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ABSTRACT

We report results of measurements of first-order reversal curves (FORCs) for neutron irradiated reactor pressure vessel steels to seek their
possible application to a nondestructive evaluation of the irradiation hardening. We find a peak position of the FORC distribution, which
is the second derivative of measured FORCs, shifts towards zero field after neutron irradiation, associated with the narrowing of the peak
width. The observations indicate the progress of the magnetic softening and magnetic homogeneity under neutron irradiation. The present
investigations demonstrate that FORCs can offer additional information on microstructural changes due to neutron irradiation, which can
not be obtained by a conventional hysteresis method.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5130414., s

I. INTRODUCTION

Low-alloy steels subjected to irradiation by high-energy neu-
trons exhibit mechanical hardening, due to the formation of
radiation-induced nanoscale defects such as Cu-rich precipitates,
solute-vacancy clusters, dislocation loops.1 The irradiation embrit-
tlement for reactor pressure vessel (RPV) steels is currently eval-
uated as a ductile-brittle transition temperature shift obtained by
a destructive Charpy impact test. However, the diminishing stock
of surveillance Charpy specimens has became a crucial issue. The
development of non-destructive evaluation (NDE) method is one of
the solutions, because the integrity assessment of RPVs can be done
semi-permanently using the same irradiated Charpy specimens.

In recent years, we have focused on magnetic hysteresis meth-
ods as one of the possible NDE methods because radiation-induced

defects can act as pinning centers for domain wall movement.2

While an increase of a major-loop coercivity, which depends on
chemical compositions and neutron fluence, was observed, the coer-
civity was found to be strongly affected by the recovery.3 This
results in the appearance of a local maximum in the neutron fluence
dependence of coercivity. Such competing microstructural change
makes it difficult to precisely evaluate effects of nanoscale defects on
magnetic hysteresis properties.

Among available magnetic methods, a first-order-reversal-
curve (FORC) method may be useful to explore magnetic features
that have complicated microstructural origin.4–6 The FORC distri-
bution, obtained from a mixed second derivative of reversal field
and magnetic field, provides valuable information about irreversible
switching process. Recent studies for permanent magnets and mag-
netically multi-phase materials showed that magnetic features with
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TABLE I. Chemical composition of JRQ, VVER440, and VVER1000 steels (wt%).

Sample Cu Ni Mn Cr Mo C Si P S V Fe

JRQ 0.14 0.84 1.40 0.12 0.50 0.18 0.25 0.019 0.004 0.003 Bal.
VVER440 0.09 0.07 0.54 2.70 0.68 0.16 0.20 0.006 0.023 0.340 Bal.
VVER1000 0.07 1.26 0.46 2.20 0.50 0.17 0.30 0.008 0.010 0.100 Bal.

TABLE II. Neutron irradiation conditions.

Flux (>1 MeV) Fluence (>1 MeV)
(1013 n cm−2s−1) (1019 n cm−2)

Irrad-1 1.57 2.97
Irrad-2 1.187 4.29

different microstructural origin can be evaluated separately, unlike a
major hysteresis loop that reflects the average of microstructures.6

In this study, we have performed FORC measurements for
neutron-irradiated RPV model alloys to seek a possible application
of FORCs to magnetic NDE.

II. EXPERIMENTAL

Three types of RPV steels listed in Table I were used. JRQ is
the International Atomic Energy Agency (IAEA) reference mate-
rial with a relatively higher Cu content for enhancing effect of
Cu-rich precipitation.7 VVER440 and VVER1000 steels are a sec-
ond and third generation Cr-Mo-V-type pressurized water reac-
tor steel, respectively, with low Cu content.8,9 JRQ has a bainite
microstructure, whereas both VVER steels have a tempered granular
bainite one. VVER1000 with higher Ni content is more sensitive to
neutron irradiation than VVER440; the volume fraction of

irradiation-induced nanoscale defects is higher for Ni-containing
VVER1000 than for VVER440.9

Small plate specimens with dimensions of 2 × 12 × 0.5 mm3

were neutron-irradiated at 290○C to fluences up to 4.29 × 1019 n
cm−2 (>1MeV) in the BR2 reactor at SCK⋅CEN in Belgium. The
irradiation condition is listed in Table II.

Microhardness was measured with a load of 300 gf and an
averaged value was obtained from approximately 16 indents for
each irradiation condition. The hardness monotonically increases
with neutron fluence for all the samples [Fig. 3(a)], which confirms
the development of irradiation-induced nanoscale defects under
the irradiation. The increase for JRQ is larger than VVER440 and
VVER1000.

Magnetic measurements were carried out at room temperature
using a homemade fluxmeter designed for neutron-irradiated small
samples.3 A small plate sample was attached with a U-shape Fe-Si
yoke to form a closed magnetic circuit. The detail of the measure-
ment setup is described in Ref. 3. FORCs with different reversal
fields, Hr, were measured at a field sweep rate of dH/dt = 9 kA/m/s;
magnetic field, H, is reduced from saturation field of 23 kA/m and
then increases toward 23 kA/m after H reaches Hr. This procedure
was repeated with reducingHr with a step of ∼ 250 A/m. The FORCs
are a function of Hr and H, and FORC distribution is defined as

ρ(H,Hr) = −1
2
∂
2B(H,Hr)

∂H∂Hr
. (1)

FIG. 1. FORC diagrams, taken before
and after neutron irradiation (Irrad-2) for
JRQ [(a), (b)], VVER440 [(c), (d)], and
VVER1000 [(e), (f)]. The insets show
measured FORCs, from which the FORC
diagram was calculated.
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FORC diagrams were plotted by using rotating axes; an interaction
field axisHu = (H +Hr)/2 and a switching field axisHc = (H −Hr)/2.
Generally, the intensity of ρ(Hc, Hu) is related to irreversibility at
given Hc and Hu.

Small-angle neutron scattering (SANS) measurements were
performed at room temperature to investigate the evolution of
irradiation-induced nanoscale defects. In order to separate magnetic
and nuclear contributions, a saturation magnetic field of 2.2 T was
applied along the direction perpendicular to the neutron beam. Two
dimensional (2D) detector position was set at three different posi-
tions of 1.5, 8.0, and 20 m, to access q range from 0.002 to 0.3 Å−1.
The magnetic SANS intensities were analyzed with an analysis tool
developed by Ilavsky et al.10

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

Figure 1 shows FORC diagrams for JRQ, VVER440, and
VVER1000 for the as-received (AR) and Irrad-2 conditions. In the
insets FORCs for each condition are shown. Each FORC diagram
has a single distribution peak on the Hc axis. In the case of JRQ,
the peak position slightly shifts towards a lower Hc after neutron
irradiation.

To quantitatively analyze the FORC distribution, both the
switching-field distribution, ρ(Hc), and the interaction-field distri-
bution, ρ(Hu), were calculated using the following equations.

ρ(Hc) = ∫
∞

−∞

ρ(Hc,Hu)dHu (2)

ρ(Hu) = ∫
∞

0
ρ(Hc,Hu)dHc (3)

In Figs. 2(a) and 2(b), ρ(Hc) and ρ(Hu) for VVER440 are plotted,
respectively, as an example. The ρ(Hc) peak is asymmetric in shape
and becomes narrower after neutron irradiation, accompanying a
development of the peak height. The ρ(Hu) peak is located atHu ∼ 0
and seems to depend on irradiation. To evaluate the position and
width of the ρ(Hc) and ρ(Hu) peaks, ρ(Hc) and ρ(Hu) peaks were
least-squares fitted assuming a lognormal distribution function and
Lorentzian function, respectively.

It should be noted that a half-width at half-maximum
(HWHM) of the ρ(Hu) peak strongly depends on a contact con-
dition for the sample surface and magnetic yoke. If the con-
tact is poor, the resultant demagnetizing field decreases rema-
nent flux density, leading to an increase in HWHM as shown
in the inset in Fig. 2(b).4 Conversely, the width parameter σ of
the ρ(Hc) peak, which is the standard deviation of the lognor-
mal distribution function, is weakly dependent on the contact
condition. In this study, therefore, we focus only on the ρ(Hc)
peak.

Figures 3(b) and 3(c) summarize respectively a change of the
peak position, ΔHc,p and that of the width parameter, Δσ. For both
JRQ and VVER440,ΔHc,p andΔσ decrease after neutron irradiation,
whereas those for VVER1000 are almost unchanged. The decrease
of the peak position for the Irrad-2 condition with respect to the
AR one is ∼5±4 and 9±6% for JRQ and VVER440, respectively, and
that of the width parameter for JRQ and VVER440 is ∼37±6 and
18±17%, respectively. The large experimental errors are attributed to
the sample dependence. The decrease of ΔHc,p with fluence reflects

a magnetic softening by the recovery. On the other hand, a decrease
of Δσ suggests a narrowing distribution of reversal fields. In other
words, magnetic inhomogeneity within the sample is reduced after
neutron irradiation.

Figure 4 showsmagnetic SANS intensities before and after neu-
tron irradiation (Irrad-2). There was no detectable change in the
magnetic SANS intensity within the measured q range after the irra-
diation for both VVER440 and VVER1000. Even if nanoscale defects
are formed, their size may be very small (<∼ 1 nm) for VVER440 and
VVER1000 as observed previously.8,9,11 On the other hand, there is
a significant increase in magnetic SANS intensity at q = 0.1 − 0.2Å−1

for JRQ, indicating the development of nanoscale defects. Assum-
ing a log-normal size distribution of spherical nanoscale features,
the least-squares fitting to the observed SANS data yielded the size-
dependent volume distribution function as shown in the inset of
Fig. 4. From the figure, the volume fraction f and mean size d were
obtained for JRQ; f = 0.061% and 0.10%, and d = 2.6 ± 0.5 nm and
2.6 ± 0.2 nm for the Irrad-1 and Irrad-2 conditions, respectively. The
values are similar to those of previous studies12,13 and their larger

FIG. 2. FORC distribution curves along (a) Hc and (b) Hu axes, respectively, before
and after neutron irradiation (Irrad-2). The data for VVER440 are shown as an
example. The insets in (a) and (b) respectively show the width parameter σ and
HWHM, as a function of BR/Ba, obtained in different contact condition for the mag-
netic yoke and sample. Here, BR and Ba are remanent and maximum flux densities
of a major hysteresis loop, respectively.
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FIG. 3. Change of (a) hardness, (b) peak position and (c) width parameter of
the FORC distribution peak along the Hc direction, as a function of neutron
fluence.

values compared with those of VVER440 and VVER1000 is due to
the higher Cu content for JRQ.

During neutron irradiation, various types of irradiation-
induced nanoscale defects are formed. For JRQ, neutron irradia-
tion induces the formation of Cu-rich precipitates, dislocation loops,
solute-vacancy complexes etc.1 On the other hand, for VVER-type
steels, Cu-rich precipitates, dislocation loops, and carbides are main
irradiation defects, although an increasing trend of defect density
with fluence is slightly different for VVER440 and VVER1000;8,9 the
density of nanoscale precipitates (<∼ 2 nm) is higher for VVER1000
than for VVER440, whereas the formation of the carbides are
more sensitively irradiation-induced for VVER440 as compared
with VVER1000. Such materials-dependent defect density can be
attributed to the composition (Table I) and microstructure. While
JRQ has a bainite microstructure, both VVER440 and VVER1000
have a tempered granular bainite one; for VVER440, a low con-
tent of proeutectoid ferrite is also included. For all the materials,

FIG. 4. Magnetic SANS intensities before and after neutron irradiation (Irrad-2).
The data for JRQ and VVER440 are shifted upwards for clarity. The solid lines
through the data for JRQ are least-squares fitting lines. The inset shows the vol-
ume distribution function of nanoscale features as a function of diameter after
neutron irradiation for JRQ.

Cu-rich precipitates are a primary cause of irradiation hardening
in the low and medium fluence regime (<∼ 5 × 1019 n cm−2). As
described above, our SANS revealed the formation of irradiation
defects for JRQ, whereas very small precipitates (<∼ 1 nm) may
be present for VVER440 and VVER1000. Such nanoscale defects
may contribute to the observed increase in hardness shown in
Fig. 3(a).

Due to neutron irradiation, annihilation and rearrangement of
pre-existing dislocations, which were produced during the manufac-
turing process and may distribute inhomogeneously over the sam-
ple, also occur through irradiation-induced diffusion process. This
process reduces density of dislocations in the matrix.14 Although
mechanical properties such as hardness and yield stress are sen-
sitive to nanoscale features, magnetic properties are more sensi-
tive to internal stress due to dislocations than that of nanoscale
precipitates.2,3,15 The sensitivity of magnetic properties to disloca-
tions originates from the fact that a Bloch wall width is a few tens
nanometers (∼ 40 nm for α-Fe) and is relatively wider than a size
of nanoscale precipitates. This different sensitivity to microstruc-
tures results in the different fluence dependence for hardness and
the FORC parameters shown in Fig. 3. The decrease in disloca-
tion density leads to a shift of the ρ(Hc) peak towards a lower Hc

and a reduction of the ρ(Hc) intensities at higher Hc [Fig. 2(a)].
The materials-dependent FORC properties shown in Figs. 3(b) and
3(c) might reflect a different degree of dislocation recovery. Detailed
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microstructural investigations for the present materials are planned
to clarify the origin.

Here, it should be noted that a decrease of Δσ indicates the
reduced distribution of reversal fields. In other words, magnetic
inhomogeneity due to dislocation is reduced after neutron irra-
diation. Although the formation of nanoscale defects increases
microstructural inhomogeneity, the effect on magnetic properties is
small due to the lesser sensitivity. Such information extracted from
the width parameter can not be obtained from the conventional
hysteresis measurements using a major loop.

According to previous studies for magnetic nanoparticles,4 a
FORC peak along the Hu axis gives information about interparti-
cle interactions. In the case of bulk ferromagnetic steels, informa-
tion about interaction between magnetic domains and/or between
magnetically soft and hard regions, may be deduced. Further FORC
measurements on the present irradiated specimens for improved
contact condition are planned to gain in-depth information about
microstructure.

IV. SUMMARY

FORC measurements were performed for three types of RPV
steels with different composition subjected to neutron irradia-
tion. Both position and width of the FORC distribution peak
changed after neutron irradiation for JRQ and VVER440, indicat-
ing the progress of magnetic softening and the magnetic homo-
geneity, whereas there was no significant change for VVER1000.
SANS revealed the development of irradiation-induced nanoscale
defects with the mean diameter of ∼ 2.6 nm for JRQ after neu-
tron irradiation to the fluence of 4.29 × 1019 n cm−2. Although
microstructural changes due to the recovery and the forma-
tion of nanoscale features take place during neutron irradiation,
the recovery was found to be the dominant factor affecting the
FORC distribution. Nevertheless, the FORCs provide additional
information on the magnetic homogeneity, which can not be
obtained by conventional hysteresis measurements using a major
loop.
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