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SUMMARY 

This report summarizes an assessment conducted on the current state of 

structural health monitoring (SHM) technologies for supporting the deployment 

and monitoring of advanced reactor concepts. 
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1. INTRODUCTION 

To support missions extending beyond simple baseload electricity generation, advanced reactor types 

currently under consideration are expected to operate at higher temperatures than light-water reactors 

(LWRs). The combination of elevated temperature and different operating modes is expected to foster 

material aging mechanisms such as high-temperature creep and creep-fatigue. Methods of monitoring and 

detecting such mechanisms necessarily involve nondestructive evaluation (NDE) and/or structural health 

monitoring (SHM) techniques, with ultrasonic methods for NDE and SHM being of particular interest 

given their current widespread use in in-service inspections (ISIs). The present report summarizes a 

survey that was conducted on the recent literature in order to determine the current state of technology for 

high-temperature ultrasonics, for use as input to an assessment of sensor technology gaps in this 

application area. 

Over the last several years, advanced non-light-water-cooled reactor concepts have moved ever closer 

to reality, with multiple options now nearing the design certification and licensing stages. The reactor 

designs being considered feature many of the concepts investigated within the Gen IV forum, and include 

liquid-metal, molten-salt, and gas coolants, as well as advanced fuel concepts (metal, ceramic, or liquid) 

that differ from existing commercial fuel designs. 

One distinguishing factor of the advanced reactors currently under consideration is their operating 

temperature, which is considerably higher than that of LWRs. Coolant temperatures in excess of 300–

400℃ (and potentially approaching 1000℃) are normal for advanced reactors. These higher 

temperatures, when combined with the potential for fast neutron spectra, longer operating cycles, and 

highly corrosive coolants, could result in the need to monitor and detect structural material 

aging/degradation in various advanced reactor components. This report highlights the current state of 

technology for ultrasonic/acoustic sensors aimed at meeting this potential need for material 

aging/degradation monitoring. 

2. BACKGROUND 

Advanced non-light-water-cooled reactor concepts currently under development include liquid-metal-

cooled reactors (typically sodium- or lead-cooled, including variants such as lead-bismuth eutectic), 

gas-cooled reactors (typically helium or CO2), and molten-salt-cooled reactors. The molten-salt reactor 

concepts include both solid- and liquid-fueled concepts. 

Reactor designs using these non-light-water coolant forms cover a range of power outputs, with 

micro- (<10 MWe), small modular (<300 MWe), and large (>300 MWe) reactors being proposed for 

various applications. Summaries of typical advanced reactor concepts (microreactor or small modular 

reactors) are available in numerous reports and papers (e.g., [1,2]), and it is worth noting that many of 

these concepts were demonstrated at different points in the nuclear era by employing research, test, and 

operational reactors, both in the U.S. and abroad. 

Previous studies have documented the range of environmental conditions to which structures, 

systems, and components (SSCs) in these advanced reactors may be exposed [1]. These studies, which 

leveraged a range of publicly available information on designs, in addition to published information on 

previously operated reactors, indicate that the components and materials used in these reactor concepts 

are likely to see highly elevated temperatures (~350–900℃) during their operation. However, most 

advanced reactor concepts are lower pressure systems in comparison to the current LWR designs. 

Furthermore, many of the concepts expect to utilize non-traditional (non-baseload) operational concepts 

such as: 
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• Extended operating cycles (for power reactors) to increase the intervals between refueling outages. 

Cycle lengths of 10–30 years have been proposed for some concepts [3,4], in contrast to the current 

LWR fleet's typical operating cycle lengths of 18–24 months. On the other hand, certain microreactor 

concepts are expected to operate for very short durations, with extended shutdown intervals in 

between. This particular operating characteristic is tailored to emergency or backup power 

applications. 

• Flexible operation to support grid stability in the presence of renewable generation sources. 

Traditionally, reactors in the U.S. have provided stable baseload power, though many LWR concepts 

are also capable of load-following operations. Indeed, reactors have been operated in load-following 

modes overseas, with the obtained operating experience subsequently being documented in various 

reports [5]. Non-baseload operation of advanced reactors is only expected to increase as use of 

renewable generation sources (solar and wind, in particular) on the grid continues to rise. 

• Online refueling (as opposed to the current practice of refueling after the reactor undergoes cold 

shutdown). 

• Potential for occasional relocation to different sites (pertains to microreactors). 

Reactor designs and operational constraints ensure that the reactor and plant can be operated in a 

manner that does not allow for radioactivity release under normal and design-basis accident conditions. 

The designs focus on implementing strategies that do not rely on a single SSC to ensure safety; instead, 

multiple—and sometimes redundant—systems are utilized. While some safety-critical systems rely on 

active components (components that actuate or move), maintaining the integrity of passive components 

(e.g., piping and vessels) is also essential for maintaining safety via this defense-in-depth strategy. 

The structural integrity of passive components is typically ensured through a combination of ISIs and 

maintenance activities. As discussed in [1], ISIs are required under 10 CFR 50.55(a) of the U.S. Code of 

Federal Regulations, along with NDE of structural components via techniques approved by the American 

Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code (BPVC) and incorporated by 

reference in 10 CFR 50.55(a). In particular, Section XI of the BPVC includes inspection requirements and 

acceptance criteria for the LWR fleet [6]. However, BPVC requirements for advanced reactors remain a 

work in progress, with Section XI, Division 2 of the BPVC proposing a process for developing a 

reliability and integrity management (RIM) program for advanced reactors, similar the ISI programs for 

LWRs [1]. Such a program would need to identify degradation modes, reliability targets, etc., without 

specifying any particular strategies or targets for these quantities. As of mid-2022, the RIM program was 

being reviewed by the U.S. Nuclear Regulatory Commission, with draft guidance already having been 

made available [7]. 

Ultrasound, which uses high-frequency (at least 20 kHz, but typically in excess of 500 kHz for NDE 

applications) acoustic (in fluids) and elastic (in solids) waves, is sensitive to a number of material 

property changes, including changes in microstructure and the presence of cracking or other types of 

flaws such as porosity and inclusions. The measurement is also sensitive to temperature and material 

density changes. As a result, ultrasound has been used to characterize degradation, damage [8], and 

microstructures [9]; quantify and visualize structural changes [10]; and implement process control [11]. It 

is being actively investigated for post-irradiation examination of fuels [12] and is an excellent candidate 

for advanced reactor component SHM. However, acoustic/ultrasonic methods have seen limited 

applicability to the types of high-temperature environments typical of advanced reactors. 

2.1 Structural Health Monitoring 

When applied to advanced reactor designs, SHM can reduce the need for both intermittent inspections 

and onsite monitoring of reactor conditions. Specific nuclear energy program areas include advanced 

small modular reactors, LWR sustainability, advanced reactor technologies, and space/defense power 

systems. SHM crosscuts these to accomplish the following: 
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• Maintain safe, reliable, and efficient SSC operation, in accordance with the design intent [13] 

• Reduce costs 

• Improve the comprehensive life/aging management of SSCs 

• Extend the operational lifetimes of power systems via retirement for cause. 

One SHM concept is to permanently install sensors that provide feedback on material properties and 

SSC integrity, and to monitor degradation mechanisms (e.g., corrosion and cyclic stresses). Thus, 

innovation is needed to develop reliable sensors and instrumentation that can acquire measurements 

during reactor operation, robustly endure harsh environments for long durations (e.g., the operational life 

of the reactor system), and minimize system operation interference. Significant factors unique to each 

application include irradiation levels, temperature extremes and thermal cycles, and corrosion. 

2.1.1 Acoustic Wave Modes for SHM 

Three primary guided wave types are considered in SHM applications: surface waves (guided waves 

that are confined to within a few wavelengths of a free surface), plate waves (waves confined to thin 

structures such as plates and pipes), and bulk waves (only considered guided waves when confined to a 

waveguide). For the proposed testing configuration, any form of bulk wave can be represented as one of 

the plate modes. 

2.1.1.1 Bulk Waves 

Longitudinal Waves 

Longitudinal waves represent the most basic wave mode used for SHM/NDE, as they can be 

transmitted through solids, gases, and liquids. In a longitudinal wave, the transmitted energy is in parallel 

with the particulate motion. They can be thought of as compression waves. Longitudinal waves are 

generally used for thickness measurements or flaw detection, and can be considered guided waves if 

confined within a waveguide (i.e., a thin rod or shell). 

 

Figure 1. Graphical description of a longitudinal bulk wave (reproduced from [14]). 
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Shear waves 

The second type of bulk wave is the transverse or shear wave. In this case, the direction of energy 

transfer is perpendicular to the direction of particle motion. Shear waves can be transmitted through solids 

and very viscous liquids. As with longitudinal waves, they can be considered guided waves if confined 

within a waveguide; in the case of a rod-like waveguide, they may be considered torsional or flexural 

waves. 

 

Figure 2. Graphical description of a longitudinal shear wave (reproduced from [14]). 

2.1.1.2 Surface Waves 

Some surface waves are considered promising for flaw detection in systems such as flow pipes and 

other structural components, as they are nondispersive, can operate at high frequencies (making them very 

sensitive to small surface-crossing flaws), and can follow surface contours (allowing access to hard-to-

reach areas) [15]. 

Rayleigh Waves 

Rayleigh waves (Figure 3) are surface-confined waves in which the direction of motion is normal to 

the free surface and perpendicular to the direction of energy transfer. Rayleigh waves are used in many 

sensors, as they are sensitive to small changes in the state of a substrate. As Rayleigh waves are confined 

to a wavelength-dependent surface depth, operation within a thin plate requires a minimum frequency of 

operation for it to still be considered a surface wave and not a plate wave. The depth is related to 

wavelength in that the depth is approximately half the wavelength. For a 0.11-in.-thick plate, this equates 

to a frequency of operation of ~1.6 MHz (using the shear wave velocity of zirconium to closely 

approximate the true wave velocity in the proposed sample). Most Rayleigh wave applications are 

targeted at several hundred MHz, with a practical minimum limit of ~3 MHz (a limitation on 

interdigitated electrode spacing while still carrying sufficient electric field strength to generate and sense 

the waves) [15,16]. As Rayleigh waves are attenuative, they are typically only used over relatively short 

distances (several cm in the presence of a viscous fluid) [17]. Rayleigh waves are considered Scholte 

waves when the free surface is in contact with a viscous fluid. Scholte waves are a “leaky” form of wave 

that loses energy to the fluid (in fact, the bulk of the acoustic energy is carried in the fluid) [15,17]. These 

waves are not appropriate for the proposed application. 
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Figure 3. Graphical description of a Rayleigh surface wave, with the propagation direction being left to 

right (reproduced from [14]). 

Love Waves 

Love waves are surface waves in which the direction of motion is parallel to the free surface and 

perpendicular to the direction of energy propagation [15,16]. As with Rayleigh waves, love waves are 

attenuative and require a thin waveguiding layer to propagate. This is effectively a shear horizontal wave 

in the thin guiding layer, with acoustic coupling into the substrate layer. The waves are not sensitive to 

liquid layers in contact with the free surface, but energy does leak into the substrate. Love waves can be 

very sensitive to surface-breaking defects as well as to mass loading on the surface. 

 

Figure 4. Graphical description of a love surface wave, with the propagation direction being from bottom-

left to upper-right (reproduced from [18]). 

2.1.1.3 Plate Waves 

Whereas surface waves are confined to a small depth near a free surface, plate waves propagate over 

the entire thickness of a thin plate or thin-walled pipe [15,16]. These waves can be categorized into two 

basic types: Lamb waves and shear horizontal waves. Bulk wave analogues also exist for each of these 

types (longitudinal and shear. 

Lamb Waves 

Lamb wave modes can generally be thought of as being fundamentally similar to Rayleigh waves, 

though the wave energy is carried simultaneously on two sides of a plate (whereas the Rayleigh wave is 
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carried on one surface of a semi-infinite body). Lamb waves exist in two forms: symmetric and anti-

symmetric (described in Figure 5, with energy travelling from left to right). The anti-symmetric Lamb 

wave is a flexural wave, while the symmetric mode is compressive. As both modes are out-of-plane 

relative to the surface of the plate, both wave modes are considered leaky. 

 

Figure 5. Graphical description of a Lamb plate wave, with the propagation direction being left to right 

(reproduced from [19]). 

Shear Horizontal Waves 

In the second type of plate wave, the shear horizontal wave, the particle motion and direction of 

energy travel are perpendicular to each other, as well as mutually perpendicular to the surface of the plate 

(i.e., the wave motion is in-plane). Shear horizontal waves are technically leaky, as some energy is lost at 

the edges (due to fluid damping) and on the surface (due to viscous effects), but these losses are very 

small compared to other leaky wave types. 

 

Figure 6. Graphical description of a shear wave, with the propagation direction being left to right. 

(reproduced from [14]). 

2.1.2 Piezoelectric Technologies 

The most commonly used ultrasonic transducer type is the piezoelectric crystal [20], which serves as 

both the generator and receiver of the acoustic pulse. Piezoelectric transducers typically consist of either a 

single crystal or a ceramic compound chip wafer that will contract and expand, creating a corresponding 

acoustic wave when excited by an oscillating external electric field. Conversely, an electric field is 

generated when the crystal is exposed to external stress. This wave may be coupled to an external sample, 

or the piezoelectric crystal may be used as an intrinsic sensor. The wave modes that are generated and 

detected are dependent on how the crystal is cut and poled, the design of the electrodes, and the manner of 

coupling to a sample. Several piezoelectric materials have been used and tested in radiation environments 

[20], and a few have shown the necessary radiation tolerance required for the proposed application [21]. 
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Newer materials such as scandium-doped aluminum nitride (currently only used as a thin film) [22] show 

great promise but have yet to be tested in harsh enough conditions to instill confidence in their long-term 

performance. In general, piezoelectric materials are either inherently piezoelectric due to their crystal 

structure, or must be poled via exposure to a strong electric field. Naturally, piezoelectric materials are 

more radiation tolerant but tend to have lower electro-acoustic efficiency. 

Ultrasonic methods have seen limited application in environments typical of proposed advanced 

reactor designs. A major factor in this is the limited survivability of conventionally available ultrasonic 

sensors, such as the commonly used lead-zirconate-titanate (PZT) piezoelectric sensor material. PZT’s 

applicability is generally limited to environments featuring temperatures of less than 300℃, though the 

temperature limit may be increased with external cooling options. While other piezoelectric options do 

exist (e.g., bismuth titanate, aluminum nitride, and lead metaniobate), and have been the subject of 

various experiments [21,23-25], the sensitivity of the sensor material may be low at high temperatures. 

Since piezoelectric sensors are currently the predominant method of ultrasonic NDE, understanding 

the various mechanisms by which they can fail may provide insights into the selection of different sensor 

materials and the design of new sensors. Piezoelectric materials such as PZT, barium titanate, and sodium 

bismuth titanate are a type of ferroelectric, and the application of an electrical voltage results in the 

development of mechanical strain. Such materials are known to be susceptible to fatigue, due to electrical 

loading (degradation under service conditions) and time-dependent aging (degradation under external 

equilibrium conditions)—even in the absence of mechanical or electrical loading [26]. Aging and 

degradation are commonly attributed to the formation of vacancies (microstructural changes) in the 

material, and these impact the ability to switch ferroelectric domains under an applied electric field, 

though these are also attributed to other mechanisms [27-29]. Operation at elevated temperature can 

increase degradation due to fatigue and aging [29], while operation in the presence of neutron radiation 

can cause amorphization [26], loss of piezoelectricity as a result of the transmutation of constituent 

elements, or depoling due to localized thermal spikes caused by fast neutron interactions [21]. Factors 

such as loading frequency, pre-loading of the piezoelectric, microstructural defects, and material 

composition (including the presence of impurities) affect the rate at which degradation accumulates in 

these materials. Interestingly, there is evidence of some doped piezoelectrics' properties being recovered 

(de-aging) under electric field cycling [28]. In addition to the impact on piezoelectric sensitivity, aging 

and fatigue degradation also affect the ability to perform accelerated aging studies at elevated 

temperatures. However, online signal monitoring may provide insights into sensor survivability and drift, 

and enable calibration of the measured response for specific operating environments. 

2.1.2.1 State of Technology for Advanced Reactor Applications 

The properties that are the most relevant to measurements in radiation environments include 

maximum operating temperature, sensitivity, and resistance to radiation damage. Material selection 

involves trade-offs regarding these properties. For many piezoelectric materials, the Curie temperature, Tc 

(from which the maximum operating temperature can be inferred), and electromechanical coupling 

coefficient are known. Data on the radiation resistance of nearly all materials are incomplete, and 

materials are rarely tested under the same conditions, making comparisons hard or even impossible. 

Table 1 lists the piezoelectric materials considered for irradiation applications. 
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Table 1. Piezoelectric material summary. 

Material 

Transition 

Temperature  

(°C) Transition Type 

Problematic 

Atomic Species 

(ENDF) d33 

PZT 365 Curie temperature Pb 375 

Quartz 550 Curie temperature NA 2 

Lead meta-niobate 400 Curie temperature Pb 85 

AlN [20, 21, 30, 

31, 32, 33, 34] 2200 melt NA 0.2 

LiNbO3 [35, 36] 1050–1210 Curie temperature Li-6 0.46 

GaPO4 [32, 37] 970 α–β NA 0.16 

Bi3TiNbO9 [20, 

21, 33, 37, 38] 909 Curie temperature NA 18 

[ReCa4O (BO3)3] 

[37] 1500 melt Boron 0.06–0.31 

ZnO [20, 21, 32, 

33, 39] >1500 melt NA 0.4 

La2Ga5SiO14 [32, 

40] 1470 melt NA ?? 

 

Several of these materials have undergone gamma or neutron irradiation testing, demonstrating 

widely varying levels of radiation tolerance. PZT is the piezoelectric material most commonly used today, 

due to its extremely high electromechanical efficiency (characterized by the d33 term). However, it has 

both a low Curie temperature (at which point it loses its piezoelectric properties) and very poor radiation 

tolerance. PZT is a material that must be poled (i.e., subjected to a high external electric field) to become 

piezoelectric. Poling induces permanent deformation of the material’s crystal lattice, resulting in the 

creation of an electric dipole. Under irradiation, this poling can be lost through various mechanisms. First, 

the Curie temperature may be exceeded, either through the environmental temperature exceeding Tc, or 

through radiation-induced heating, even including individual thermal spikes caused by neutron impacts. 

Poling can also be lost through crystal amorphization due to fast neutron damage. In general, piezoelectric 

materials that must be poled have poor irradiation tolerance. Other materials such as aluminum nitride are 

naturally piezoelectric thanks to their crystal structure. These materials tend to have much lower d33 

values but much higher radiation tolerance. Aluminum nitride, bismuth titanate niobate, and zinc oxide 

were tested in the Massachusetts Institute of Technology Research Reactor [21,33] to a fast neutron 

fluence of 8.8 × 1020 n/cm2. Of these, only aluminum nitride exhibited sufficient performance to be 

considered for long-term in-core applications. Lithium niobate is thought to be radiation tolerant due to its 

crystal structure, and its ultrasonic properties are superior to those of aluminum nitride, but it has not been 

tested to high fluence levels, and the presence of Li-6 is likely to slow the loss of piezoelectricity under 

thermal neutron flux, due to transmutation of the lithium to helium. Only aluminum nitride has proven 

radiation tolerant enough to be considered, but it has very poor piezoelectric properties and is not an ideal 

candidate for any extrinsic application. 

2.1.3 Magnetostrictive Technologies 

Magnetostriction is a material property via which a change in dimensions or strain occurs when the 

material is subjected to an applied magnetic field. The inverse, or Villari, effect is a change in magnetic 

susceptibility when the material is subjected to stress [41]. A time-varying magnetic field applied to a 

magnetostrictive material can thus generate an acoustic wave, and acoustic waves can be detected by the 
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inverse process. Significant issues are the maximum working temperature of key materials and the 

effective and stable ultrasonic coupling between the magnetostrictive material and the material/part of 

interest. An important material parameter is the Curie temperature, which is a temperature maximum 

above which ferromagnetic behavior ceases for the material. The maximum service temperature is 

obviously lower than the Curie temperature, but is a subjective value and is often not listed. 

Selected magnetostriction applications include sensors for ultrasonic inspection, material degradation, 

temperature, and part position. A driving factor is that some magnetostrictive materials can withstand 

harsh environments involving high irradiation levels, high temperatures, corrosion, etc. 

As with piezoelectrics, the important properties of magnetostrictive materials are maximum operating 

temperature (also related to a Curie temperature), sensitivity (typically related to the saturation 

magnetostriction), and resistance to radiation damage. Magnetostrictive materials are generally either 

pure metals or alloys, with the alloys having much higher magnetostriction—often at the cost of a lower 

Tc. Table 2 lists the magnetostrictive materials considered for in-core use. 

Table 2. Magnetostrictive material summary. 

Magnetostrictive 

Material Trade Name 

Curie Temp. 

(°C) 

Problematic 

Species 

Saturation 

Magnetostriction 

(µm/m) 

Ni [41] Nickel 354 NA ~50 

Fe [41] Iron 770 NA ~20 

Co [41] Cobalt 1120 Co ~60 

95Fe-5Cr, 92Fe-

8Mn [20, 21, 33] 

Arnokrome 770 NA ~40 

50Fe-50Co [41, 

42, 43] 

FeCo or ferrous 

cobalt 

938 Co ~100 

49Fe-49Co-2V 

[20, 21, 33] 

Remendur 950 Co ~100 

30Fe-70Co [44] — >730 Co ~70 

87Fe-13Ga [20, 

21, 33] 

Galfenol 700 NA ~300 

82Fe-13.5Ga-

4.5Al [44] 

— >730 Na ~400 

99.4(83Fe-17Ga)-

0.6B [44] 

— >730 Boron ~100 

0.3Tb-1.92Fe-

0.7Dy [41] 

Terfenol-D 380 NA ~2,000 

81Fe-3.5Si-13.5B-

2C [41] 

Metglas 2605SC 370 Boron ~50 

 

Galfenol and Terfenol-D are so-called “giant” magnetostrictive materials, with magnetostriction in 

the hundreds of microstrains. This makes them very appealing for sensing and actuation applications. The 

very low Curie temperature of Terfenol-D, coupled with its extreme brittleness and difficulty to fabricate, 

make it less promising for in-core applications. Most other available alloys with high magnetostriction 

contain cobalt, which may be a concern due to the fact that activation of the element turns it into a strong 

gamma emitter. Very few magnetostrictive materials have been tested in an in-core environment, but 

several (Remendur, Galfenol, and two Arnokrome alloys) were included in the aforementioned 
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Massachusetts Institute of Technology Research Reactor irradiation test [20,21,33]. The Galfenol and 

Remendur samples were interrogated in real-time, while the Arnokrome samples were “drop ins” that 

were examined during post-irradiation testing. All the tested magnetostrictive samples retained full 

magnetostriction after the test, though the real-time-interrogated samples did show degradation during the 

test (thought to be primarily due to thermal and mechanical effects). It has been theorized that the high 

radiation resistance of magnetostrictive materials is driven by the fact that the induced strain is caused by 

the alignment of magnetic domains within the material. These domains may become pinned at grain 

boundaries, broken up, and made smaller, but still retain the ability to align in the presence of an external 

magnetic field. 

Just as most piezoelectrics must be poled to enhance their properties, magnetostrictives must typically 

be biased by an external magnetic field. Thus, either a permanent magnet or a DC magnetic field coil 

must be included in the magnetostrictive sensor. The properties of high-temperature magnets are 

summarized in Table 3. 

Table 3. Magnet material summary. 

Magnet 

Material 

Curie 

Temp. 

(℃) 

Problematic 

Species Comments 

Ferrite 770 NA Various types based on dopants, relatively low magnetic 

strength, better used for magnetic circuit parts 

Alnico 860 Co Several types based on Al, Ni, Co alloy amounts and 

dopants; low magnetic strength; high Tc 

Nd-Fe-B 370 B, Nd Very low Tc, very high magnetic strength 

Sm-Co 850 Co Several types based on Sm, Co amounts; high magnetic 

strength; high Tc 

 

2.1.3.1 Magnetostrivctive Temperature Limits and the Presence of Cobalt 

A typical magnetostrictive inspection transducer consists of a magnetostrictive material, magnetizing 

coil, method of creating a magnetic bias, material to complete the magnetic circuit, and means of coupling 

ultrasonic waves between the magnetostrictive material and the material or part of interest. Higher 

temperature applications typically substitute materials with higher temperature specifications. As 

temperatures continue to increase, material and transducer designs eventually require alternative 

approaches to achieve operation. 

Many magnetostrictive materials and permanent magnets contain Co, especially those with a high 

Curie temperature (Table 2 and Table 3). Thus, a key issue is whether such materials should be excluded 

due to concerns about the production of Co-60 during irradiation. 

Three magnetostrictive materials that do not contain Co and have a relatively high Curie temperature 

are 82Fe-13.5Ga-4.5Al, 99.4(83Fe-17Ga)-0.6B, and Fe with Curie temperatures of >730, >730, and 

770°C, respectively. In contrast, the Curie temperature of Co is 1120°C. 

Neodymium magnets and ferrite are permanent magnets that do not contain Co, and feature maximum 

Curie temperatures of 370 and 771°C, respectively. In contrast, samarium-cobalt and alnico (an alloy 

primarily of Al, Ni, and Co) permanent magnets have maximum Curie temperatures of 850 and 860°C, 

respectively. Grain-oriented Si Fe (roughly 97Fe-3Si) may be used as an electromagnet core, and it has a 

Curie temperature of 740°C; thus, from a temperature perspective, there seems little advantage in using an 

electromagnet if ferrite is successfully being used as a permanent magnet. 

Therefore, if materials with Co are excluded from the magnetostrictive sensor, the Curie temperature 

limit is 770°C. Use of an electromagnet to replace the permanent magnet could be useful if the ferrite 
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magnets are too weak, but this would decrease the Curie temperature limit to 740°C. If materials with Co 

are permitted, the combination of Co based magnetostrictives and alnico permanent magnets would afford 

a Curie temperature limit of 860°C. If a permanent magnetic bias could be preset and sustained in the Co 

material, the permanent magnet would no longer be needed, and the Curie temperature limit would be 

1120°C. A case in which such a magnetic bias was preset and sustained in two magnetostrictive materials 

during an irradiation test is discussed later in this report. 

Assuming high-irradiation environments and the exclusion of Co from use, development of 

magnetostrictive materials, permanent magnets, and electromagnet core materials with Curie temperatures 

ranging from 770°C to well over 1000°C is needed. If successful, SHM sensors based on magnetostrictive 

technologies could potentially provide SHM of the broad set of advanced reactor types. 

2.1.4 Electromagnetic Acoustic Transducers 

Electromagnetic acoustic transducers (EMATs) work in a similar manner as magnetostrictives, except 

that they do not require a special material to couple with the field coil. Instead, EMATs use an oscillating 

magnetic field to create eddy currents in conductive materials. This leads to the generation of Lorentz 

forces, which in turn generate acoustic waves. Waves are detected via the inverse process. As with 

magnetostrictives, the wave modes generated through EMATs can, to an extent, be controlled by tailoring 

the operational frequency and the polarity of the coil and required biasing magnet. Signals generated by 

EMATs are much weaker than those generated using piezoelectric or magnetostrictive methods, and thus 

require significant amplification, resulting in high levels of signal noise. EMATs are capable of high-

temperature operation (limited by the Curie temperatures of the biasing magnet, coil materials, and 

natural acoustic attenuation of the interrogated sample), and have been demonstrated to ~900°C for short 

durations [45]. As EMATs are comprised of a magnet (or DC coil) and an AC coil, radiation tolerance is 

not an issue. 

2.1.5 Lasers/Others 

Outside the nuclear industry, laser-based methods are gaining popularity either as a standalone 

solution or as part of a hybrid setup (i.e., using a laser to generate signals, and a piezoelectric transducer 

for reception) [46-48]. Laser-based systems use a high-energy laser to create a short thermal pulse at the 

sample surface. This generates a broadband signal comprised of any wave modes that the sample can 

support. The acoustic signals can then be detected by using either another light-based method (laser 

vibrometer, Fabry-Perot interferometer, etc.) or by using a traditional transducer. The reverse setup can 

also be used (traditional transducer to apply energy, and an optical method for detection). The applied 

wave modes can, to an extent, be controlled using a shaped receptor (i.e., a wedge) attached to the sample 

as a target. The multimodal acoustic waves are generated in the wedge and primarily converted into 

another form (e.g., Lamb waves) within the sample. The lasers can be fiber-coupled to enable remote 

delivery and detection. 

Laser ultrasound applications require either a line of sight to the target or fiber delivery. Line of sight 

is generally not possible, as most reactor components of interest will be heavily insulated. Optical fibers 

are among the most researched sensor technologies for in-core applications, since their advantages are 

numerous (high fidelity, distributed measurements, immunity to electromagnetic noise, etc.). The two 

most studied types of fiber are silica based and sapphire based. It has been known for decades that silica 

fibers will darken (i.e., lose transmissibility) under gamma and neutron irradiation. This darkening is 

strongly dependent on the light wavelength and the chemical makeup of the fiber. In the communication 

industry, germanium-doped fibers are the norm, as they have extremely low losses and can carry signals 

across vast distances. However, germanium-doped fibers are also the most susceptible to darkening. 

Recent studies indicate that a pure silica fiber with a fluorine-doped cladding will darken to an extent, but 

that the darkening will saturate [49]. A second radiation effect on silica fibers is compaction. The fiber 

shrinks over time, changing both its geometry and calibration (for intrinsic sensors). The compaction 
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effect has not been shown to saturate, and will seemingly continue for the duration of an irradiation, 

possibly leading to catastrophic failure of the fiber, which becomes brittle as it compacts. 

2.1.6 Commercial Availability 

Table 4 summarizes the studies conducted on four different types of acoustic sensors: piezoelectric 

sensors, EMATs, magnetostrictive sensors, and laser ultrasonics. The references in these four types each 

correspond to a temperature range and technology readiness level (TRL). The TRL of each reference is 

not strictly evaluated. But in general, if a transducer or system is only studied in a laboratory 

environment, we define it as TRL 1–3. If the transducer or system has been validated in an industrial 

application, it is defined as TRL 4–6, whereas a TRL of >6 reflects successful commercialization of the 

transducer or system. The temperatures are grouped into four ranges: 50–250, 250–500, 500–1000, and 

>1000°C. 

For the piezoelectric sensors, the temperatures in these studies range from 200 to 1600°C. At a very 

high temperature (>1000°C), Prasad et al. [50] employed an Al2O3 buffer rod surrounded by a circulating 

cooling system, and Wei et al. [51] used a similar design. Periyannan et al. [52] developed a bent rod as 

the waveguide for high-temperature measurements. Most of these studies here have a TRL of 1–3, which 

were only performed in a lab environment. The study by Cheong et al. [53] has a TRL of 4–6, since their 

ultrasonic thickness monitoring system was tested in a flow-accelerated corrosion-proof test facility. A 

high-temperature ultrasonic transducer injected an ultrasonic wave into the pipe via a short buffer rod and 

a gold plate for pipe wall thickness monitoring. 

For EMATs, the maximum temperature in these studies was around 900°C. Burrows et al. [45] 

developed a water-cooled EMAT shear wave sensor for measuring the thickness of stainless and low 

carbon steels. The EMAT in the system was used as the receiver, while a Nd:YAG laser served as the 

transmitter for injecting the ultrasonic wave. In the table, two EMAT studies for TRL of 4–6 were listed. 

Kogia et al. [54] manufactured a prototype of an oil-cooled EMAT sensor for temperature measurements 

at up to 500°C, and Baillie et al. [55] implemented a laser-EMAT system for defect detection on an 

800°C pilot-scale rolling mill in a steel plant. 

In recent studies, the magnetostrictive sensor had a maximum operating temperature of 530°C in table 

4. (The high-temperature magnetostrictive sensor is still in the early stages of being studied, and thus the 

results are not listed here.) Several magnetostrictive sensor studies with TRL of 4–6 were also listed. 

Vinogradov et al. [43] developed a magnetostrictive transducer system for pipe SHM, using a guided 

wave at 200°C. Under neutron irradiation in a nuclear reactor, Reinhardt et al. [56] tested two 

magnetostrictive sensors, one fabricated from Remendur and one from Galfenol, at a temperature of 

420°C. 

In recent years, laser ultrasonics has been widely used for high-temperature sensing, as it does not 

require direct contact with hot surfaces for ultrasonic wave transmission/reception. Several studies of 

using laser ultrasonics are listed in table 4 for high-temperature measurements from 200°C to 1400°C. 

Matsumoto et al. [47] used a laser interferometer to measure the elastic properties of ceramic at 1400°C. 

Quintero et al. [46] utilized laser ultrasonics to inspect the SiC/SiC composite with C-scan to locate 

impact defects and cracks at room temperature to 1250°C. Yu et al. [48] combined laser ultrasonic 

excitation and fiber-optic Bragg gratings for defect detection on a ceramic plate at 1000°C. 

Commercial acoustic/ultrasonic transducers for high-temperature applications also exist. Such 

transducers and systems are summarized below. 

1. Commercial high-temperature piezoelectric sensors: 

• Piezo Technologies (up to 260°C) 

• Olympus (up to 500°C) 

• HotSense (up to 550°C) 
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• GE (transducer, delay line, wedge, couplant, ~200°C) 

• Phoenix ISL (120°C) 

• Physical Acoustic (acoustic emission sensor, 540°C). 

2. Commercial high-temperature EMATs: 

• Olympus (up to 60°C), 

• Innerspec (200°C for an unlimited time, 600°C for 5 seconds) 

• Sonemat (up to 550°C) 

• Simpleoilfield (up to 700°C). 

3. Laser ultrasonics: 

• Quantel and Brilliant Ultra: Nd:YAG pulse laser 

• Polytec: fiber-guided laser OFV-551 

• Nd:YAG laser from TEEM Photonics. 
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Table 4. Elevated/high-temperature acoustic sensor technologies covered in the literature. 

 

 Piezoelectric Sensor EMAT 

Magnetostrictive 

Sensor Laser Ultrasonics 

TRL 1–3 4–6 >6 1–3 4–6 >6 1–3 4-6 >6 1–3 4–6 >6 

T
em

p
er

at
u
re

 r
an

g
e 

50–250°C [57], 216°C 

[58], 200°C 

[59], 55°C 

[60], 220°C 

[61], 200°C 

[53], 

200°C 

 

[66], 250°C 

  

[73], 

200°C; 

[74], 

200°C 

[76], 

200°C; 

[77], 

200°C 

 

 

[78], 200°C 

[85], 

110°C 

 

250–500°C [31], 450°C 

  

[67], 250°C 

[68], 450°C  

[69], 500°C 

[67], 500°C 

 

[44], 

500°C 

[56], 

420°C 

 

[79], 300°C 

[80], 350°C 

  

500–1000°C [62], 730°C 

[63], 600°C 

[64], 700–800°C 

  

[70], 600C°  

[45], 900°C 

[71], 700°C  

[72], 600°C 

[55], 700°C 

 

[75], 

530°C 

  

[81], 1000°C 

[82], 800°C 

[83], 950°C 

[84], 750°C 

  

>1000°C [65], 1400°C  

[50], 1400°C 

[51], 1600°C 

[52], 1200°C 

        

[47], >1400°C 

[46], 1250°C 

[48], 1000°C 
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2.2 Advanced Reactor Technologies 

Conversations with advanced reactor developers (ARDs) have revealed that, though most of the 

conceptual designs are well developed, the planning for instrumentation and monitoring technologies is 

much less advanced. To the degree possible, standard nuclear instrumentation will be used (e.g., 

thermocouples and ex-vessel radiation monitors). Newer technologies will be needed for conditions in 

which standard instruments cannot operate and there is strong interest in online monitoring of both 

process parameters and reactor conditions (SHM), but those technology gaps have yet to be addressed by 

any of the contacted ARDs. Furthermore, a driving force behind industry adoption of new technologies 

and monitoring strategies is regulator requirements. According to conversations with ARDs, they have 

had little engagement with industry regulators on the topics of instrumentation and health monitoring 

needs. Given the state of planning and regulatory engagement that has been reached at this point, only a 

general assessment can be made as to industry needs regarding SHM. In general, the primary ARDs’ 

technologies and corresponding expected temperatures are listed in Table 5. 

Table 5. Characteristics of selected advanced fission reactors. 

Reactor Type Neutron Spectrum Coolant 

Outlet Temperature 

(°C) 

Light-Water Small Modular Reactor Thermal Water 300–330 

Lead Fast Reactor Fast Liquid Lead 480–570 

Sodium-Cooled Fast Reactor Fast Liquid Sodium 500–550 

Supercritical-Water-Cooled Reactor Thermal/Fast Water 510–625 

Molten-Salt Reactor Thermal/Fast Molten Salts 700–800 

Gas Fast Reactor Fast Helium 850 

High-Temperature Gas Reactor / 

Very-High-Temperature Reactor 

Thermal Helium 700–1000 

 

3. TECHNOLOGY GAPS 

Given the lack of information on specific ARD needs, the following sections describe generalized 

technology gaps and the research needed to address them. 

3.1 SHM Technology Gaps and Research Needs 

3.1.1 Material Needs 

These studies indicate a potential set of technical gaps associated with high-temperature ultrasonic 

sensors, including the potential need for high-temperature piezoelectrics that afford greater sensitivity 

than the materials tested to date, the need to develop techniques for accelerated laboratory testing of 

sensor materials in order to quantify degradation rates under typical advanced reactor conditions, and the 

need to develop techniques for calibration and compensating for degradation. Of particular interest is the 

need to test and evaluate potential commercially available sensors and sensor materials in order to 

determine their applicability to SHM and NDE for advanced reactors. In general, currently available 

sensors and systems must be tested for use in advanced reactor conditions, and new materials must be 

identified/developed for conditions under which no commercial sensor is viable. 
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3.1.2 Algorithm/Signal Processing Development 

Since one aim of advanced reactor SHM applications is to enable remote/automated control, new 

SHM system control and data automation processing methods must be developed. Currently, SHM is 

conducted manually via an as-needed or as-scheduled process in which degradation/damage is determined 

by an inspector/technician. This process may be streamlined and automated by using permanently 

installed SHM sensors and advanced characterization algorithms, likely incorporating digital twins. 

3.1.3 Ultrasonic Coupling between Sensors and Materials/Parts 

Multiple ultrasonic coupling cases exist that depend on the characteristics of the localized area of the 

part on which the sensor is placed. Three cases of ultrasonic coupling were examined, with examples 

provided for each. These three cases are as follows: 

• The part is directly interrogated, and coupling is not an issue—as may be the case with EMAT or 

laser ultrasound. 

• An active material is intimately joined to a localized region of a part, and coupling is not an issue for 

a robust joining process—as may be the case with a magnetostrictive material brazed/welded/cold-

sprayed onto a part. 

• An active material is external to the part and requires coupling between the sensor and the part of 

interest—as may be the case with piezoelectric transducers. 

EMATs can couple electromagnetically with any conductive material, so coupling is not generally an 

issue. Laser ultrasound requires line of sight and may not be appropriate for application to thermally 

insulated parts. If line of sight can be achieved, potential issues such as ablation of the interrogated 

material must be studied. For magnetostrictive materials, joining to a metallic component may be as 

simple as welding or brazing a magnetostrictive patch to the part to be interrogated. These methods of 

coupling may cause changes to the substrate, which must be studied. In the case of piezoeletrics, coupling 

to metallic parts is more complex, as acoustic impedances should be matched for optimal energy 

transmission. Permanent adhesion of a piezoelectric transducer is being studied by the Electric Power 

Research Institute through a Nuclear-Science-User-Facilities-funded irradiation experiment that aims to 

study several different ceramic cements in terms of both longevity and sound transmission. The results of 

this experiment have not been published as of this writing, but given the small sample size of this test, 

additional testing is warranted. 

3.2 Regulatory Requirements 

A RIM program is currently being developed by the ASME BPVC Section IX, Division 2 to 

generally address the aging of nuclear facilities. Advanced reactors are one of the nuclear facility subsets 

that the RIM program is intended to cover. Currently operating LWRs fall under the scope of Section XI, 

Division 1 of the ASME BPVC. The reason for developing the RIM program is to obtain a code that is 

technology neutral and can be applied to a variety of nuclear facility types. Its development was initiated 

by South Africa’s interest in pebble-bed modular reactors in the early 2000s, and can be viewed as an 

attempt to incorporate lessons learned through the implementation of Section XI, Division 1—particularly 

with respect to the adoption of probabilistic risk assessment to prioritize those SSCs that should be 

included within the scope of an aging management program. A core philosophy behind RIM is that users 

must quantitatively define the reliability targets for SSCs within scope, and that users will have flexibility 

in selecting strategies to meet those reliability targets. These RIM strategies may be based on design, 

operation, and/or inspection and monitoring. The limited opportunities to apply RIM to date have caused 

its state of development to remain at a high-level, with significant additional detail desired in order to 

provide useful guidance to technology vendors. 
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3.3 Workshop 

Based on conversations with ARDs, a primary focus of near-term efforts should be the fostering of 

engagement between ARDs and regulatory bodies such as the Nuclear Regulatory Commission and the 

Nuclear Energy Institute. A 1- or 2-day workshop was proposed for enabling ARDs, regulators, and SHM 

researchers to discuss needs, available technologies, and necessary technological advancements. 

4. CONCLUSIONS 

The objectives of advanced fission reactor SHM include the following: 

• Maintain safe, reliable, and efficient SSC operation, in accordance with the design intent 

• Reduce costs 

• Improve the comprehensive life/aging management for SSCs 

• Extend the operational lifetimes of power systems via retirement for cause. 

The advanced reactor types currently under consideration are expected to operate at higher 

temperatures than LWRs, and support missions extending beyond simple baseload electricity generation. 

The combination of elevated temperature and different operating modes is expected to foster material 

aging mechanisms such as high-temperature creep and creep-fatigue. Methods of monitoring and 

detecting such mechanisms necessarily involve NDE and/or SHM techniques, with ultrasonic methods 

being an ideal candidate given their widespread use for NDE. This document summarized the state of 

technology for high-temperature ultrasonics, as part of an assessment of technology gaps and needed 

research. To date, the great majority of sensor development activities address elevated temperatures and 

radiation tolerance, and more work is needed in both areas. Few data exist regarding the corrosion effects 

of advanced coolants on sensor materials and couplants. Of high importance is the need for ARDs and 

regulatory bodies to engage and define what level of SHM is needed to enable autonomous or semi-

autonomous reactor control. 
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