in magnetic inhomogeneity due to the Cu precipitation, leading to the enhance-
ment of the magnetostatic interaction between magnetic regions with different coercivity.
These findings demonstrate that FORCs can be a power tool to provide the in-depth infor-
mation about local magnetic features, which can not be obtained by conventional hysteresis
measurements.
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