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Project Objective: The objective of this research is to demonstrate that nonlinear ultrasonics (NLU) 
can be used to directly and quantitatively measure the remaining life in radiation 
damaged reactor pressure vessel (RPV) and internal components. Specific damage 
types to be monitored are irradiation embrittlement and irradiation assisted stress 
corrosion cracking (IASCC). Our vision is to develop a technique that allows 
operators to assess damage by making a limited number of NLU measurements in 
strategically selected critical reactor components during regularly scheduled 
outages. This measured data can then be used to determine the current condition of 
these key components, from which remaining useful life can be predicted. Methods 
to unambiguously characterize radiation related damage in reactor internals and 
RPVs remain elusive. NLU technology has demonstrated great potential to be used 
as a material sensor - a sensor that can continuously monitor a material’s damage 
state. The physical effect being monitored by NLU is the generation of higher 
harmonic frequencies in an initially monochromatic ultrasonic wave. The degree of 
nonlinearity is quantified with the acoustic nonlinearity parameter, ft, which is an 
absolute, measurable material constant. Recent research has demonstrated that 
nonlinear ultrasound can be used to characterize material state and changes in 
microscale characteristics such as internal stress states, precipitate formation and 
dislocation densities. Radiation damage reduces the fracture toughness of RPV 
steels and internals, and can leave them susceptible to IASCC, which may in turn 
limit the lifetimes of some operating reactors. The ability to characterize radiation 
damage in the RPV and internals will enable nuclear operators to set operation time 
thresholds for vessels and prescribe and schedule replacement activities for core 
internals. Such a capability will allow a more clear definition of reactor safety 
margins. The research consists of three tasks: (1) materials sensing and monitoring; 
(2) physics-based materials and damage evolution modeling; and (3) remaining life 
estimation by integrating sensing, modeling and uncertainty.
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1. Final Report

1.1 Summary
The overall objectives of this research were to: 1. demonstrate that nonlinear ultrasonics 
(NLU) is sensitive to irradiation damage; 2. develop a physics-based materials model to track 
radiation damage; 3. integrate sensing, modeling and uncertainty for remaining life 
estimation; and 4. use NLU to directly and quantitatively measure the remaining life in 
radiation damaged reactor pressure vessel (RPV) steels and internal components. Work was 
performed on each of these objectives as described below. In summary objective one was 
fully met, where NLU was demonstrated to be sensitive to irradiation damage. Work on the 
modeling and measurements partially met the objectives of objective two, mainly through the 
use of surrogate specimens to model the precipitate formation and interaction with 
dislocations seen in irradiation damage; these results are also described below. Objective 
three was partially met through the development of a procedure that used noncontact air- 
coupled transducers plus a procedure to make absolute measurements in complex 
components. Finally, objective three was partially met with an emphasis on uncertainty in the 
measured nonlinearity and an attempt to relate these values to overall material performance, 
including a multi-physics approach with magnetic Barkhausen noise.

Overall, the research resulted in eight published papers, two currently under review and 
three in preparation. Radiation damage in 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 
microstructural changes in metallic materials such as dislocations, precipitates and their 
combinations. This research first demonstrated the sensitivity of the acoustic nonlinearity 
parameter to increasing neutron fluence in representative RPV steels. It then considered 
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 0.5-5x1019 n/cm2 (E > 1 MeV) at an irradiation temperature 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 (Matlack et al, JNM 
2014, Matlack et al ASTM STP 1576, 2014).

Since the main contributor of irradiation damage is copper-rich precipitates, 17-4PH 
stainless steel is thermally aged to study the effects of copper precipitates on the acoustic 
nonlinearity parameter. Nonlinear ultrasonic measurements using Rayleigh waves are 
performed on isothermally aged 17-4PH. Results showed a decrease in the acoustic 
nonlinearity parameter with increasing aging time, consistent with evidence of copper 
precipitation from hardness, thermo-electric power, transmission electron microscopy, and 
atom probe tomography measurements (Matlack et al, NDT&E Intl 2015).

Additional work measures the ultrasonic nonlinearity parameter as an indicator of 
thermal damage in 9%Cr ferritic martensitic steel specimens. The specimens are isothermally 
aged for different holding periods. As thermal aging progresses, the existing dislocations are
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annihilated in the beginning and precipitates are formed; these microstructural evolutions 
lead to large changes in the measured nonlinearity parameter, p. A possible scenario for the 
microstructural evolution during thermal aging is proposed based on the results from the 
nonlinear ultrasonic measurements, scanning electron microscopy (SEM), and Rockwell 
HRC hardness. These results indicate a clear trend that the measured nonlinearity parameter 
is sensitive to variations in dislocation and precipitate density (Marino et al, NDT&E Intl, 
2015).

For the integration of sensing and material behavior, a research effort quantifies the 
effects of diffraction, attenuation, and the nonlinearity of generating sources on 
measurements of nonlinear ultrasonic Rayleigh wave propagation. A revised theoretical 
framework for correcting measurements made with air-coupled and contact piezoelectric 
receivers for the aforementioned effects is provided based on analytical models and 
experimental considerations. A method for extracting the nonlinearity parameter p11 is 
proposed based on a nonlinear least squares curve-fitting algorithm that is tailored for 
Rayleigh wave measurements. Quantitative experiments are conducted to confirm the 
predictions for the nonlinearity of the piezoelectric source and to demonstrate the 
effectiveness of the curve-fitting procedure. These experiments are conducted on aluminum 
2024 and 7075 specimens and a ^ii75/^ii24 measure of 1.363 agrees well with previous 
literature and earlier work. The proposed work is also applied to a set of 2205 duplex 
stainless steel specimens that underwent various degrees of heat-treatment over 24 hours, and 
the results improve upon conclusions drawn from previous analysis (Torello et al, 
Ultrasonics, 2015).

The implementation of the nonlinear ultrasonic technique in a hot cell environment was 
performed as a part of the US-Korea INERI program between Georgia Tech and KAERI.
The objective of this research is to make attempts to bring promising NDE techniques 
developed for radiation damage characterization to more realistic situations. As a first step 
towards the ultimate field application in nuclear power plants, an in-situ measurement on a 
set of surveillance specimens in a hot-cell environment is considered. The NDE methods that 
are implemented in the hot cell at KAERI include the nonlinear ultrasonic technique of 
Georgia Tech and the magnetic Barkhausen noise/hysteresis loop measurement technique of 
KAERI.

The procedure to measure the second harmonic generation has typically been restricted to 
relatively simple setups such as through transmission of longitudinal waves or Rayleigh 
surface waves on one side of a component. Since these types of setups are not always 
applicable for in-service components, this research investigates the second harmonic wave 
generation in longitudinal and shear waves reflected from a stress-free surface.
This particular measurement setup potentially provides information about the local damage 
state in an in-service component with only single-sided access. Therefore, this measurement 
setup is evaluated analytically, numerically and experimentally with an aluminum specimen 
as an example. The setup being considered proposes two possible measurement positions, 
where the second harmonic and the fundamental wave amplitude can be measured to 
determine the nonlinearity parameter of the specimen. This proposed “reflection mode” setup 
is first analyzed analytically, and then is implemented in a commercial finite element code, 
using increasing fundamental wave amplitudes to calculate the different values of the 
nonlinearity parameters. The results of the simulations verify the analytical results, when 
taking into account assumptions and approximations of the analytical solution procedure.
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Furthermore, these numerical finite element results provide further insights into the 
intricacies of the setup, including the need to avoid interaction with the diffracted waves. On 
the basis of these numerical results, a recommendation for the measurement position and 
angle is given. Finally, the nonlinearity parameters of two similar specimens with different 
levels of nonlinearity are experimentally measured with the proposed measurement setup, 
and the results (Romer et al, JNDE, 2015).

Finally from a modeling perspective, the research developed a model that considers the 
interaction of dislocations and precipitates to determine their influence on the measured 
acoustic nonlinearity parameter, fi. Additional research derived the exact expressions for the 
isothermal third order elastic constants (TOE) in crystalline solids in terms of the kinetic and 
potential energies of the system. These expressions reveal that the TOE constants consist of a 
Born component and a relaxation component. The Born component is simply the third 
derivative of the system’s potential energy with respect to the deformation, while the 
relaxation component is related to the non-uniform rearrangements of the atoms when the 
system is subjected to a macroscopic deformation. Based on the general expressions derived, 
a direct (fluctuation) method of computing the isothermal TOE constants is developed and 
numerical examples using this fluctuation method are given (Chen and Qu, J App Phys, 
2015).

Refereed Journal Papers from the Research:
1. Marino*, D., Kim, Jin-Yeon, Ruiz, Joo, Young-Sang, Qu, Jianmin, and Jacobs, L.J., “Using 

nonlinear ultrasound to track thermal aging damage in modified 9% Cr ferritic martensitic steel,” 
NDT&EInternational, submitted, 2015.

2. Romer*, A., Kim, Jin-Yeon, Qu, Jianmin and Jacobs, L.J., “The second harmonic generation in 
reflection mode - an analytical, numerical and experimental study,” Journal of Nondestructive 
Evaluation, submitted, 2015.

3. Matlack*, K.H.., Bradley*, H.A., Thiele*, S, Kim, Jin-Yeon, Wall, J.J., Jung, Hee Joon, Qu, 
Jianmin, and Jacobs, L.J., “Nonlinear ultrasonic characterization of precipitation in 17-4PH stainless 
steel,” NDT&E International., Vol. 71, pp. 8-15, 2015.

4. Chen, Z. and Qu, Jianmin, “A fluctuation method to calculate the third order elastic constants in 
crystalline solids,” Journal of Applied Physics, Vol. 117, 204902, 2015

5. Torello*, D., Thiele*, S., Matlack*, K.H., Kim, Jin-Yeon, Qu, Jianmin, and Jacobs, L.J.,
“Diffraction, attenuation, and source corrections for nonlinear Rayleigh wave ultrasonic 
measurements,” Ultrasonics, Vol. 56, pp. 417-426, 2015.

6. Matlack*, K.H., Kim, Jin-Yeon, Jacobs, L.J., and Qu, Jianmin, “Review of second harmonic 
generation measurement techniques for material state determination in metals,” Journal of 
Nondestructive Evaluation, DOI 10.1007/s 10921-014-0273-5, 2015.

7. Thiele*, S., Kim, Jin-Yeon, Qu, Jianmin, and Jacobs, L.J, “Air-Coupled Detection of Nonlinear 
Rayleigh Surface Waves to Assess Material Nonlinearity,” Ultrasonics, Vol. 54, pp. 1470-1475,
2014.

8. Matlack*, K.H., Kim, Jin-Yeon, Wall, J.J, Qu, Jianmin, and Jacobs, L.J., “Nonlinear ultrasonic 
characterization of radiation damage using Charpy impact specimen,” JASTMSTP 1576, pp. 1-17, 
2014

9. Matlack*, K.H., Kim, Jin-Yeon, Wall, J.J, Qu, Jianmin, Jacobs, L.J, and Sokolov, M., “Sensitivity of 
ultrasonic nonlinearity to irradiated, annealed, and re-irradiated microstructure changes in RPV 
steels,” Journal of Nuclear Materials, Vol. 448 pp. 26-32, 2014.
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10. Scott*. A.. Roach', D., Kim. Jin-Ycon. Wall. J.J.. and Jacobs. L.J., “Development of nonlinear 
ultrasonic techniques to assess microstructural damage in 1% and 0.1% Fe-Cu Steel." NDT&E 
International, in preparation. 2015.

11. Torello*, D., Kim. Jin-Ycon. Qu. Jianmin. and Jacobs. L J., “Absolute measurements of the acoustic 
nonlinear parameter with non-contact, air-coupled detection." Ultrasonics, in preparation. 2015.

12. Lhrig*, '/., Kim. Jin-Ycon, and Jacobs. L.J., "3-D Simulation of nonlinear Rayleigh wave fields 
evaluation di(Traction and attenuation effects in non-contact measurements.” Journal of 
Nondestructive Evaluation, in preparation. 2015.
*Denotes co-author who is a current and/or former undergraduate or graduate research student 
funded by the project.

2. Nonlinear Ultrasound to Characterize Damage in Irradiated Specimens
Consider the results presented in publication by Matlack et al in JNM 11 j that examined 

the sensitivity of NLU to irradiated, annealed, and re-irradiated microstructure changes in RPV 
steels. Results for the measured nonlinearity parameter, /fas a function of increasing ilucnce and 
the influence of post-irradiation annealing and re-irradiation of JRQ material irradiated at 290°C

arc given in Figure I. 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 diflerent locations along the length of the 
Charpy half. The results in Figure I show little variation 
among locations and between diflerent sample halves 
when compared to the changes due to irradiation and 

annealing; these spatial and sample variations in the same 
Charpy sample are shown to be insignificant. The 
measured fi increased from the unirradiated state to the 
maximum neutron flucnce. with a maximum increase of 
18% at 5x10''' n/cnv (E > I McV). Results show a decrease 
in measured ft from the irradiated condition (I or IAR) to 

the annealed condition (IA or IARA) - a 23.2% decrease due to annealing in the 1.5 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 fi due to neutron fluence and then due to annealing is given in 
Table I. Note that the intermediate anneal in samples IAR.0.5 and IAR, 1.7 effectively recovered 
most of the irradiation-induced embrittlement during the first irradiation to half the target 
fluence. so a more representative value for the neutron fluence of these samples in terms of ft 
might be half the fluence listed in Table I.

Sample Coodoon

Fig 1: Experimental results of 
nonlinearity parameter dependence 
on increasing neutron fluence and 
annealing

Total Neutron fluence Aft from annealing Afl from irradiation

O.SxlO10 n/cnv — +7%
1.7x1 O'9 n/cnv -25.7% +9%

5xl0'° n/cm2 -23.2% + 18%
J
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Previous results for measured ft for JRQ and JFL material at T„ = 255°C as a function of 
increasing neutron flucnce arc shown together with the current results of measured ft for 
irradiated JRQ at Tir- 290°C in Figure 2. Results for JRQ at T„- 290°C in Figure 5 have been 
averaged over all measurements on different Charpy halves and different locations. Note that 
light water reactor pressure vessels typically operate at 290°C±30°. so the irradiation 
temperatures of the two data sets considered in this study approximate vessel operational 
conditions, f hese results arc presented in terms of a normalized ft to the unirradiated state in

each sample set. i.c.’^ •,K “ ' 2 1,1 ' '' A' ' . In this way, the dependence of/? on the input 
fundamental radial frequency, o>, is eliminated, such that different excitation frequencies used in 
the measurements (f= 2.25 MHz for T„= 255°C and/= 3.3 MHz for Tir = 290°C. where o» =
2*/) do not influence the relative comparison of the measured ft. Note that differences in

fundamental frequency were due to limitations in 
equipment during earlier experiments - higher 
frequencies arc more ideal for the shorter wave 
propagation distances encountered in these 
experiments, since the shorter wavelength allows 
more cycles and thus higher amplitude of A>, given 
the same sample thickness.

fhc trend of ft as a function of neutron flucnce 
for the irradiated JRQ at T„=290°C is similar to the 
trend shown in the previous work (2) and as seen in 
Figure 5 - an increase in ft up to a medium tluence 
of roughly 5x10" n?cm". However, the increase in ft 
is much more pronounced in the samples with Ti,= 
255°C, even in the low-copper alloy of JFL. At a

.»OIMC
•tme *

I

♦*

Figure 2'. Influence of increasing neutron
tluence IE > I Mel) on ft. for JRQ anJ 
JFL at T.-255X' and 290°C. Each 

dataset h normalized to the measured ft In 
the unirradiated state, ft* JRQ samples 

irradiated at 290%' to 0.5 xlO1* and 
/. 7xl0,f n 'ent* receded an intermediate 

anneal at 50% target flue nee.

neutron flucnce of 5xl0N n/cm\ it is shown that at
Ti,= 255°C./? increased by almost 100% in JRQ and 
65% in JFL. while at T„= 290°C. ft increased by 
only 18% in JRQ, all from the respective 
unirradiated conditions of each sample set. f hese 

results show that the acoustic nonlinearity parameter strongly depends on the irradiation 
temperature as well as the level of neutron lluence.

3. Theoretical Modeling to Track Radiation Damage
Consider a sinusoidal longitudinal wave propagating at frequency at through a weakly 

nonlinear elastic material. A second hannonic wave at frequency lot is generated through the 
interaction of the propagating wave with the nonlinear medium. The acoustic nonlinearity 
parameter, ft. that quantifies this second harmonic wave has been shown to have the following 
relation |3J:

8 I
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where A2 is the amplitude of the second harmonic wave generated, A\ is the amplitude of the 
propagated first harmonic wave, k is the wave number, and x is the wave propagation distance.
It has previously been shown both theoretically and experimentally how different microstructural 
features that are relevant to radiation damage in RPV materials give rise to changes in fi. The 
change in fi due to a density of dislocations, A, that are pinned between two points to create a 
dislocation segment length of L0, with some internal stress, o0, has been shown to be [3]:

oc AL40a0 (2)
This initial internal stress o0 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 
precipitates, N, with average radius rp. For this case, the change in fi has been shown to be [4-9]

Arp
Ap «

N1/3

(3)
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 o0. The full expression for the 
radial stress due to a spherical precipitate embedded in the microstructure can be found 
elsewhere [10, 11]. The relationship between segment length and number density of precipitates

T w 1 / N1/3

is assumed to be T ” 1N as in previous work [9].
However, there should be some critical number density of precipitates, Ncr, only above 

which this precipitate-pinned dislocation contribution to fi 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 dislocation density. Above this critical density, 
additional precipitates will only shorten the lengths of the already-pinned dislocation segments. 
Therefore, the evolution of fi is likely to follow some combination of the general dislocation 
pinning model (Equation (2)) and the precipitate-pinned dislocation model (Equation (3)), which 
can be expressed as:

Aft « (l - a)AL0ao + a A
N1/3 (4)

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 increase rapidly to 1 at Ncr. It is expected that a increases exponentially 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 precipitates to form a specific
configuration near a dislocation line, such that a = exp(- B^ N), where B is a positive number 
representing the precipitate configurational entropy and N is the current precipitate density.

The parameter a is also equivalent to the volume fraction of precipitate-pinned dislocation
segments, such that the term - a) represents the volume fraction of dislocations pinned by

3r
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other features (e.g. grain boundaries, other dislocations, impurities, point defects, vacancies, or 
voids). Note that both the model of generally pinned dislocations (Equation (2)) and the model 
of precipitate-pinned dislocations (Equation (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 Equation (4) would 
dominate the behavior of/? in the initial stages of radiation damage when precipitates are 
beginning to form. Then, as the number density of precipitates increases close to the .V«„ the 
second term in Equation (4) would dominate the trend of/?.

4. Integrate Sensing, Modeling and Uncertainly for Remaining Life Estimation
In low-alloy steels under typical RPV conditions, neutron irradiation causes radiation- 

enhanced diffusion, which results in microstructural features such as copper-rich precipitates, 
solute clusters, matrix defects in the form of solute-vacancy complexes, and potentially 
dislocations and interstitial loops (12-14). Considering the model described in Equation (4) for 
the change in ft due to pinned dislocations, and assuming the precipitate-pinned contribution is 
stronger due to the higher stress induced by the precipitate misfit. /? should generally increase by

e\p(- H \ I A below N& and decrease by Nm above V„. The plot in Figure 3 illustrates this
trend, and note that for simplicity we assume B - I such that the plot shows the function
A/? - e\p(- I, XyN Since the change in A/? over neutron flucncc for T„= 255°C changes 

sign at the medium flucncc of roughly 5xlOw n/env.

nornielzed m»*e<

can infer that N<, occurs roughly around this flucncc 
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 N„, 
which explains the increasing measured /? with 
increasing neutron fiucncc, and likely increasing 
number density of precipitates. This model 
qualitatively agrees with the experimental results, but 
suggests there are other microstructural features that 

contribute to the total A/?.
Previously, small angle neutron scattering 

(SANS) experiments were conducted on the same 
JRQ and JFL samples with T„ = 255°C reported on 
here and previously |2], to quantify1 these 
microstructural features. The authors reported an 
increase in volume fraction of precipitates with 

constant average radius of about Inm with increasing neutron fiuence (15). Specifically, the 
volume fraction increased from 0.005-0.09 vol. % for neutron fiuence of0.7-8.7.\IOwiVcm: in 
JFL, and 0.21-0.5 vol. % for neutron flucncc of 0.7-9.8x 101'1 iVcnV for JRQ. Considering the 
precipitate-pinned dislocation theory, this would imply that A/? should be lower in JRQ 
compared to JFL, since JRQ has a higher volume fraction of copper rich precipitates. How ever, 
experimental evidence in Figure 2 shows the opposite - A/? 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

Figure 3: Predicted trend of Jf 
(normalized by/I^J as a function of 
number density of precipitates, normalized 
by Vo, assuming trend is dominated by 
precipitate-pinned dislocations (i.e. 
second term in Equation (4)).

I
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different Ncr could all contribute to this discrepancy. This again suggests that there are other 
microstructural features that contribute to the total Afi, and more microstructural 
characterizations are needed to explain 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 increase, followed by saturation, followed by slow coarsening and a decrease in number 
density of precipitates was predicted by models and confirmed experimentally for 0.3% Cu RPV 
steels irradiated at low neutron flux and 290°C [13]. 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 number density of copper-rich precipitates [16]. 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 
fluence [13, 17, 18]. The following sections provide a discussion on other possible contributions 
of microstructural features to fi, in terms of reported microstructural evolutions over the relevant 
irradiation conditions in the current study.

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 [13, 19]. 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) [13]. In contrast, in higher Cu steels, 
these UMDs act as sinks to delay precipitation from radiation-enhanced diffusion [13], and thus 
delay or reduce hardening. This flux-dependent regime has been estimated to begin at fluxes 
above about 5x1011 n/(cm2-s) at Tir = 290°C [18]. So, it is likely that these flux-related effects 
occur and cause different effects in the trend of Afi 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 
mechanism in low-copper steels are other defects such as point defect clusters and manganese- 
nickel precipitates [13, 19]. It is plausible that these defects, as well as UMDs as suggested in 
[13], 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 fi, which would align with the experimental 
results.

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 [13, 17]. A lower irradiation temperature has also been 
shown to increase both the volume fraction and number density of precipitates, while decreasing 
the radius of the precipitates in the range of Tir = 270-310°C [16]. 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 5x1019 n/cm2. Therefore, it can be 
assumed that the critical number density of precipitates, Ncr, has not yet been reached in the JRQ 
Tir = 290°C samples and thus fi is expected to increase generally with increasing N, since N<Ncr 
in this case. This can potentially explain the differences in Afi in JRQ at roughly 5x1019 n/cm2

9
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for Tir= 290°C (Aft = +18%) and T,,= 255°C (Aft = +97%). Small angle neutron scattering 
(SANS) measurements could confirm this.

Post-irradiation Annealing
Post-irradiation annealing (PI A) has been shown to recover some of the irradiation-induced 

embrittlement in RPV steels 113, 20-22). Nanstad et al. |21) conducted Charpy impact testing on 
the JRQ samples investigated in the current work, and showed almost full recovery of the 
irradiation-induced ductile-brittle transition 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 [22). The remaining 
precipitates in the microstructure were significantly larger, and were only observed near grain 
boundaries. Follow-up characterizations are needed to fully quantity- the changes in number 
density and size of precipitates 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 VVF.R-440 
weld material interrogated with APT and positron annihilation spectroscopy (PAS) (23, 24), and 
with SANS measurements of high-copper RPV weld materials [24).

To isolate contributions to ft from annealing effects on the irradiated microstmcturc. an 
unirradiated JRQ sample was annealed with the same schedule as the post-irradiation annealing

(460°C/I8h). A slight increase in ft of 7% was 
measured in the unirradiated and annealed 
sample, compared to the purely uninadiated 
sample. These results arc shown in Figure 4. in 
comparison with the change in ft due to annealing 
in the irradiated samples, where a clear decrease 
of 23-26% was seen from irradiated to annealed 
state. Since no (or at least very few) precipitates 
arc expected to be present in the unirradiated 
sample, the results clearly show that the change in 
ft from PIA is due to changes specific to the

umrratiated IAR.1.7/IARA.1.7 1.5/IAS

14

12- I Annealed «<0C1 an

1

0 2

Figure V: Dependence of /I on annealing 
micraslructural for unirraidaled JRQ and 
irradiated JRQ fT» - 290% ).

irradiated microstructure.
The number density of precipitates in 1.5 

and IAR. 1.7 samples should be below N„. 
Therefore, as precipitates are removed from the 

microstructure. N should still be below Ar„. and as such ft should generally decrease as indicated 
by Equation (4) and Figure 6. Experimental evidence clearly shows this decrease in ft. It is also 
possible that the coarsened precipitates remaining in the annealed microstmcturc have become 
incoherent with the matrix. The stress surrounding incoherent precipitates is significantly less 
than coherent precipitates, such that the precipitate-pinned dislocation model no longer applies.

Re-irradiation Effects
It has been shown that microstructural evolution during re-irradiation following PIA 

follows a different path than a purely irradiated microstmcturc [22, 23). Nanstad ct al. [22) 
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
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the irradiated only condition, but with a smaller radius. If only considering the precipitate- 
pinned dislocation contribution to the nonlinearity parameter, the measured fi should scale by

iriAR/ri) when comparing a purely irradiated sample to an irradiated-annealed-re-irradiated 
sample to the same total fluence. Here, rIAR is the radius of precipitates 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 recover a significant portion of the change in ductile- brittle transition temperature due to 
irradiation [21, 22]. So it is possible that a more representative measure of neutron fluence in 
terms of microstructural features is only the amount of neutron fluence received during the re
irradiation. In other words, 0.25x10 n/cm (instead of 0.5x10 n/cm ) might be a more 
representative fluence for sample IAR,0.5, and 0.85x10 n/cm (instead of 1.7x10 n/cm ) 
might be a more representative fluence for sample 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 initial irradiation [23]. For example, 
Kuramoto and co-authors [23] investigated re-irradiation effects in VVER-440 type weld 
material, and concluded from APT and PAS studies that matrix defects are the primary 
hardening mechanism in the re-irradiated state. So, it is possible that matrix defects contribute to 
the measured fi in IAR samples measured in the current study. It has been shown that defects 
such as vacancies can act in the same way as precipitates in terms of pinning points to 
dislocations [25]. It is also possible that these matrix defects respond as a different mechanism 
for contributing to the nonlinearity parameter. Further studies are needed to fully realize the 
effects on fi from microstructural evolution during re-irradiation.

5. NLU to Quantify Remaining Life
Consider research that investigates second harmonic generation in Rayleigh surface waves 

propagating in 9%Cr ferritic martensitic steel. Previous experimental results show that nonlinear 
ultrasound is sensitive to certain microstructural changes in materials such as those due to 
thermal embrittlement and precipitation hardening. This research measures the ultrasonic 
nonlinearity parameter as an indicator of thermal damage in 9%Cr ferritic martensitic steel 
specimens. The specimens are isothermally aged for different holding periods to induce 
progressive changes in the microstructure and to obtain different levels of thermal damage. As 
thermal aging progresses, the existing dislocations are annihilated in the beginning and 
precipitates are formed; these microstructural evolutions lead to large changes in the measured 
nonlinearity parameter, fi. Nonlinear ultrasonic experiments are conducted for each specimen 
using a wedge transducer for generation and an air-coupled transducer for detection of Rayleigh 
surface waves. The amplitudes of the first and second order harmonics are measured as a 
function of propagation distance, and these amplitudes are used to obtain the relative nonlinearity 
parameter at different aging stages. A possible scenario for the microstructural evolution during 
thermal aging is proposed based on the results from the nonlinear ultrasonic measurements, 
scanning electron microscopy (SEM), and Rockwell HRC hardness. These results indicate a 
clear trend that the measured nonlinearity parameter is sensitive to variations in dislocation and 
precipitate density, and thus can be useful in tracking microstructural changes in this material 
during thermal aging.
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Figure 5(a) summarizes nonlinear ultrasonic measurements conducted in this research. The 
normalized nonlinearity parameter p is plotted with respect to the aging time in hours. The 
measured values of the nonlinearity parameter P arc normalized by the mean value of the 
untreated specimen. The error bars indicate the maximum variation of the results for each 
specimen. The maximum error was 10% for the last specimen, which still looks acceptable since 
the trend is clearly recognizable. Figure 5(a) shows an initially rapid decrease of p, followed by 
an increase after the aging time of 500 h. In the first 500 h. the nonlinearity1 parameter drops from 
100% to about 70%. This drop of 30% can be explained by the reduction of the dislocation 
density. The further increase until 3000 h is reasonable because the precipitated particles start to 
form and grow. At 3000 h, the nonlinearity parameter p reaches a value of 113%. Due to these 
significant measured changes of p, the conclusion can be drawn that the nonlinearity parameter is 
very sensitive to the microstructural evolution including dislocations and precipitations in this 
material.

Fig. 5: Nonlinearity parameter fi (a) normalized by the mean value of specimen / and Rockwell C hardness tbl over 
holding time.

This trend is supported by Park et al. [26] who also measure the nonlinearity parameter for 
a !0.5%Cr steel with a different composition of alloying elements. This study investigates a 
similar material for several aging temperatures and their results of the nonlinearity parameter 
show a trend similar to that shown in Figure 5(a). Rockwell Hardness Test and Metallurgical 
Analysis

A clear decrease of hardness with increasing holding time is observed in Figure 5(b) for 
the heal treated specimens. The modified 9%Cr steel indicates an initially drastic decrease up to 
a holding time of 500 h. The averaged value drops from 22.5 HRC to 19.8 HRC within 500 h. 
After that time, the hardness gradually reduces to a value of 18.5 HRC. A similar trend of rapid 
decrease, followed by a slight decrease in hardness is reported by Jones ct al. [27] who 
investigated the behavior for different temperatures and found out that with an increasing 
temperature, the initial slope becomes steeper. The trend reveals that the hardness is not the best 
indicator for thermal damage because there is no significant measurable change after 500 h. 
Scanning electron microscopy (SEM) is performed with a JOEL JSM-7600F microscope. 
Furthermore, element mapping and energy dispersive X-ray mieroanalyses (F.DX) are conducted 
to emphasize the distribution and concentration of the three most important alloying elements: 
chromium, molybdenum and iron. To obtain the metallographic results, the specimens are
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carefully ground with emery paper to a grade of 1200 and subsequently polished with a I pm 
diamond solution and cloth. The microstmcture is revealed using a Villela's reagent, which is a 
common metallographic etchant for heat treated steels and martensitic stainless steels. It contains 
100 ml ethanol. 5 m/ HCI and I g of picric acid. Initially, particles arc seen to be evenly 
distributed in the matrix and at the boundaries of grains. Both inter and intra granular precipitates 
of different morphologies are observed in the image, while most of them are aligned along the 
grain boundaries. While Figure 6<a) shows very fine intra lath precipitates prior to the heat 
treatment with particle radii rp« I pm. Figure 6(c) shows the effect of the aging treatment as a 
carbide growing mechanism. It is noticed that the precipitation is uniform and the density of 
precipitates is higher; furthermore, the micrographs show larger precipitates. As observed in 
Figures 6<b), iron (green) and molybdenum (blue) are homogeneously distributed, whereas a 
higher concentration of chromium (purple) shows up in some areas.

Fin. 6: Element mapping of specimen with holding lime of Oh (left) and 3000 h (right)

However, it still has some level of regularity in its distribution. As aging time progresses, the 
diffusion of chromium is evident concentrating in the bigger particles as depicted in Figure 6(d). 
fable 2 summarizes the results of the EDX at the panicles and matrix indicated in Figures 6(a) 

and 7(c). where the element concentrations in the matrix (circle) and a panicle (/’) are 
determined before and after 3000 h heat treatment.

Table 2. Element concentrations
Base material 3000 h

Element matrix [wt. %| panicle [wt. %] matrix [wt. %1 panicle [wt. %)
Fe 85.04 75.23 88.59 36.68
Cr 7.02 11.17 7.12 47.27
Mo 0.43 0.99 0.4 4.53
C 4.52 9.48 3.29 8.64

The chromium concentration after 3000 h holding time is four times higher than that in the 
untreated specimen. When the precipitated panicle in the base material is compared with that 
after aging, the chromium content increases from 11.17% to 47.27%, leading to a sharp decline 
of the iron concentration from 75.23% to 36.78%. From Table 3, it can be seen that the carbon 
(8.8%). chromium (11.17%) and molybdenum (0.99%) are richer in the precipitated panicles 
than in the matrix. The results lead to the assumption that the panicles may be a chromium
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carbide type. Furthermore, the particle size increases for each further aged specimen and after 
3000 h; some particles reach a size of about 0.8 pm in diameter. In general, the precipitation 
sequence depends mainly on the composition of the steel, but the diffusivitics of the alloy 
elements and the case of nuclealion arc also important parameters determining the favored 
carbide phases [27).

Figure 7 shows the qualitative trends of the dislocation density (dashed line) and the 
radius of precipitated particles (dotted line) that are extracted from other studies on similar steels 
([26. 28) and [29-31) respectively), as well as the experimentally measured acoustic nonlinearity 
and hardness. The entire behavior is divided into two phases: an initial phase which is 
dominated by decreasing contributions to ft\ followed by a second phase which is dominated by 
increasing contributions on ft. The initial phase clearly shows a simultaneous decrease in the 
hardness and nonlinearity parameter. The decrease in nonlinearity up to 500 h is mainly caused 
by the reduction of dislocation density A"'1 and the precipitate nuclealion process. The 
characteristics of the experimentally measured ft and hardness allows the conclusion to be drawn 
that the microstruclural changes associated with the decreasing dislocation density is the 
dominate mechanism. This phase where the value of/? decreases is followed by a phase where 
the growth of precipitated panicles dominates, causing an increase in the nonlinearity

parameter, ft. The nonlinearity at the 
aging time of 3000 h exceeds even the 
starting value by approximately 13%. 
In this increasing phase, the 
dislocation density changes very 
slowly, and simultaneously the earlier 
nucleated particles grow in size. The 
results obtained in these 
measurements imply that the behavior 
after 500 h is probably dominated by 
the contribution of the growing 
precipitates. However, this hypothesis 
needs to be further investigated since 
the quantitative effects of dislocations 
and precipitated particles on ft are yet 
to be determined. Thus, a more 

precise investigation into the 
microstruclural evolution is 
necessary through the 
determination of the dislocation

Fig. 7: Comparison of hardness and ultrasonic results with the 
qualitative trend of the dislocation density and radius of 
precipitated particles.__________________________________|

density A'1", the exact size of the 
particles rp and their volume fraction fp. Nonetheless, there is a significant change in ft over aging 
time in Figure 7. which allows an assessment of the stage of thermal aging. Note that the 
specimens show no signs of any other damage or cracks until 3000 h.

Overall, this portion of the research demonstrates that, compared with linear ultrasonic 
attenuation and velocity, the acoustic nonlinearity parameter ft is more sensitive to changes in the 
microstructure and ft is a useful parameter to predict the stage of thermal damage in 9%Cr ferritic 
martensitic steel. The nonlinear ultrasonic results indicate an initially rapid decrease, followed by
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an increase in the nonlinearity parameter fi. The initial phase of decreasing material nonlinearity 
is dominated by the decrease of dislocation density. In the second phase, the reduction of the 
dislocation density slows down and the precipitated particles form and grow, which leads to the 
measured increase in the acoustic nonlinearity parameter. The scanning electron microscopy and 
hardness measurements support the results obtained from the nonlinear ultrasonic measurements. 
The monotonic decrease in hardness serves as an indicator for the decrease of the dislocation 
density, since the curve of the hardness can be described by the dissolution of lath martensite that 
contains a high dislocation density. Furthermore, the scanning electron microscopy reveals the 
growth of the precipitated particles as the aging process progresses. The untreated specimen 
contains small, evenly distributed chromium containing precipitates. SEM images show that the 
further the aging process advances, the bigger the precipitates are. The nonlinearity parameter fi 
provides an understanding of, and information on, the microstructure and hardness. However, 
due to the nature of the complex phase transformations that occurs during aging, for an absolute 
assessment of the microstructure state with the nonlinearity parameter fi, one needs to develop a 
quantitative model that describes this evolution process and the corresponding changes in fi.
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