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Abstract

:

Acoustic Emission (AE) and Guided Ultrasonic Waves (GUWs) are non-destructive testing (NDT) methods in several industrial sectors for, e.g., proof testing and periodic inspection of pressure vessels, storage tanks, pipes or pipelines and leak or corrosion detection. In materials research, AE and GUW are useful for characterizing damage accumulation and microscopic damage mechanisms. AE and GUW also show potential for long-term Structural Health and Condition Monitoring (SHM and CM). With increasing computational power, even online monitoring of industrial manufacturing processes has become feasible. Combined with Artificial Intelligence (AI) for analysis this may soon allow for efficient, automated online process control. AI also plays a role in predictive maintenance and cost optimization. Long-term SHM, CM and process control require sensor integration together with data acquisition equipment and possibly data analysis. This raises the question of the long-term durability of all components of the measurement system. So far, only scant quantitative data are available. This paper presents and discusses selected aspects of the long-term durability of sensor behavior, sensor coupling and measurement hardware and software. The aim is to identify research and development needs for reliable, cost-effective, long-term SHM and CM with AE and GUW under combined mechanical and environmental service loads.
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1. Introduction


The physical phenomena of Acoustic Emission (AE) and Ultrasonics (UT), the latter providing the basis for the Non-Destructive Test (NDT) method of Guided Ultrasonic Waves (GUW), have been observed and investigated since the early 1930s (see [1,2,3]). However, it took until the late 1960s for the implementation of AE and GUW as technically applicable NDT methods. These developments and selected industrial applications are described in, e.g., the NDT Handbooks on AE [4] and on UT [5] published by the American Society for Nondestructive Testing. AE and GUW [6] are complementary methods in the following sense: AE is passively monitoring and recording elastic waves (generated by material or test object specific mechanisms) that then propagate to the surface of the test objects, whereas GUWs, the same as UT, are elastic waves actively excited at a given location and time (often by a suitable UT-transducer) and then recorded after propagation in the test object by another UT transducer. Most commercial AE equipment can perform both AE and GUW. AE systems currently have a function for sending a “short” voltage pulse (duration of μs or less) to the AE sensors in some systems adaptable or provided by a suitably amplified function generator signal. The transducers convert the pulse into a transient displacement of the piezoelectric sensing element, thus exciting a propagating elastic wave in the test object to which the exciting transducer is coupled.



Initially, AE analysis included the simple counting of recorded single, transient AE signals called “hits” as a function of time or applied loads or stresses ([4] p. 34). In the 1960s, the extraction of a set of AE signal parameters from the analogue voltage signals generated by the AE sensors became a “standard” analysis approach [7]. In the last three decades, digital technology has played an important role in the further development of AE and GUW data recording and analysis. A first step, in the early 1990s, was the design of digital electronic equipment for data acquisition. This provided a suitable means for recording transient AE signals with sampling rates in the megahertz range (now up to 40 MHz) and increasingly higher resolution of signal magnitude (from initially 12 bit up to 18 bit). High-resolution records of transient AE waves also rendered identification of the different wave modes in so-called “modal AE” feasible [8]. Recently, modal AE data were complemented by Finite Element Models (FEM) and Fast Fourier Transform (FFT) for mode identification [9]. Digital technology development also continues to provide increasing computational power. As a next step, in the last decade, this enabled use of sophisticated approaches for the discrimination and identification of the physical source mechanisms of the AE signals. One successful approach combined unsupervised or supervised pattern recognition for signal classification with multi-physics simulation of model signal sources with signal initiation and signal propagation in the test object, also including the effects from the transfer function of the measurement chain [10,11]. Another approach combined imaging with complementary NDT, such as in situ X-ray micro-tomography, with the AE signal classification from pattern recognition for identification of the source mechanisms. This combination yielded quantitative correlations between defect or damage size and the AE signal magnitude [12]. In situ X-ray radiography of fracture tests with contrast agent also yielded estimates of delamination increments per average AE signal amplitude [13].



Currently under way, the next step in digitalization of NDT with AE and GUW relates to what has been labelled “Industry 4.0” [14], still driven by increasing computational power on one hand but, on the other hand, also by major software developments. The latter, among others, comprises the use of artificial intelligence (AI) algorithms, such as machine learning or deep learning, various neural networks, support vector machine, random forest, etc. [15,16,17]. Increasing computational power allows for virtually real-time handling of so-called “big” data (see, e.g., [18,19]). This enables continuous Structural Health Monitoring (SHM) of large-scale civil engineering structures, e.g., bridges and high-rise buildings, or of supply infrastructure, e.g., pipelines, as well as Condition Monitoring (CM) of complex production facilities, e.g., power plants [20,21,22] or chemical production plants [23,24,25]. Digital tools also allow for data fusion from different types of monitoring systems and sensors and provide data almost in real time [26,27]. All these developments make continuous process monitoring with AE and GUW, possibly in combination with other NDT, feasible and show high potential for real-time process control in the future [28,29,30].



Most applications of AE or GUW developed and standardized so far deal with either proof testing or periodic inspection that require mounting transducers on the test objects for durations between one and a few hours, e.g., for small LPG vessels inspected according to [31] up to a few days maximum, e.g., for large tanks or storage vessels [32]. Long-term continuous or intermittent SHM of structures or components and in-line process monitoring or process control, hence, pose challenging problems for transducer coupling and mounting. The same holds for the long-term durability of the transducers themselves as well as for the signal transmission and data acquisition systems if subject to complex service load spectra or exposed to rather severe operating environments. The successful implementation and use of AE and GUW for long-term SHM and process monitoring or process control, hence, not only requires respective solutions for coupling and mounting transducers or sensors but also suitable monitoring of the long-term performance of the entire measurement chain (transducers, signal transmission, data acquisition and analysis) as well as secure long-term data storage. Service providers of SHM and similar long-term monitoring likely have gained some experience in these issues, but only scant information is publicly available at best. Hence, there is a need for understanding long-term behavior and durability of all components of the AE and GUW measurement systems and considering that in the design of the SHM or CM system. In any case, long-term SHM and CM require suitable equipment performance monitoring as well as defined maintenance and repair strategies before system design and implementation.




2. Materials and Methods


The discussion of long-term durability issues for SHM and CM with AE and GUW, hence, focusses on (1) the couplant materials and sensor mounting devices or methods, (2) transducers or sensors, (3) the electronic equipment for signal transmission, data acquisition, analysis and storage and (4) the software for their operation. Transducers or sensors for AE and GUW can be classified by the physical principles producing the signals. A major class of AE and GUW transducers uses the piezoelectric and inverse piezoelectric effect, respectively [33]. These transducers consist of piezoelectric elements with specific size and shapes, with electrodes providing electric contact, and usually packaged in some type of casing. Piezoelectric material is often lead-zirconate-titanate (PZT) [34,35], except for applications at elevated temperatures, i.e., near or above the so-called Curie temperature of PZT [36,37]. Due to environmental and health concerns, however, PZT may mandatorily have to be replaced by lead-free alternatives soon [38]. The shapes of the piezoelectric elements and transducers, respectively, comprise, e.g., disks [39] or wafers [40,41]; thin, planar piezoelectric fiber composites, e.g., so-called Active Fiber Composites (AFC) [42,43] or Macro Fiber Composites (MFC) [44,45]; various piezoelectric composites made with piezoelectric powders or particles [35]; piezoceramic thin films [46]; or piezoelectric polymers often also in the form of thin films. The latter are mainly used in high-frequency UT devices, e.g., for medical ultrasound [47,48]. Transducers for air-coupled ultrasound, i.e., contact-less signal excitation and/or recording, are also made from piezoelectric materials [49,50,51]. Micromachined transducers for UT were reviewed by, e.g., [52] and micro-electro-mechanical-systems (MEMS) Acoustic Emission (AE) sensors by, e.g., [53]. These consist of thin film piezoelectric components and may offer advantages in terms of small size and power efficiency, which are both important for the integration of such devices. A second class of AE and GUW sensors uses optical fibers, either made of glass [54] or polymers [55,56,57], typically with Fiber Bragg Gratings (FBG) for sensing [58,59]. Recently, there were further materials developments for improving fiber optics performance [60]. Complex, multifunctional optical fibers can also be manufactured [61]. Optical fibers sensors for GUW require a separate excitation mechanism or device for generating the elastic waves propagating in the test objects. Advantages of fiber optics sensors include the following (cite): “Fiber-optic ultrasonic sensors have several merits, such as broadband response, high sensitivity, disturbance resistance, and good reusability…” [62] and “An important advantage of FOS [Fiber Optical Sensor] over conventional piezoelectric sensors is their high temperature resistance. Temperature resistant FBGs for AE sensing have been of interest to the industry for a variety of applications” [59]. Fiber optics sensors, different from PZT-tranducers or other piezo-transducers, are not sensitive to electromagnetic interference, and this is useful for applications in environments with strong or oscillating electromagnetic fields. Even switching on neon lights or machines or equipment drawing high currents has been observed to create noise signals in PZT-transducers during AE measurements. However, there are also disadvantages of fiber optics (cite), “Their durability during handling and cost are two important disadvantages. Moreover, cladding modes that are observed during or after the fabrication process, adversely influence successful damage detection. These modes permit light to oscillate into the cladding from the fibre core, particularly in single-mode fibres where the light is strongly attenuated into the cladding…”. Further disadvantages include the size and mass of fiber optics measurement equipment, often mounted on heavy optical tables for vibration damping and stability. These constitute a major drawback for integration of fiber optics systems. However, downsizing this measurement equipment seems feasible to some extent.



A third class of transducers is contact-less. Air-coupled, contactless UT has been noted above [49,50,51]. Other contactless methods comprise, e.g., laser-based systems, such as laser interferometry [43], or vibrometers [63]. One disadvantage of contactless laser methods is that they often require a sufficient and fairly uniform surface reflectivity of the test object. This may sometimes be difficult to achieve in field testing, and in many cases a thin layer of paint has to be applied even under laboratory conditions. However, there are also advantages, as stated in [63] (cite): “Laser vibrometry used for fatigue crack detection has many advantages if compared with contact techniques. This approach not only eliminates frequency shifting due to additional mass of Transducers and avoids problems associated with local stiffening due to transducer surface-bonding but also eliminates possible measurement-related to nonlinear sources”. Lasers are also capable of exciting elastic waves in materials [64]; hence, they can act as both emitter and sensor for GUW. A comparison between different SHM systems for composite structures has recently been published by [65], and the latest developments of NDT and SHM, for aerospace composites, are discussed in [66].



Depending on the type of transducer or sensor as well as test object and its service environment, the mounting device and couplant have to be appropriately chosen. Piezofiber composites such as AFC or MFC and piezopolymer films often are flexible to some extent and easily conform to curved surfaces without the need for a so-called waveguide [67]. AFC have been adhesively bonded on pipe surfaces with diameters of 60 mm [68] and 50 mm [69] without any waveguide. The flexibility of AFC and MFC is somewhat higher in the direction transverse to the fiber direction; hence, fibers were oriented along the pipe length in these applications on comparatively small diameter pipes. Another application of waveguides is in AE or GUW monitoring at high temperatures [70]. Waveguides are often made from metals (steel or Aluminum) and, hence, are fairly robust and durable. A disadvantage may be that they introduce two additional contact interfaces (one more than for direct coupling of sensors) yielding higher signal attenuation due to reflections. However, more importantly, waveguides act as a wave propagation filter by limiting or changing the types of waves that can propagate through them. The exact type of this AE wave signal filtering depends on the material, the shape and the size of the waveguide [65,71]. For high-temperature applications, special sensor design with fiber optics [72] or development of piezo-materials with higher Curie temperature TC [36,37] provide alternatives that yield lesser effects on the recorded signals than waveguides.




3. Long-Term Durability of Sensor Coupling and Mounting and of the Measurement Equipment


As noted in the Introduction, this review focusses on long-term durability of selected components of the AE and GUW measurement equipment used for long-term monitoring. The different sections each deal with one specific aspect: the first deals with sensor couplants and sensor mounting devices; the second deals with the durability of the sensors under service conditions and different environments; the third deals with the electronic signal transmission and data recording; and the fourth deals with the related software. However, not all aspects are discussed at the same depth, reflecting the different levels of experience of the author, especially where there is scant literature available.



3.1. Long-Term Sensor Coupling


3.1.1. Surfaces to Which AE and GUW Transducers Are Coupled


The coupling material or “couplant” shall provide the “acoustic” contact, i.e., allow the transmission of elastic waves with frequencies in the relevant range of AE signals or GUW from the test object to the sensor. Many transducers for AE or GUW have a ceramic contact plate; hence, one partner in the coupling often is a ceramic material. Some special transducers have a full metal (steel) case, e.g., those developed for use in so-called ATEX condition, i.e., potentially explosive environments [73,74]. AFC and MFC are packaged between polyimide polymer films (trade name Kapton®). The main contact surface materials on the transducers’ side, hence, are essentially ceramics, metals or polymers.



Contact surfaces of test objects consist of a wider range of materials, e.g., metals, polymers, concrete, rock and sometimes coatings or combinations of different materials. The contact surfaces can be planar, uniaxially or biaxially curved and, for any overall shape, show varying degrees of corrugation or roughness on the smaller scales. The general aspects of contact surface preparation are noted, e.g., in [75] (cite): “The contacting surfaces should be cleaned and mechanically prepared. This will enhance the detection of the desired acoustic waves by assuring reliable coupling of the acoustic energy from the structure to the sensor. Preparation of these surfaces must be compatible with the construction materials used in both the sensor and the structure. Possible losses in acoustic energy transmission caused by coatings such as paint, encapsulants, loose-mill scale, weld spatter, and oxides as well as losses due to surface curvature at the contact area must be considered”. These recommendations are fairly general, and one may ask, e.g., how “compatible surfaces” are defined. Surface curvature is noted, but surface roughness or corrugation on smaller scales are not. Usually, the couplant is expected to fill the small scale “valleys” on rough or corrugated surfaces, while the waveguides provide adaptation to the overall shape (e.g., uniaxial or biaxial curvature) of the test object.



As mentioned above, AFC and MFC can conform directly to biaxially curved surfaces of the test object to some extent [68,69]. In this case, the contact surface of the pipe was cleaned with acetone and slightly abraded with emery paper, and the AFC bonded with a thermoset epoxy adhesive. Other transducers with stiff casing essentially require the use of a waveguide providing a sufficiently flat and sufficiently large contact area on the side of the transducer and a suitably shaped contact surface on the side of the test object. In addition to adapting the sensor contact to the curvature and size of the surface on the test object, waveguides may also be required for tests objects operated, e.g., at elevated temperatures exceeding the operating temperature range of the transducers, or more generally in harsh or hostile conditions not suitable for transducer monitoring operations. In these cases, waveguide designs often are comparatively thin metallic rods with suitable contact surfaces at either end. Their length is determined by the requirement to place the sensor into an environment compatible with the operating limits of the transducers.



With respect to the mounting device or mounting method, ref. [75] again notes several important points: “Mounting fixtures must be constructed so that they do not create extraneous Acoustic Emission or mask valid Acoustic Emission generated in the structure being monitored” and further, “The mount must not contain any loose parts of particles”. The movement of transducers relative to the test object is a potential source of noise signals, and an important caveat, hence, is as follows: “Permanent mounting may require special techniques to prevent sensor movement caused by environmental changes”. The most important aspect for the selection of the mounting device or method is, however, stated as follows: “Detection of surface waves may be suppressed if the sensor is enclosed by a welded-on fixture or located at the bottom of a threaded hole. The mounting fixture should always be designed so that it does not block out a significant amount of acoustic energy from any direction of interest”. A suitably designed sensor mount device, on the other hand, may also prevent a sensor that has lost contact with the surface of the test object from falling off or, on the other hand, can be damaged by impact from falling objects, e.g., tools, hail, bird strikes, etc., especially in field testing.



Examples of special contact conditions sometimes requiring specific couplant media and/or sensor mounts are AE sensors coupled to biological tissue [76]; to electric power devices, mainly applied for detection of partial electric breakdown [77], in corrosive environments [78], in nuclear or ion radiation areas [79]; to snow or ice [80,81]; and possibly to certain art and archaeological objects where couplants and sensors may not leave any mark and surface preparation of the test object is not possible. Some of the conditions noted here may not only require special couplant materials but may also affect the short-term or long-term performance of the transducers themselves.




3.1.2. Couplants and Bonding Agents


The ASTM standard guide for mounting piezoelectric Acoustic Emission sensors [75] provides general recommendations for the couplants used in compression mounts or for bonding agents for permanent bonding of the sensors (cite): “The type of couplant or bonding agent should be selected with appropriate consideration for the effects of the environment (for example, temperature, pressure, composition of gas, or liquid environment) on the couplant and the constraints of the application. It should be chemically compatible with the structure and not be a possible cause of corrosion. In some cases, it may be a requirement that the couplant be completely removable from the surface after examination”.



For fiber-reinforced polymer composite parts, in particular components or structures that are adhesively bonded for aerospace or other applications, silicone contaminations on the surface are not allowed [82]. Therefore, silicone or silicone-containing couplants shall not be used in these cases. On the other hand, a silicone-free vacuum grease used as sensor couplant on CFRP at the authors’ laboratory still left visible stains on the surface that could not be removed. The question of whether these might also have an effect on the quality of adhesive bonds, however, is not answered.



The AE standard [75] provides further details on the choice of couplants (cite): “Testing has shown that in most cases, when working at frequencies below 500 kHz, most couplants will suffice. However, due to potential loss of high frequency (HF) spectra when working above 500 kHz, a low viscosity couplant or rigid bond, relative to sensor motion response, is recommended. Additionally, when spectral response above 500 kHz is needed, it is recommended that FFT be performed to verify adequacy of HF response” and “The thickness of the couplant may alter the effective sensitivity of the sensor. The thinnest practical layer of continuous couplant is usually the best. Care should be taken that there are no entrapped voids in the couplant. Unevenness, such as a taper from one side of the sensor to the other, can also reduce sensitivity or produce an unwanted directionality in the sensor response”. The thickness of the couplant layer has to exceed the level of surface roughness or corrugation of the test object, and this provides a lower bound. Furthermore, a question can be asked with respect to the extent the couplant has to be “void-free” and how this could be quantitatively assessed, whatever the required limits are. It is not known to which extent specific couplants really penetrate to the “bottom” of rough or corrugated surfaces from macroscales to nanoscales and, thus, provide a sufficiently homogeneous contact layer. Surface preparation, type of couplant, its viscosity and wetting behavior on the material of the test object, the procedure for applying it and possibly further treatment, ambient environmental and variable service conditions may all play a role.



There are additional recommendations for the choice of couplants and their application in [83], a Standard Practice on Acoustic Emission Monitoring During Resistance Spot-Welding, e.g., (cite) “For sustained monitoring, such as on-line AE examination or control of each nugget, the sensor should be permanently mounted using an epoxy adhesive or a similar material. A preamplifier is usually positioned near the sensor”. This is one example explicitly suggesting permanent adhesive bonding for coupling sensors for sustained, i.e., longer, monitoring. In cases where such a permanent bonding of the AE sensors is used, a general recommendation in [75] states the following (cite) “When bonding agent are used, the possibility of damaging either the sensor or the surface of the structure during sensor removal must be considered”.



There are further recommendations for special test conditions or environments, e.g., (cite) “In some applications, it may be impractical to use a couplant because of the nature of the environment (for example, very high temperatures or extreme cleanliness requirements). In these situations, a dry contact may be used, provided sufficient mechanical force is applied to hold the sensor against the structure”. Cleanliness requirements may limit choice or use of couplants, e.g., in semiconductor industry or the biomedical and pharmaceutical industry. There is also a comment on a type of bonding agent that apparently has been proven unsuitable, even though no reason or explanation is given, namely (cite), “The use of double-sided adhesive tape as a bonding agent is not recommended”.



One example of AE monitoring with sensors that did not require a couplant is discussed by [84]. The test object was a highway bridge made from reinforced concrete and monitoring was performed under service conditions for two weeks each in 2012 and 2014. The conical Proctor–Glaser type sensors [85,86] were screw threads mounted in adhesively bonded aluminum plates and directly placed in contact with the concrete surface. The effective contact area between sensor and test object surface was fairly small in this case, and this is one explanation provided for why the lack of a coupling agent apparently did not play a role. The plates stayed in place for more than two years, and the sensors were removed between the two monitoring sessions. The exact type of bonding agent used for the aluminum plate mount is not given in the thesis, but it was an epoxy-based adhesive.




3.1.3. Examples of Long-Term Coupling for AE Monitoring


Infrastructure, in particular bridges or bridge components such as bridge decks, cables or connections, is one example where AE monitoring has been investigated with respect to long-term performance. However, the effective monitoring periods in most applications presented by, e.g., [87,88,89,90], were on the order of hours or days and not months or years.



A few publications present long-term AE measurements and their analysis. The first is from a 10-year rock monitoring operation in the Gran Sasso mountain in Italy [91] with the aim to observe whether AE activity also exists in non-volcanic areas with seismic activity. Analysis showed that, for an AE sensor (type Brüel and Kjær model 8312) mounted on the end of stainless-steel rod fixed by cement in a rock-drill hole, about 90% of all signals recorded (after an 82 dB amplifier) in the frequency range between 100 kHz and 1 MHz were noise from electromagnetic sources. A second sensor, with the metal case coupled electrically but not acoustically to the first, provided a simple approach for noise discrimination. The second sensor only recorded the electromagnetically induced signal, and the other recorded all signals. Unfortunately, the paper does not discuss the long-term performance of the AE sensors, of its coupling and of the measurement setup.



A second example is a four-month monitoring operation of a bridge across the Yellow river in China based on modal analysis from accelerometer data [92]. There were fifteen accelerometers installed on each of the two separate bridge lanes. Again, no information on long-term accelerometer and data recording system performance or problems encountered in the course of the test was provided. The authors, however, note the following (cite): “The influence of temperature, moisture, wind, traffic load, etc., need to be simulated in the finite element model and verified in the measured data”.



A third example is a two-year AE monitoring operation of two parallel steel-arch highway bridges [93]. An AE monitoring system (type Sensor Highway IITM System) with sixteen channels and AE sensors (type R15I-LP-AST) was installed on each of the two bridge arches. Sensor positions were set as far apart as possible, and their couplings were tested by lead pencil breaks (Hsu–Nielsen sources). Sensors mounted ten feet apart proved sufficient for monitoring the relevant parts, while still providing source location. Remote AE system operation was via a 3G modem. The AE equipment was powered by a solar panel (520 W), with four 110 Ah batteries. Due to problems believed to be caused with respect to the solar panel from ice, snow, de-icing salts and other road debris, as well as vandalism, installing an alternative power source is recommended in the conclusions of the report. For data transmission, the authors explicitly stated (cite) the following: “A land-based internet connection is recommended to insure that the monitoring system is always accessible for a remote login and/or data upload. Wireless connection are less reliable that land-based internet connections and often suffer communication interruptions. Furthermore, wireless modem antennas are susceptible to factors such as vandalism, damage during bridge maintenance and equipment failure”.



Two sets of data were collected under service conditions: the first from November 2012 to October 2013 (from one bridge only), and the second from November 2013 to October 2014 (from both bridges). Separate fracture test specimens acoustically coupled to the bridge structure provided a data base to discriminate AE noise signals from fractures occurring in the bridge. This discrimination required a combination of several criteria. For analysis, analyzing bridge AE limited amounts of data for easy of handling is recommended. Therefore, the continuous data were broken down into one day segments for detecting fracture events. The AE bridge data never exceeded the combined criteria defined from the separate fracture tests, indicating that no fractures had occurred in the bridge structures during monitoring. Of course, this holds for the given sensitivity level of the AE system as installed. There is a system troubleshooting timeline table in Appendix D of the document [93]. This shows system power problems (low battery power) and modem problems as main troubles.



A fourth example, for a reinforced concrete bridge, is an in situ monitoring operation of a reinforced concrete slab on a sixty-year-old bridge with a combination of AE, UT, strain gauges and thermocouples [94,95]. The aim was to detect fatigue damage initiation under normal service loads, which, of course, had increased since the design and construction of the bridge. The monitoring system with strain gauges and thermocouples was installed in 2016 and operated at least until 2019 (publication date). The AE system installed in November 2018 had 32 channels, of which 24 were connected with 150 kHz resonant sensors (type PK15l) with an integrated preamplifier of 26 bB gain; the threshold was set at 30 dB. Remote monitoring was performed with a 4G signal transmission system. Finite element simulations helped to select sensor positions near the highest loads of the concrete slab. Traffic noise was shown to be eliminated by a front-end filter set to let pass AE hits between 40 and 1000 counts and the waveforms with counts between 5 and 10,000 and an amplitude between 40 and 1000 dB. A time filter was also defined, namely Peak Definition Time (PDT) 200 μs, Hit Definition Time (HDT) 800 μs and Hit Lockout Time (HLT) 1000 ms. The monitoring duration was 18 months. The Ph.D. thesis published recently provides detailed analysis and results [95]. The main conclusion is that there was no indication of fatigue problems in the concrete as well as in steel rebars.



A fifth example is from an acoustic monitoring operation of a North Sea well with hydrophones (frequency range from 10 kHz to 100 kHz and 200,000 samples per second). There were two consecutive campaigns: one of four months in the summer of 2011 [96] and the second for seven months from Fall of 2011 to Spring 2012, both in a harsh environment. The measurement system was designed for an acquisition duration of about ten months. Again, no problems with sensor performance or data acquisition were explicitly noted.



The cited examples clearly illustrate that for long-term AE monitoring experiments reported in the literature, there is scant explicit, detailed and quantitative information on long-term performance at best. Lack of published specific details on technical problems with the sensors or the measurement chain, however, does not constitute proof that no problems occurred or were not observed.



An example of long-term sensor bonding from the authors’ laboratory is an MFC element adhesively bonded on the landing wheel gear of a real glider plane [97]. This device was mounted with a standard Araldite® adhesive and used with a wireless electro-mechanical impedance (EMI) measurement setup that fitted into the wheel bay of the plane. Even though no measurements were taken during flight ever, laboratory investigations on identical replicas of the landing wheel gear showed that fine, hardly visible cracks induced by mechanical loading could be identified by changes in the 20–25 kHz range of the EMI-spectrum (recorded in 200 Hz steps). MFC was mounted in 2010 and is still bonded to the gear after a total of 240 flight hours and 120 takeoffs and landings until the spring of 2021 (the glider plane is kept at an airfield and flying in Switzerland). Repeating the EMI-measurements after more than ten years, however, is still pending.



There are a few examples of long-term infrastructure monitoring over a period of almost 25 years now. An Empa publication in 2019 summarized bridge monitoring experience up to 23 years [98], but the measurement systems are still in place and operational. The sensor system used in the three cases reported in the paper consisted of fiber optics with FBG and linear variable differential transducers (LVDT) for measuring loads or strains in selected load-bearing components made from CFRP or their anchorage. The stability and reliability of the measurement system is essential, and this required a major effort with long-term reference experiments in the laboratory. The fiber optics FBG system proved suitable for integration into CFRP structures and components, and the data indicate sufficient long-term performance without maintenance or repair. Even though fiber optics in this case was not for measuring AE or GUW, developing similar fiber optics systems for SHM of infrastructure monitoring with AE or GUW looks promising.





3.2. Durability of Sensors or Transducers under Service Loads and Environmental Exposure


Ambient temperature and its variation are likely the most important environmental in-service exposures affecting transducer performance—if packaged into a suitable case—and durability of coupling agents. Transducers may reach service lives of thirty and more years as shown, e.g., by sensors in the authors’ laboratory manufactured in the early 1990s. Of course, using sensors in a service environment that is sufficiently stable and moderate, e.g., laboratory with controlled climate is advantageous. Piezoelectric materials such as PZT for signal detection do have an upper operating temperature limit. This is caused by the fact that the piezo-effect disappears due to a phase transition above the Curie temperature (Tc). In practice, the maximum operating temperature has to be set sufficiently below Tc. In a student project at Empa, an MFC element was repeatedly bonded and debonded to a GFRP beam with a thermoplastic adhesive applied by a heat gun. The thermoplastic adhesive was briefly heated to a temperature between about 110 °C and 120 °C for application on the GFRP. Consecutive measurements, in this case with EMI, indicated a decrease in MFC sensitivity with increasing numbers of bonding–debonding cycles, even though the temperature was below Tc [99]. This is likely due to thermally induced depolarization of the PZT. An investigation of thermomechanical loading effects on MFC in [100] established a theoretical fatigue model that fitted experimental data of the degradation of the piezoelectric coupling coefficients fairly well. This model further allowed for predictions of stiffness and strength degradation of the MFC under thermomechanical loads. Whether higher-temperature cure of thermoset adhesives (e.g., epoxies) might induce analogous changes in sensitivity of coupled PZT-transducers is not known. If the thermoset bonding is applied only once and not repeatedly, the effect of the cure on sensitivity is expected to be limited, otherwise room-temperature cure adhesives can be used [101]. In principle, transducers showing thermal depolarization effects for whatever reason during us could possibly be re-polarized by applying a suitable poling voltage at elevated temperature for a defined duration [102]. For AFC, the poling voltages varied between about 2.5 and 3 kV per mm distance between the interdigitated electrodes and re-poling would likely require similar voltages. AFC electrode distance varied between 0.7 and 1.3 mm, and poling temperature varied between 40 °C and 80 °C (clearly below Tc of the PZT fibers and below Tg of the epoxy matrix of the AFC). Such a procedure has never been applied to commercial transducers to the best knowledge of the author. Depending on their design, voltages significantly exceeding 4 kV might have to be applied, and this could induce electric breakdown (as it did in several AFC elements for poling voltages above about 3 kV/mm). For trials on commercial transducers, information on which combination of temperature, time and poling voltage is appropriate for re-poling would have to be obtained from the manufacturer.



For AE and GUW measurements at “high” temperatures, the following approaches have been attemped: (1) design and optimize piezoelectric materials with higher Tc for sensors operating at higher temperatures (see, e.g., [36,37,103]); (2) use of waveguides between the surface of the test object and the sensor (these, however, do affect the signals that are transmitted; see, e.g., [67]); and (3) use of alternative physical principles for sensor and measurement. The latter comprise, e.g., fiber optics either integrated or surface bonded [104]; special AE sensors made with optical fibers [72]; or contactless methods, e.g., laser interferometry [43], vibrometry [63] or air-coupled ultrasound for GUW [50,51,105]; and electric methods, e.g., electrical conductivity for CFRP [106,107] or dielectric methods [108].



Long-term monitoring operations of salt rock with AE have been performed in Germany since 1995, and partial results have been published in, e.g., [109]. A total of twenty-four sensors were installed in boreholes between three and twenty meters deep. Five sensors were pressed pneumatically against the borehole walls and the remaining nineteen by springs against the borehole faces. Even though they were not noted in the publication, there were failures in the measurement chain [110]. These occurred in the preamplifiers due to leakage of saltwater into the casing. Therefore, in corrosive media or environments, as far as possible, use of corrosion-resistant materials is recommended, and the long-term sealing of the entire measurement system, including plugs and electric contacts, is essential. For checks performed with automatic sensor tests, the result combines sensor and mounting device performance, including the quality or degree of the coupling to the test object.




3.3. Durability of Electronic Data Acquisition Equipment for AE and GUW


Signal transmission to data acquisition and power supply for the electronics are also dependent on the choice of transducer or sensor and, hence, on the test object and its environment. For long-term operation and durability of electronic measurement equipment, the reliability of the electronic components and modules is essential for providing sufficient technical availability. There are standard procedures [111,112] for the verification of AE equipment operating characteristics; they recommend periodic verification. Certain procedures for AE testing of safety-relevant infrastructure explicitly require this verification at least once per year as well as in case of malfunction of the system.



For electronic components and systems, ref. [113] discusses basic reliability issues. However, no electronic equipment operates without some maintenance and repair for several decades. NASA’s deep space network is probably the electronic signal recording and analysis system with the longest operating duration known to date. It was set up in 1958 [114] and is still in operation today. However, as discussed in [115], there has been virtually continuous maintenance work and several upgrades have been implemented, the latter mainly for adapting the system to new communication technology for satellites launched more recently. To some extent, the deep space network system requirements differ from those for equipment transmitting and recording AE or GUW signals (except for space applications), since the sensor or, more generally, the measurement and wireless signal transmission systems on most satellites cannot be changed, repaired or upgraded anymore. Of course, depending on the object to be monitored by AE or GUW, the effort to change sensors and signal transmission devices can be quite substantial and may only be feasible at certain times, e.g., during shutdown from service. Nevertheless, if properly planed and prepared, repair and upgrade installations are feasible in these cases.



Data files from AE and GUW for long-term SHM or CM tend to be “large” (of course, due to development of evermore computationally powerful data processing and storage technology, this term is not quantified here). This may not only pose respective problems for data storage and processing but also for signal transmission, the latter especially for wireless modules. Currently, for AE systems with twenty or more channels operating at sampling rates of 10 MHz or more (AE equipment currently provides up to 40 MHz sampling at 18 bit amplitude resolution) with signal rates of 1000 or higher per second and channel require signal transmission rates clearly above 1 GBit/second. This exceeds the transmission rates provided by the latest commercial wireless technologies, e.g., 5G as discussed in [116]. Potential solutions are interim storage of data at the sensor node with signal transmission in periods of lower activity, signal preprocessing and respective data reduction at the node before transmission or reduction in wave signals to selected signal parameters instead of transmission of full waveforms. Interim storage on the wireless node with delayed signal transmission as a solution of course inhibits real-time signal processing and analysis.



Maintenance and repair of hardware benefit from standardized and modular design with standard components [113]. This also implies respective supply chain considerations. Standard components available from several manufacturers, maybe even from companies with production facilities “nearby,” are one key issue. The supply and delivery problems of electronic parts and components experienced during and in the aftermath of the worldwide COVID pandemic in 2020 and 2021 nicely illustrate this point. For application-specific parts or components, a “local” manufacturer is preferable, possibly even at somewhat higher costs. The service lifetime of electronic components, modules and systems can be extended, if components are not operated at the limit of their specified rating. This means that the design shall consider a certain amount of so-called “derating” with respect to electric and thermal loads. This may further require, e.g., specific cooling of the equipment in operation. Protection against electrostatic discharge, on the component and module level, is also recommended. Effects of ambient humidity or humidity variation during service operation may also play a role. These can be considered in the design phase by utilizing, e.g., the choice of the packaging rating of the components.



If commercial AE and GUW equipment instead of in-house developed instrumentation are installed, there may be the question of how long the commercial manufacturer will provide equipment support and related services such as calibration, repair or extension and upgrades. Another aspect is long-term data storage, including both raw data and analysis results. Of course, all data storage shall have a backup. Whether cloud services are an acceptable option may be questionable. If AE or GUW monitoring effectively yields data at rates of 1 GBit/second or more, the data storage necessary becomes impressive. Again, data storage demands for the deep space network provide a nice example [117] for comparison.




3.4. Issues of Long-Term Use of Software


Specific software development for data acquisition, storage and processing instead of using or adapting commercial codes has the advantage of offering full control and flexibility and, hence, independence from software suppliers and their support and updates. Another issue in the long term may be data format and software compatibility if upgrades or new software versions change these. Compatibility with older data formats or data acquired with previous software versions cannot be taken for granted in all cases. However, cost for own developments may be considerable, especially for ensuring proper operation of the software by extensive validation tests and quality control measures.



For software development in general also applicable to software for AE or GUW data acquisition, data processing and analysis systems, ref. [113] again provides some guidelines. Planning and organizing the software development with a view to high reliability with quality assurance and validation, as well as writing modular and well documented code, are basic recommendations. Potential problems caused, e.g., by inexperienced users and resulting operating errors or even misuse shall also be considered. Users may need a certain level of software support that has to be readily provided when required.



Depending on the type of computer operating system used, commercial suppliers will stop development and support for “older” system operating software at some point in time. The question then is whether a system still operating well will be replaced. With any change or upgrade with implementation of new software for improved performance or elimination of identified bugs or problems, there is a risk to installing new software bugs. Often, older operating systems do not offer the level of “security” that will protect the system against interference from outside. If signal transmission and data storage rely on commercial communication and data storage systems, such as internet and cloud services, installation of upgrades or changing to new operating systems can hardly be avoided. Data processing and analysis software continuously developed or periodically upgraded by the AE or GUW monitoring service provider can and shall be updated, if necessary. Information from one service provider indicates that software and hardware upgrades are implemented fairly frequently, often on a yearly or biannual basis. In this case, software and hardware development is performed in house but using standard components as far as possible.





4. Discussion


The information presented from the literature suggests the following aspects that deserve attention when planning and implementing AE or GUW for long term SHM or CM: (1) performance of the couplant material and of the mounting device; (2) assuring sufficiently constant sensor sensitivity; (3) hardware and software development; (4) signal transmission and data storage; and (5) maintenance and repair concepts. In addition to planning and respective design of the components and software, for all these aspects, periodic performance checks are essential. These comprise sensor performance and coupling, typically with automatic sensor test routines at defined time intervals, and periodic equipment performance characterization. These, e.g., apply standard procedures or equivalent tests implemented by the equipment manufacturers. Data backups are also essential. Procedures for specifically checking on proper operation of AE or GUW signal transmission and software performance are not available in standards. Operator experience is, even though a “human factor”, probably the best current approach for this. Of course, double checking by another operator (“four eyes instead of two”) may also help in detecting malfunction of any component of the measurement chain.



The scant information available in literature seems to suggest bonding with thermoset epoxy-based adhesives as the first approach for coupling sensors for long-term monitoring. Epoxies, as other polymers, may age and degrade, particularly at elevated temperatures or under hygro-thermal changes of the environment. For special applications or service conditions, it might be useful to contact strain gauge manufacturers or suppliers for recommendations on specific surface preparation and choice of the adhesive. For the latter, adhesives manufacturers may also provide useful information. Note that complete removal of the adhesive after the test without any damage to the test object and its surface may be an important requirement. However, for typical long-term monitoring tests, e.g., on infrastructure, this likely is less important. If adhesive bonding is used, the question can be asked whether an additional sensor mount device is still necessary. Without mount device, potential interference with signal propagation is automatically eliminated. There are also cases where a couplant may not be necessary or suitable, as noted above, but then a mounting device is necessary.



Magnetic sensor holders are used in many AE applications that involve test objects made of magnetic materials. Again, service temperature may limit the use of magnet holders. For example, Neodymium-Iron-Boron (NdFeB) magnets start to demagnetize at temperatures around +80 °C. Adding Dysprosium (Dy) and Terbium (Tb) improves temperature stability to at least +200 °C but is likely to also increase cost. NdFeB-magnets further are sensitive to corrosion. These effects may be reduced by adding cobalt or by coating the magnets with a suitable surface protection layer [118]. In the literature, there is no information on long-term performance of magnet holders to the best knowledge of the author. Sensor mounts may simultaneously have to hold the transducer and protect it against the environment, accidental damage caused by other equipment or service operations or against interference by non-authorized personnel or vandalism.



As noted above, for PZT-based transducers, the operating temperature range is limited by the Curie-temperature of the piezo-material, typically to about +100 °C or less. Recent developments of special AE sensors extend the limits to higher temperatures up to +150 °C [119] or +180 °C [120]. However, the maximum and minimum operating temperatures are not the only criterion. PZT is a piezoelectric and pyroelectric material [121]. The latter property may be useful for, e.g., energy harvesting from temperature fluctuations [122] but produces noise signals in AE measurements where temperature changes or fluctuates sufficiently. Depending on the circumstances, these noise signals may occur much more frequently than the “real” AE signals from the test object. An analogous situation was the observation of large amounts of electromagnetic noise signals discussed in [91]. Noise signals constitute a potential problem for data processing (large amounts of signals) as well as for analysis (requiring criteria for defining noise signals). Possibly, AI algorithms can soon eliminate noise signals with an acceptable probability of detection.



The last part of the discussion now focusses on practical experience that is not available in literature yet. A working group of the German Committee on AE (a member of the German Society for Nondestructive Testing, DGZfP) dealing with long-term performance of AE for SHM and CM has drafted a questionnaire that was sent to all members of the committee. So far, there were five questionnaires returned, both from AE service providers and research institutes. The responses received so far (end of October 2021) are briefly summarized and compared with the information and recommendations detailed above.



The first response deals with process monitoring applications in various industrial sectors. The sensors for structure-borne sound are usually coupled with a M5 screw (tightened to 6 Nm with a torque wrench), and, for very rough surfaces, a tin washer may be used for coupling. Sensor tests are implemented in the system and service technicians check the measurement equipment once per year. If the signal amplitude in a specific frequency window falls below a defined limit by, e.g., 10% of the reference value, the sensor has to be checked. Often, the problem was not the sensor itself but a connection. Equipment development is continuous using commercial parts and components. Modules of the equipment are changed or upgraded about every two years. Hardware components that are exchanged are mostly motherboards, RAM and hard-disks. Due to failures of magnetic hard-disks, the use of SSD is recommended for data storage. Sensors are exchanged after five to seven years or sometimes earlier depending on use. Equipment malfunction is often found to be due to erroneous operation by the client.



The second response deals with a three-year monitoring operation of a steam pipeline segment in a power plant. Due to the high operating temperature (above 500 °C), six high temperature sensors (type D9215) were coupled with a ceramic based adhesive (type Thermoguss 2000) and protected with a casing made from austenitic steel. Sensor tests during service were not possible. Data acquisition was operated with a front-end filter in order to limit the amount of noise signals recorded. Observation after demounting the pipe segment indicated that sensors were still coupled, but cracks had appeared in a few of the couplant adhesive. After removing the austenitic bands that held the sensors, four of the six sensors easily detached from the test object. The total amount of data recorded was about 220 GB. The data acquisition unit worked well, but data storage hardware failed a few times, resulting in loss of data. These data storage failures were attributed to ambient vibrations from power plant operation. The PC and monitor screen also had to be changed once. Data analysis is still in progress, however.



The third response deals with concrete elements that were monitored for alkali–silicic acid reactions at elevated temperature (40–60 °C) and humidity (98–100% relative humidity). Monitoring duration was between six and twelve months (AE sensors type VS-150K). Results are presented and discussed in [123]. Automatic sensor tests were initially performed every five minutes and every twelve hours later. Due to chemical reactions, the wave propagation properties of the concrete changed, and this was reflected in the measurements. Different couplants were tested and several proved suitable, including kneadable putty-type pads, hot-melt adhesives (temperature control for the application is noted to be important) and silicone. The humid, alkaline test environment is highly corrosive; hence, waterproof sensors, cables and connections are essential.



The fourth response describes several periodic inspection tests on a range of test objects. The effective monitoring duration was up to a few hours each time. For these applications, sensors were standard 150 kHz with integrated preamplifier and, under the test conditions (in any case indoor, one test object even in a clean room), these sensors achieved service lifetimes of between eight and eleven years.



The fifth response deals with a process reactor continuously monitored for about one and a half years. The aim was to detect crack initiation and propagation during service. The sensor mount with an adhesive (type Duraseal 1531) that also served as couplant used magnet holders. Due to the surface temperature of the reactor of about 120 °C, the holding force of the magnet holders was reduced, confirming the effect discussed for the NdFeB magnets above. Sensor tests (AE sensor type ISR15CA-HAT) were performed once per month with Hsu–Nielsen sources. Data transmission was via internet and TeamViewer software. A reduction in sensor sensitivity was observed (not quantified in the response) and attributed to elevated operating temperatures. Two sensors accidentally removed by someone else had to be replaced and additional sensors were mounted to compensate for a loss in sensitivity. No software updates were installed, and no components changed during monitoring.



These examples show different types of problems, from sensor and connection to equipment failure. Both the service environment and possibly misuse or erroneous operation are causes of problems or failure. Sensor coupling and mounting have to be adapted to the test object and the service conditions, and periodic sensor tests are essential. In harsh service environments, signal transmission and data storage may be more easily prone to failure than the AE data acquisition system itself.




5. Conclusions


What are the conclusions from the information presented and discussed regarding the long-term behavior of the sensors for AE and GUW, the sensor coupling agents, the measurement electronics and related software? The first is that there is scant quantitative, published information available on these topics. For the piezoelectric transducers, the conclusions are as follows: Sensor performance requires proper mounting providing sufficient protection against external mechanical impact, shocks or misuse. Nevertheless, sensors for long-term SHM or CM may have to be replaced from time to time even for test durations of less than two years. Therefore, periodic checks of sensor performance, ideally yielding a frequency-dependent sensitivity curve, are essential. The frequency of the checks, e.g., daily, weekly or monthly, depends on the application, on the service loads and on the ambient conditions. Therefore, maintenance and repair concepts for easy and quick sensor or sensor mount replacements are essential. Redundancy in the sensor array may be useful, especially when access to the test object and the sensors is limited to specific time periods due to operating conditions (e.g., certain parts of power plants) or would require a major effort (e.g., accessibility of the test object location). The cost for such redundancy in sensor setup and in respective data processing and analysis, however, can be significant and has to be carefully assessed when planning the monitoring.



For long-term sensor mounting and coupling for SHM or CM, the available information likely points to adhesive bonding, preferably with thermoset epoxy-based adhesives, as a promising solution, at least for sufficiently low operating temperatures. An alternative includes mechanical fasteners, e.g., screws applying the contact pressure with suitable mounting devices, independent of whether a coupling agent is used or not. On test objects made from magnetic materials, magnetic sensor mounts will work if service temperatures are sufficiently low. No information on the long-term behavior of magnetic holders is publicly available. With respect to long-term adhesive bonding, it is likely that strain gauge manufacturers or suppliers may provide recommendations on the choice of the adhesive and the appropriate surface preparation for both, sensor contact plate and test object. Long-term operations of adhesively bonded strain gauges, e.g., on ropeway cable cars, are often subject to rather severe ambient conditions (large temperature and humidity variation).



The main conclusions on electronic measurement hardware and software are as follows: Considering durability as well as the necessary reliability for long-term performance is recommended for specifying the components and parts. This has to be complemented by planning maintenance, repair and later upgrades of hardware and software. Modular design and extensive documentation are, hence, essential. A required reliability or service lifetime for hardware can be achieved by “derating” electronic components and the implementation of redundancy or stabilizing operating conditions. Use of “standard” parts available from several manufacturers or suppliers is one approach for dealing with supply chain problems. For software, ref. [113] clearly states (cite) the following: “Defects are thus generally caused by human errors (software developer or user).” Hence, human errors have to be avoided in development and in application. This requires careful planning, organization and documentation of software development and extensive quality assurance shall validate that the code performs correctly. Even though this may seem costly, having full control of software design may yield higher reliability and, hence, less troubleshooting and maintenance cost.



With respect to long-term SHM and CM, research providing quantitative performance measures, reliability or service life estimates for all components of the measurement chain seems highly desirable. Such data are essential for any planning and design of SHM and CM systems. Establishing performance data from sensors, sensor couplants and sensor mounting devices has priority, since the other components of the measurement chain typically can be replaced more easily (except in special cases, including spacecraft or dangerous operating environment with, e.g., risk of exposure to radiation). The service environment likely has a more significant effect on sensor and coupling performance than on other components of the measurement system, if these are either suitably protected or placed in appropriate locations. The variety of environmental factors and their combinations make quantitative assessment of long-term durability and of service lifetime challenging and time consuming. Acceleration of environmental tests is limited as soon as the accelerating factor (e.g., temperature and media exposure) induces additional damage mechanisms. Developing models for combining and extrapolating experimental data to the expected service lifetimes would be beneficial. There clearly is much to perform.
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