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The planned life extension of nuclear reactors throughout the US and abroad will cause reactor vessel and
internals materials to be exposed to more neutron irradiation than was originally intended. A nonde-
structive evaluation (NDE) method to monitor radiation damage would enable safe and cost-effective
continued operation of nuclear reactors. Radiation damage in reactor pressure vessel (RPV) steels causes
microstructural changes that leave the material in an embrittled state. Nonlinear ultrasound is an NDE
technique quantified by the measurable acoustic nonlinearity parameter, which is sensitive to micro-
structural changes in metallic materials such as dislocations, precipitates and their combinations. Recent
research has demonstrated the sensitivity of the acoustic nonlinearity parameter to increasing neutron
fluence in representative RPV steels. The current work considers nonlinear ultrasonic experiments
conducted on similar RPV steel samples that had a combination of irradiation, annealing, re-irradiation,
and/or re-annealing to a total neutron fluence of 0.5–5 � 1019 n/cm2 (E > 1 MeV) at an irradiation temper-
ature of 290 �C. The acoustic nonlinearity parameter generally increased with increasing neutron fluence,
and consistently decreased from the irradiated to the annealed state over different levels of neutron
fluence. Results of the measured acoustic nonlinearity parameter are compared with those from previous
measurements on other RPV steel samples. This comprehensive set of results illustrates the dependence
of the measured acoustic nonlinearity parameter on neutron fluence, material composition, irradiation
temperature and annealing.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction thus the progression of radiation embrittlement is highly depen-
Radiation damage in nuclear reactor pressure vessels (RPV) is a
growing concern as nuclear plants seek license renewal beyond the
intended 40 years of operation to 60 years and possibly further.
Exposure of RPV steels to neutron radiation causes point defects
that have been shown to ultimately evolve into microstructural
features such as vacancy-solute complexes, solute clusters, disloca-
tion loops, and copper-rich precipitates [1–4]. These microstruc-
tural features leave the material in an embrittled state, causing a
shift in the ductile-brittle transition temperature (DBTT), an in-
crease in yield stress, and leaving the material more susceptible
to irradiation assisted stress corrosion cracking [1,5]. In steels con-
taining copper over about 0.05–0.1% Cu, copper-rich precipitates
have been shown to be the primary contributor to radiation
embrittlement [1]. The evolution of microstructural features and
dent on multiple variables: neutron fluence, neutron flux, irradia-
tion temperature, material composition, initial microstructure,
and the energy spectrum of the neutrons [2,6–9]. It is of upmost
importance to ensure that increased radiation damage to the RPV
does not cause, for example, such a drastic shift in the DBTT that
the reactor is operating in the brittle fracture regime. One potential
method of mitigating radiation-induced embrittlement in the RPV
is thermal annealing of the RPV [10], which has been shown to
effectively recover some or most of the radiation embrittlement,
depending on the material, irradiation, and annealing parameters
[2,11,12]. However, microstructural changes after such post-irradi-
ation annealing (PIA) treatments, following re-irradiation, and the
resulting embrittlement in these cases are still areas of ongoing
research [13,14].

Current methods of radiation damage monitoring include
extensive macro-, micro-, and nano-structural analysis on surveil-
lance samples, which were placed in the reactor at the start of
operation and periodically removed for testing to correlate to the

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2014.01.038&domain=pdf
http://dx.doi.org/10.1016/j.jnucmat.2014.01.038
mailto:katie.matlack@gatech.edu
http://dx.doi.org/10.1016/j.jnucmat.2014.01.038
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat


K.H. Matlack et al. / Journal of Nuclear Materials 448 (2014) 26–32 27
actual radiation-induced damage of the RPV structure. In addition,
there are widespread efforts on modeling and characterization of
material irradiated in test reactors operated at higher flux to
achieve relevant levels of neutron fluence over a shorter period
of time. A nondestructive evaluation method to characterize radi-
ation damage in the RPV could be a powerful complementary tool
in quantifying the remaining strength of these structures.

The nonlinear ultrasonic technique of second harmonic genera-
tion is a nondestructive evaluation method that is sensitive to
microstructural changes in metallic materials. As an incident sinu-
soidal wave propagates through a nonlinear elastic medium, a sec-
ond harmonic wave is generated from its interaction with
microstructural features such as dislocations, dislocations dipoles,
and precipitates; this second harmonic wave is quantified by the
acoustic nonlinearity parameter, b [15–19]. Previous research has
shown that nonlinear ultrasound is sensitive to damage mecha-
nisms such as fatigue [16,20–22], cold work [23], thermal aging
[19,24–26], and creep [27]. Nonlinear ultrasound has recently been
shown to be sensitive to radiation damage in RPV steels [28] by
measuring changes in the acoustic nonlinearity parameter, b, due
to increases in neutron fluence of two representative RPV steels.

This paper investigates the effect of various parameters – neu-
tron fluence, irradiation temperature, copper content, PIA and
re-irradiation – and thus the resulting radiation-induced micro-
structural changes in RPV steel, on the measured acoustic nonlin-
earity parameter. This work provides further evidence of the
applicability of nonlinear ultrasound as a nondestructive evalua-
tion tool to characterize radiation damage in RPV steels.

2. Nonlinear ultrasound

2.1. Theoretical considerations

Consider a sinusoidal longitudinal wave propagating at fre-
quency x through a weakly nonlinear elastic material. A second
harmonic wave at frequency 2x is generated through the interac-
tion of the propagating wave with the nonlinear medium. The
acoustic nonlinearity parameter, b, that quantifies this second har-
monic wave has been shown to have the following relation [15]:

b ¼ 8A2

A2
1j2x

; ð1Þ

where A2 is the amplitude of the second harmonic wave generated,
A1 is the amplitude of the propagated first harmonic wave, j is the
wave number, and x is the wave propagation distance.

It has previously been shown both theoretically and experimen-
tally how different microstructural features that are relevant to
radiation damage in RPV materials give rise to changes in b. The
change in b due to a density of dislocations, K, that are pinned be-
tween two points to create a dislocation segment length of L0, with
some internal stress, r0, has been shown to be [15].

Db / KL4
0r0: ð2Þ

This initial internal stress r0 is expected to be small, and note that
the pinning points that create the dislocation segment length are
features such as grain boundaries, other dislocations, and/or point
defects.

Now assume that there is some distribution of precipitates
embedded in the microstructure, which act as discrete pinning
points for dislocations. We assume some number density of precip-
itates, N, with average radius rp. For this case, the change in b has
been shown to be [19,24]:

Db /
Kr3

p

N1=3 : ð3Þ
Here, the stress in the material is due to a misfit strain of the
precipitate embedded in the matrix, which is expected to be much
larger than the initial stress r0. The full expression for the radial
stress due to a spherical precipitate embedded in the microstruc-
ture can be found elsewhere [19,24,29,30]. The relationship
between segment length and number density of precipitates is as-
sumed to be L � 1=N1=3 as in previous work [24].

However, there should be some critical number density of pre-
cipitates, Ncr, only above which this precipitate-pinned dislocation
contribution to b applies. The critical density corresponds to the
density when all dislocations are pinned at least once in their
lengths and therefore it is a constant multiple of the initial disloca-
tion density. Above this critical density, additional precipitates will
only shorten the lengths of the already-pinned dislocation
segments. Therefore, the evolution of b is likely to follow some
combination of the general dislocation pinning model (Eq. (2))
and the precipitate-pinned dislocation model (Eq. (3)), which can
be expressed as:

Db / ð1� aÞKL4
0r0 þ aK

r3
p

N1=3 ; ð4Þ

where a represents the probability of forming the 3-precipitate
cluster to bend an existing dislocation segment. This probability is
close to zero at very low precipitate density, and is assumed to in-
crease rapidly to 1 at Ncr. It is expected that a increases exponen-
tially to 1 because the probability of an additional precipitate to
interact with a dislocation depends on the precipitate concentration
at the moment when the additional precipitate is added. Further,
once the precipitate number density reaches Ncr, the chance for
any additional nucleated precipitate to interact with a dislocation
is nearly 100%. In this way, it is assumed the probability follows
Boltzmann statistics, which represents the chance of a group of pre-
cipitates to form a specific configuration near a dislocation line,
such that a ¼ expð�B=NÞ, where B is a positive number representing
the precipitate configurational entropy and N is the current precip-
itate density.

The parameter a is also equivalent to the volume fraction of
precipitate-pinned dislocation segments, such that the term
ð1� aÞ represents the volume fraction of dislocations pinned by
other features (e.g. grain boundaries, other dislocations, impurities,
point defects, vacancies, or voids). Note that both the model of gen-
erally pinned dislocations (Eq. (2)) and the model of precipitate-
pinned dislocations (Eq. (3)) cannot apply at the same time to
the same dislocation segment – if a dislocation segment is pinned
by two precipitates, that same segment cannot also be pinned by
other features. It is expected that the first term in Eq. (4) would
dominate the behavior of b in the initial stages of radiation damage
when precipitates are beginning to form. Then, as the number den-
sity of precipitates increases close to the Ncr, the second term in Eq.
(4) would dominate the trend of b.
2.2. Experimental method

Contact piezoelectric ultrasonic transducers, with diameter
6.35 mm, were mounted on either side of a 10 mm-thick sample
with a light oil coupling. The transducer material was lithium nio-
bate, and center frequencies of the transducers were chosen to
approximate the first and second harmonic frequencies. The sam-
ple and transducers were mounted and aligned in a specially
designed fixture for accurate alignment and consistent clamping
[31]. A schematic of the measurement setup is shown in Fig. 1. A
function generator (Agilent 33250A) generated a 12-cycle sinusoi-
dal wave at 3.3 MHz, amplified with a high-power gated amplifier
(RITEC GA2500A), in the 3.5 MHz center frequency of the transmit-
ting transducer. The ultrasonic signal propagated through the



Fig. 1. Schematic of experimental setup for nonlinear ultrasonic measurements.

Fig. 3. Representative data for measurement of b in IAR,1.7, by calculating slope of
linear fit between A2 and A1

2.

Table 1
Chemical composition (wt.%) of JRQ and JFL materials.

Material C Si Mn Cr Mo Ni P Cu S

JRQ 0.18 0.24 1.42 0.12 0.51 0.84 0.017 0.14 0.004
JFL 0.17 0.25 1.42 0.16 0.52 0.75 0.004 0.01 0.002
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thickness of the sample and the receiving transducer, with center
frequency of 7.5 MHz, simultaneously detected the first and second
harmonic waves. The signal was then transferred to an oscilloscope
(Tektronix TDS 5034B) and then to a computer for post-processing.
The steady-state portion of the time signal was extracted, a Hann
window applied, and the fast-Fourier transform computed; a rep-
resentative time signal and frequency response is shown in
Fig. 2. The first and second harmonic amplitudes were extracted
from the frequency response, and the process repeated for a total
of nine measurements of increasing input voltage. The slope of
the linear fit of the data A2 and A1

2 is a relative measure of b, as
illustrated in Fig. 3, i.e. b / A2=A2

1. Results are presented in terms
of a change in b, relative to the unirradiated state. Note that while
this procedure does not produce an absolute measurement of b, ef-
fects of nonlinearities from instrumentation are still eliminated
since all measurements are compared to a baseline measurement.
Absolute measurements were not feasible due to time limitations
in handling the radioactive samples.
3. Materials investigated

The samples measured in this study were IAEA reference mate-
rial JRQ (A533 grade B class 1) with the chemical composition
given in Table 1. These samples were irradiated in the 10 MW
(thermal) SAPHIR reactor at Paul Scherrer Institute (PSI), at an irra-
diation temperature of Tir = 290 �C and at a neutron flux of roughly
5 � 1012 n/cm2 s. These samples were part of a previous study with
PSI and Oak Ridge National Laboratory (ORNL) [12,13]. Samples
were irradiated to a total neutron fluence of 0.5–5.0 � 1019 n/
cm2, and some samples were given an annealing treatment of
460 �C/18 h when 50% of the target fluence was reached. Two other
samples were then given a second annealing treatment of 460 �C/
18 h after the full neutron fluence was reached. A total of five
sample conditions were investigated, and the conditions are given
in detail in Table 2. Note that in this table and throughout this
work, the sample designations use the following abbreviations:
Fig. 2. Representative time signal (left) and FFT (right) of measurement on IAR,1.7 sample
FFT was calculated.
unirradiated (U), irradiated (I), annealed (A), and re-irradiated
(R). The sample geometry was a broken half of a standard Char-
py-V sample, with dimensions of 10 mm � 10 mm � 27 mm, with
wave propagation through one of the 10 mm dimensions, which
was kept consistent among all samples and measurements. Sample
surfaces were hand polished with up to 600 grit polish paper and
cleaned in an ultrasonic bath, to sufficiently prepare surfaces for
the nonlinear ultrasonic measurements.

This sample set enabled an investigation of effects from post-
irradiation annealing and re-irradiation, and also enabled an anal-
ysis of the influence of irradiation temperature on the measured b.
Results of measurements on these samples are compared in the
current work to measurements of b on other irradiated RPV mate-
rial, where measurements of b were made on samples irradiated at
a temperature of 255 �C [28]. This previous sample set [28]
contained two different RPV materials: the same JRQ as in the cur-
rent study (though with slightly different mechanical properties,
see [12,32]) and a low-copper material referred to as JFL (forged
ASTM A508 Cl.3). The main differences between these two materi-
als are their Cu and P content – JRQ contains a higher concentration
of Cu (0.14 wt.%) and P (0.017 wt.%) than JFL (Cu: 0.01 wt.%, P:
0.004). The chemical composition of these materials is also given
in Table 1, and details of the irradiations are provided in Table 2.
Further details of that investigation are given elsewhere [28].
4. Results

Results for the measured b as a function of increasing fluence
and the influence of post-irradiation annealing and re-irradiation
. The starred points indicated on the time signal show the points between which the



Table 2
Conditions for samples undergoing irradiation, post-irradiation annealing, re-irradiation, and re-annealing. Neutron fluence and flux levels are all in terms of neutron energies of
E > 1 MeV.

Material Irradiation temp. Designation Irradiation (1019 n/cm2) Anneal Re-irradiation (1019 n/cm2)/ re-anneal Flux (1012 n/cm2)

JRQ (heat 1) 290 �C U – – – –
UA – 460 �C/18 h – –
IAR,0.5 0.25 460 �C/18 h 0.25 5.0
IARA,0.5 0.25 460 �C/18 h 0.25, annealed 460 �C/18 h 5.0
IAR,1.7 0.85 460 �C/18 h 0.25 5.0
IARA,1.7 0.85 460 �C/18 h 0.85, annealed 460 �C/18 h 5.0
I,5 5.0 – – 5.0
IA,5 5.0 460 �C/18 h – 5.0

JRQ (heat 2) 255 �C U – – – –
I,5.4 5.4 – – 3.01
I,9.8 9.8 – – 5.37

JFL 255 �C U – – – –
I,5.1 5.1 – – 2.82
I,8.6 8.6 – – 4.74

Table 3
Change in b due to annealing and increased neutron fluence of JRQ (Tir = 290 �C).

Total neutron fluence Db from annealing Db from irradiation (%)

0.5 � 1019 n/cm2 – +7
1.7 � 1019 n/cm2 �25.7% +9
5 � 1019 n/cm2 �23.2% +18

Fig. 5. Influence of increasing neutron fluence (E > 1 MeV) on b, for JRQ and JFL at
Tir = 255 �C and 290 �C. Each dataset is normalized to the measured b in the
unirradiated state, b0. JRQ samples irradiated at 290 �C to 0.5 � 1019 and
1.7 � 1019 n/cm2 received an intermediate anneal at 50% target fluence.
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of JRQ material irradiated at 290 �C are given in Fig. 4. Each data
point represents an average over three separate measurements
on the same sample at the same location, and error bars indicate
one standard deviation from the mean. Separate data points for
the same sample condition represent measurements on separate
Charpy halves of the same sample condition, or measurements at
different locations along the length of the Charpy half. The results
in Fig. 4 show little variation among locations and between differ-
ent sample halves when compared to the changes due to irradia-
tion and annealing; these spatial and sample variations in the
same Charpy sample are shown to be insignificant. The measured
b increased from the unirradiated state to the maximum neutron
fluence, with a maximum increase of 18% at 5 � 1019 n/cm2

(E > 1 MeV). Results show a decrease in measured b from the irra-
diated condition (I or IAR) to the annealed condition (IA or IARA) –
a 23.2% decrease due to annealing in the I,5 and IA,5 samples, and a
25.7% decrease due to annealing in the IAR,1.7 and IARA,1.7
samples. A summary of these changes in b due to neutron fluence
and then due to annealing is given in Table 3. Note that the inter-
mediate anneal in samples IAR,0.5 and IAR,1.7 effectively recov-
ered most of the irradiation-induced embrittlement during the
first irradiation to half the target fluence [12], so a more represen-
tative value for the neutron fluence of these samples in terms of b
might be half the fluence listed in Table 3.

Previous results for measured b for JRQ and JFL material at
Tir = 255 �C as a function of increasing neutron fluence are shown
together with the current results of measured b for irradiated
JRQ at Tir = 290 �C in Fig. 5. Results for JRQ at Tir = 290 �C in Fig. 5
Fig. 4. Results of measured b for irradiated, annealed, re-irradiated, and re-
annealed samples, over increasing neutron fluence and showing effects of anneal-
ing. Data points represent measurements on the first Charpy half at location 1 ( )
and location 2 ( ), and on the second Charpy half at location 1 ( ) and location 2
( ).
have been averaged over all measurements on different Charpy
halves and different locations. Note that light water reactor pres-
sure vessels typically operate at 290 �C ± 30�, so the irradiation
temperatures of the two data sets considered in this study approx-
imate vessel operational conditions [1]. These results are presented
in terms of a normalized b to the unirradiated state in each sample
set, i.e. bi=b0 ¼ ðA2=A2

1Þi=ðA2=A2
1Þ0. In this way, the dependence of b

on the input fundamental radial frequency, x, is eliminated, such
that different excitation frequencies used in the measurements
(f = 2.25 MHz for Tir = 255 �C and f = 3.3 MHz for Tir = 290 �C, where
x = 2pf) do not influence the relative comparison of the measured
b. Note that differences in fundamental frequency were due to lim-
itations in equipment during earlier experiments – higher frequen-
cies are more ideal for the shorter wave propagation distances
encountered in these experiments, since the shorter wavelength
allows more cycles and thus higher amplitude of A2, given the
same sample thickness.

The trend of b as a function of neutron fluence for the irradiated
JRQ at Tir = 290 �C is similar to the trend shown in the previous
work [28] and as seen in Fig. 5 – an increase in b up to a medium
fluence of roughly 5 � 1019 n/cm2. However, the increase in b is



Fig. 6. Predicted trend of Db (normalized by bmax) as a function of number density
of precipitates, normalized by Ncr, assuming trend is dominated by precipitate-
pinned dislocations (i.e. second term in Eq. (4)).
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much more pronounced in the samples with Tir = 255 �C, even in
the low-copper alloy of JFL. At a neutron fluence of 5 � 1019 n/
cm2, it is shown that at Tir = 255 �C, b increased by almost 100%
in JRQ and 65% in JFL, while at Tir = 290 �C, b increased by only
18% in JRQ, all from the respective unirradiated conditions of each
sample set. These results show that the acoustic nonlinearity
parameter strongly depends on the irradiation temperature as well
as the level of neutron fluence.

5. Discussion

In low-alloy steels under typical RPV conditions, neutron irradi-
ation causes radiation-enhanced diffusion, which results in micro-
structural features such as copper-rich precipitates, solute clusters,
matrix defects in the form of solute-vacancy complexes, and
potentially dislocations and interstitial loops [1–3]. Considering
the model described in Eq. (4) for the change in b due to pinned
dislocations, and assuming the precipitate-pinned contribution is
stronger due to the higher stress induced by the precipitate misfit,
b should generally increase by expð�B=NÞ=N1=3 below Ncr, and de-
crease by N1/3 above Ncr. The plot in Fig. 6 illustrates this trend,
and note that for simplicity we assume B = 1 such that the plot
shows the function Db ¼ expð�1=NÞ=N1=3. Since the change in Db
over neutron fluence for Tir = 255 �C changes sign at the medium
fluence of roughly 5 � 1019 n/cm2, we can infer that Ncr occurs
roughly around this fluence level. Comparison of this model with
experimental results suggest that in the JRQ samples irradiated
at 290 �C, the number density of precipitates is below Ncr, which
explains the increasing measured b with increasing neutron flu-
ence, and likely increasing number density of precipitates. This
model qualitatively agrees with the experimental results, but sug-
gests there are other microstructural features that contribute to
the total Db.

Previously, small angle neutron scattering (SANS) experiments
were conducted on the same JRQ and JFL samples with Tir = 255 �C
reported on here and previously [28], to quantify these microstruc-
tural features. The authors reported an increase in volume fraction
of precipitates with constant average radius of about 1 nm with
increasing neutron fluence [33]. Specifically, the volume fraction
increased from 0.005–0.09 vol.% for neutron fluence of 0.7–
8.7 � 1019 n/cm2 in JFL, and 0.21–0.5 vol.% for neutron fluence of
0.7–9.8 � 1019 n/cm2 for JRQ. Considering the precipitate-pinned
dislocation theory, this would imply that Db should be lower in
JRQ compared to JFL, since JRQ has a higher volume fraction of cop-
per rich precipitates. However, experimental evidence in Fig. 5
shows the opposite – Db is larger for JRQ. Differences between
the two materials such as dislocation density, grain structure
(which would influence general dislocation pinning effects by
grain boundaries), point defects and other defects, and different
Ncr could all contribute to this discrepancy. This again suggests that
there are other microstructural features that contribute to the total
Db, and more microstructural characterizations are needed to ex-
plain this.

Microstructural changes over increasing neutron fluence are
dependent on many other factors such as neutron flux, irradiation
temperature, and material composition. For example, a rapid in-
crease, followed by saturation, followed by slow coarsening and a
decrease in number density of precipitates was predicted by mod-
els and confirmed experimentally for 0.3% Cu RPV steels irradiated
at low neutron flux and 290 �C [2]. As another example, it has been
shown that an increase in the nickel content in irradiated RPV
material correlates to an increase in both average radius and num-
ber density of copper-rich precipitates [8]. Further, changes in the
irradiation temperature particularly in the range of about 250-
300 �C, as well as the neutron flux has been shown to strongly
affect how the microstructure evolves over increasing neutron flu-
ence [2,9,34]. The following sections provide a discussion on other
possible contributions of microstructural features to b, in terms of
reported microstructural evolutions over the relevant irradiation
conditions in the current study.

5.1. Effects of neutron flux and composition

The effect of higher fluxes typical of test reactors depends on
the combination of copper content, irradiation temperature, and
neutron fluence [2,35]. It has been shown that in low Cu steels,
higher flux typical of test reactors can produce increased hardening
at higher fluence due to an increased amount of unstable matrix
defects (UMDs) [2,36]. In contrast, in higher Cu steels, these UMDs
act as sinks to delay precipitation from radiation-enhanced diffu-
sion [2], and thus delay or reduce hardening. This flux-dependent
regime has been estimated to begin at fluxes above about
5 � 1011 n/(cm2 s) at Tir = 290 �C [34]. So, it is likely that these
flux-related effects occur and cause different effects in the trend
of Db in the lower temperature samples of irradiated JRQ and JFL
at Tir = 255 �C.

Recall that the JFL samples contained 0.01% Cu (low-copper
steel), and the JRQ samples contained 0.14% Cu (medium-copper
steel). It has been shown that the dominating hardening mecha-
nisms in low-copper steels are other defects and matrix features
such as point defect clusters and manganese-nickel precipitates
[2,8,35]. It is plausible that these defects, as well as UMDs as sug-
gested in [2,36], have formed in the high fluence samples of the
low-Cu JFL material, creating more pinning points for dislocations
and thus causing a decrease in b, which would align with the
experimental results.

5.2. Effects of Irradiation temperature

Irradiation hardening due to matrix features (namely vacancy-
solute cluster complexes) has been shown to increase with
decreasing irradiation temperature, since matrix features are more
thermally stable at lower temperatures [2,9]. A lower irradiation
temperature has also been shown to increase both the volume frac-
tion and number density of precipitates, while decreasing the
radius of the precipitates in the range of Tir = 270–310 �C [8]. This
indicates that it is expected that there should be a smaller number
density of precipitates in the JRQ at 290 �C compared to JRQ at
255 �C at the common neutron fluence of 5 � 1019 n/cm2. There-
fore, it can be assumed that the critical number density of precip-
itates, Ncr, has not yet been reached in the JRQ Tir = 290 �C samples
and thus b is expected to increase generally with increasing N,



Fig. 7. Dependence of b on annealing microstructural for unirradiated JRQ and
irradiated JRQ (Tir = 290 �C).
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since N < Ncr in this case. This can potentially explain the differ-
ences in Db in JRQ at roughly 5 � 1019 n/cm2 for Tir = 290 �C
(Db = + 18%) and Tir = 255 �C (Db = + 97%). Small angle neutron
scattering (SANS) measurements could confirm this.
5.3. Post-irradiation annealing

Post-irradiation annealing (PIA) has been shown to recover
some of the irradiation-induced embrittlement in RPV steels
[2,11–13]. Nanstad et al. [12] conducted Charpy impact testing
on the JRQ samples investigated in the current work, and showed
almost full recovery of the irradiation-induced ductile-brittle tran-
sition temperature shift from the annealing treatment. In a follow-
up study, atom probe tomography (APT) experiments showed a
decrease in number density of copper-rich precipitates of about
an order of magnitude [13]. The remaining precipitates in the
microstructure were significantly larger, and were only observed
near grain boundaries. Follow-up characterizations are needed to
fully quantify the changes in number density and size of precipi-
tates in the PIA state, but the APT results showed that annealing
caused most of the copper to dissolve in the matrix, while the
remaining copper precipitates grew and coarsened. This effect of
PIA has been shown in other studies, for example with VVER-440
weld material interrogated with APT and positron annihilation
spectroscopy (PAS) [14,37], and with SANS measurements of
high-copper RPV weld materials [37].

To isolate contributions to b from annealing effects on the irra-
diated microstructure, an unirradiated JRQ sample was annealed
with the same schedule as the post-irradiation annealing (460 �C/
18 h). A slight increase in b of 7% was measured in the unirradiated
and annealed sample, compared to the purely unirradiated sample.
These results are shown in Fig. 7, in comparison with the change in
b due to annealing in the irradiated samples, where a clear de-
crease of 23–26% was seen from irradiated to annealed state. Since
no (or at least very few) precipitates are expected to be present in
the unirradiated sample, the results clearly show that the change
in b from PIA is due to changes specific to the irradiated
microstructure.

The number density of precipitates in I,5 and IAR,1.7 samples
should be below Ncr as defined in Section 2. Therefore, as precipi-
tates are removed from the microstructure, N should still be below
Ncr, and as such b should generally decrease as indicated by Eq. (4)
and Fig. 6. Experimental evidence clearly shows this decrease in b.
It is also possible that the coarsened precipitates remaining in the
annealed microstructure have become incoherent with the matrix.
The stress surrounding incoherent precipitates is significantly less
than coherent precipitates, such that the precipitate-pinned dislo-
cation model no longer applies.
5.4. Re-irradiation effects

It has been shown that microstructural evolution during re-irra-
diation following PIA follows a different path than a purely irradi-
ated microstructure [13,14]. Nanstad et al. [13] conducted atom
probe tomography investigations on the current samples, and they
reported that re-irradiation does cause copper-rich precipitates to
form with a number density similar to that in the irradiated only
condition, but with a smaller radius. If only considering the precip-
itate-pinned dislocation contribution to the nonlinearity parame-
ter, the measured b should scale by ðrIAR=rIÞ3 when comparing a
purely irradiated sample to an irradiated-annealed-re-irradiated
sample to the same total fluence. Here, rIAR is the radius of precip-
itates in the IAR condition, and rI is the radius of precipitates in the
irradiated condition.

Note that the samples at the lower neutron fluence levels for
JRQ at Tir = 290 �C were given an annealing treatment when 50%
of the target fluence was reached. This annealing was shown to re-
cover a significant portion of the change in ductile-brittle transi-
tion temperature due to irradiation [12,13]. So it is possible that
a more representative measure of neutron fluence in terms of
microstructural features is only the amount of neutron fluence re-
ceived during the re-irradiation. In other words, 0.25 � 1019 n/cm2

(instead of 0.5 � 1019 n/cm2) might be a more representative flu-
ence for sample IAR,0.5, and 0.85 � 1019 n/cm2 (instead of
1.7 � 1019 n/cm2) might be a more representative fluence for sam-
ple IAR,1.7. However, re-irradiation following post-irradiation
annealing has been shown in some cases to follow a different path
for microstructural evolution compared to changes due to the ini-
tial irradiation [14]. For example, Kuramoto et al. [14] investigated
re-irradiation effects in VVER-440 type weld material, and con-
cluded from APT and PAS studies that matrix defects are the pri-
mary hardening mechanism in the re-irradiated state. So, it is
possible that matrix defects contribute to the measured b in IAR
samples measured in the current study. It has been shown that de-
fects such as vacancies can act in the same way as precipitates in
terms of pinning points to dislocations [18]. It is also possible that
these matrix defects respond as a different mechanism for contrib-
uting to the nonlinearity parameter. Further studies are needed to
fully realize the effects on b from microstructural evolution during
re-irradiation.
6. Conclusions

Nonlinear ultrasonic measurements of the acoustic nonlinearity
parameter, b, were made on a set of Charpy-V samples of JRQ
(ASTM A533 grade B class 1), a representative reactor pressure ves-
sel steel material. The samples were previously irradiated, and
some were further treated with post-irradiation annealing, re-irra-
diation, and/or re-annealing, to a total neutron fluence of 0.5–
5 � 1019 n/cm2 (E > 1 MeV) at Tir = 290 �C. These nonlinear
ultrasonic measurements show that the experimentally measured
b increases with increasing levels of neutron fluence. In addition,
these measurements show a consistent decrease in the measured
b due to annealing from either the irradiated or re-irradiated state.
Comparison with previous results [31] on JRQ and JFL samples at
Tir = 255 �C shows a qualitatively similar trend for the measured
b with increasing neutron fluence up to 5 � 1019 n/cm2

(E > 1 MeV), but with a strong dependence on irradiation tempera-
ture. A theoretical model of the contribution of precipitate-pinned
dislocations to changes in b is consistent with experimental
measurements. These results show that the measured acoustic
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nonlinearity parameter strongly depends on the irradiation
temperature as well as the level of neutron fluence, and can detect
microstructure changes due to post-irradiation annealing. Nonlin-
ear ultrasound can therefore detect microstructural changes due to
different irradiation conditions, and shows potential as a viable
nondestructive evaluation method for monitoring radiation dam-
age in RPV steel.
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