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In recent years, solid organic materials such as silicone rubber and epoxy resin have been widely used in electrical equipment due to their excellent insulation properties. However, as a result of manufacturing and design flaws as well as aging issues during operation, the insulating materials in the linked state no longer fit tightly and tiny structural defects (defect size less than 10 mm) develop, such as debonding at the composite interface, pores or cracks within the insulating material, etc. Tiny defects are prone to partial discharges and breakdowns, compromising the safety of high-voltage power equipment, particularly when subjected to strong electric fields. Therefore, it is necessary to carry out non-destructive testing (NDT) for such tiny defects. Such defects are small in size, easily buried in the material, and even some are wrapped in metal, which in turn requires very high detection accuracy, but traditional methods are difficult to achieve, so NDT technologies for tiny defects within insulating materials have become a research hotspot in the field of electric power in recent years. This paper firstly introduces the sources of tiny defects in solid organic insulating materials for electrical equipment. Secondly, the harm caused by structural defects is elaborated. Finally, emerging NDT methods and their advantages and limitations in defect detection are described in detail. The review aims to provide the reader with a comprehensive overview of most of the NDT techniques used in the detection of tiny defects within solid organic insulating materials for electrical equipment and their most salient features.
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INTRODUCTION
With the continuous development of extra high voltage and ultra-high voltage, higher requirements are placed on the insulation system of power equipment. Silicone rubber, epoxy resin, cross-linked polyethylene (XLPE), insulating paper, and other solid organic materials are widely used in high-voltage electrical equipment, due to their excellent electrical properties, high and low temperature resistance, hydrophobic properties, etc. (Hackam, 1999; Wu and Cheng, 2017). However, imperfect processes in the production of organic materials lead to residues of reactants (de Tourreil et al., 2000; Montesinos et al., 2002), high voltage electrical equipment is not designed and erected properly, resulting in long-term mechanical loads (Kumosa et al., 2005; Kone et al., 2017; Yuan et al., 2022), complicated operating environment leads to material aging problems (Yuan and Wang, 2020), tiny defects within the insulation materials can be caused by these problems. Tiny defects in the high electric field region are prone to partial discharges (Xing et al., 2021; Meng et al., 2022), causing permanent damage to insulating materials. The air in the defects can accelerate the aging of the material, which will further reduce the mechanical properties and insulation properties of the material, forming a vicious cycle and leading to the collapse of the insulation system. Eventually, the equipment will breakdown. Not only does it cause damage to high-voltage power equipment, but it also seriously affects the normal operation of the grid system. Therefore, it is necessary to carry out NDT of tiny defects inside the insulating material (Liu et al., 2022a).
Based on the magnitude of the defect, there are three categories for tiny defects. Firstly, millimeter defects range in size from 1 to 10 mm. Secondly, sub-millimeter defects range in size from 0.1 to 1 mm. Lastly, micron defects range in size from 1 to 100 μm.
This paper begins by summarizing the causes of tiny defects from three perspectives: the manufacture of insulating materials, the design and manufacture of equipment, and the operational environment, including internal ones like the synthesis of solid organic materials and imperfect design of high voltage power equipment, as well as external ones like temperature, humidity, mechanical stress, and radiation, can cause tiny defects. These factors will result in millimeter-and micron-scale structural defects in insulating materials, and these defects will cause serious harm to the power grid system, including the failure of composite insulators, transformers, cables, and other components. The novel NDT techniques were then grouped and summarized according to the magnitude of the defect. Microwave technology and infrared thermography are two technologies for finding millimeter-sized defects. Currently, the most popular methods for finding sub-millimeter-level defects are terahertz (THz) technology and ultrasonic technology. Non-linear ultrasound technology and X-ray computed tomography are both capable of detecting micron-scale defects. Also presented are their advantages and detecting principles. Finally, the emerging NDT technology’s drawbacks are outlined, along with potential future routes for advancement.
SOURCES AND HARMS OF TINY DEFECTS
Sources of tiny defects
Tiny defects are one of the main reasons for the insulating materials' failure. Such defects can occur for a variety of reasons, including internal ones like the synthesis of solid organic materials and inadequate high-voltage power equipment design, as well as external ones like temperature, humidity, mechanical stress, and radiation (Spellman et al., 1999; Saleem and Akbar, 2022). External factors are the main cause of tiny defects. Composite insulators, XLPE cables, and oil-immersed transformers play an important role in grid systems, but are also prone to failure (Jin et al., 2022), caused by tiny defects. Therefore, many scholars have done a lot of research on the mechanism of tiny defects.
The following research has been done recently on the internal mechanism of tiny defects. Yuan et al. (2015) analyzed two shattered mandrels and concluded that the interface defects in the composite insulator were primarily caused by the outflow of the release agent. Interfacial gaps cause internal electric field distortions and partial discharges, accelerating the hydrolysis of the mandrel, which in turn leads to continued defect enlargement. The core rod of the composite insulator is made of epoxy resin glued to a stretched glass fiber, and needs to add a release agent when drawing glass fiber in order to reduce friction (Liang et al., 2021). During the pressing process of the sheath and the mandrel, the release agent precipitates under the influence of temperature and pressure. This degrades the bonding strength between the sheath and the mandrel and causes defects. Qi et al. (2019) reported that incomplete reaction of additives, improper material handling, and metal inclusions can result in the formation of tiny defects during the synthesis of cross-linked polyethylene. These tiny defects will continue to grow under the influence of various factors and will eventually lead to the failure of the cable material. Production process defects are inevitable (Zhang et al., 2021), power equipment’s service life is influenced by production quality, which requires tight management.
The following study has been conducted on the external mechanism for the generation of tiny defects. In general, interface defects are caused by a variety of external factors and are a complex, long-term process. Bastidas and Rowland (2017) reported that composite insulators are subject to various dynamic mechanical loads during design, production, and installation (de Tourreil, 1990). Long-term physical aging will cause the bonding performance between the mandrel and the sheath to deteriorate, resulting in minute air defects. In regions of high electric fields, minute defects can trigger partial discharges, resulting in permanent interface damage and, ultimately, interface decomposition. Wang et al., 2020a placed the composite glass fiber reinforced epoxy resin in hot air at 130 °C for thermal aging. With aging time, the surface of the resin began to become wrinkled and pores appeared, and the pores would further develop into micro cracks, resulting in When air enters the resin, thermal aging is aggravated, forming a vicious circle. Cracks will develop into the resin, and after developing to the interface, the fiber and the resin matrix will be debonded. In addition to this, the curing agent used in the FRP manufacturing process generates nitric acid under the action of water and electricity (Tourreil et al., 2005). Nitric acid will corrode the epoxy resin, causing the epoxy-silicon rubber interface to separate, and the air gap will distort the electric field and cause partial discharge. Under the dual action of an electric field and air, it will accelerate the decomposition of epoxy resin, eventually resulting in the failure of composite insulators (Gao et al., 2018; Liang et al., 2018; Nandi and Reddy, 2020; Xu et al., 2021).
Harms of tiny defects
High-voltage power equipment is the heart of the power transmission system, and its operational dependability is crucial for the power system’s proper operation. Insulation deterioration is one of the leading causes of high-voltage power equipment failure (Wang et al., 2022). Tiny defects can destroy the integrity of the structure (White et al., 2001), affect the local voltage distribution, generate partial discharges (Mauoux and Laurent, 1995), damage the interface material, and the presence of oxygen and water in the tiny defects can accelerate the material aging, which will result in the collapse of the insulation system, the failure of the equipment, unplanned power outages, severe economic loss, and even cause disasters such as electric shock and fire (Nazmul Huda et al., 2012). Important components of the power system, such as composite insulators, XLPE cables, and transformers, are susceptible to failure due to modest insulation system flaws. Numerous researchers have discovered that minute flaws at the silicone rubber-mandrel contact can cause the insulator to fail (Armentrout et al., 2003; Wang et al., 2014; Zheng and Gao, 2019). Tiny defects in a cable might lead it to crack and eventually fail (Zhang et al., 2018; Batalović et al., 2019). Tiny defects in insulating cardboard will cause the risk of overheating and local breakdown of the transformer (Zhang et al., 2014; Hou et al., 2021). These faults will cause damage to high-voltage power equipment, affect the normal transmission of electricity, and cause power outages, followed by the failure of the factory to operate normally, resulting in a lot of economic losses.
NDT TECHNOLOGY OF MILLIMETER DEFECTS
Infrared thermography testing
Infrared thermography testing is a non-contact, non-destructive transient detection technology that uses an infrared thermal imager to acquire surface temperature data from the object being studied (Meola et al., 2004). The infrared thermal imaging system comprises an external heater source, an infrared camera, a control system, and an image processing system. When infrared thermal imaging technology detects defects in composite materials, a heat source is positioned above the organic material to be tested to heat its surface, and heat flow is conveyed within the material. Due to the considerable difference in thermal properties such as thermal conductivity between air and the tested organic material, the temperature distribution on the surface of the material is changed when there are faults inside the organic material. The change in the surface temperature of the material is captured by the infrared camera positioned above the sample, and the collected surface temperature information is processed by the image processing unit to obtain a temperature field heat map. Based on the temperature change in the temperature field heat map, information such as defect scale and defect depth is obtained (Qu et al., 2020). Figure 1 shows the principle of infrared thermography testing.
[image: Figure 1]FIGURE 1 | Principle of infrared thermal wave imaging detection (Qu et al., 2020).
Infrared thermography non-destructive testing technology has the advantages of quick and intuitive detection, no harm to the human body, and no physical contact, thus it is widely utilized in aviation, industry, medicine, and other fields. The method has been widely utilized in the United States, France, and Russia to detect internal faults in aviation composite materials, and the American Society for Testing Materials (ASTM) has established an inspection standard to correspond. Recently, infrared thermography has been extensively utilized in the electrical power industry to detect intrinsic faults in organic materials (Cao et al., 2008; Chou and Yao, 2009; Huda et al., 2012). However, infrared thermography has numerous drawbacks. For example, infrared thermography equipment is costly (Usamentiaga et al., 2014) and its results are vulnerable to ambient factors (Ibarra-Castanedo and Maldague, 2013).
Infrared thermography is a quick and effective technique for identifying delamination, debonding, and foreign substances within organic composites (Inagaki et al., 1999; Wu et al., 2011). Huda and Taib (2013) used infrared thermal imaging technology to find the defect of peeling off epoxy resin insulation coating on a dry-type transformer core. Liu et al. (2017) suggested a method for detecting internal faults in composite insulators by pulse thermal imaging. This approach uses a flashlight as a pulse heat source to heat a silicone rubber sheath with internal flaws and captures surface temperature data using a thermal imager, with an acquisition time of 60 s and an acquisition frequency of 25 Hz. The enormous quantity of acquired data reveals the internal faults of the silicone rubber, demonstrating the viability of the pulse thermal imaging approach for detecting the internal defects of the composite insulator. Wei et al., 2021a proposed an improved peak slope time method based on pulsed thermal imaging technology, which improved the accuracy of defect depth estimation. Figure 2 shows the imaging effect of pulsed thermal imaging to detect internal defects in the composite insulator.
[image: Figure 2]FIGURE 2 | Raw thermal images of silicon rubber plate specimen (A) The 100th frame of raw thermal images sequence, (B) The 275th frame of raw thermal images sequence (Liu et al., 2017).
Microwave inspection
There are two ways of microwave detection: reflection and transmission. The detection method is to inject electromagnetic waves with a frequency of 300 MHz to 300 GHz into the organic material through the probe. The incident microwave interacts with the internal structure of the organic material and the reflection or transmission at the interface of different media, using a probe to receive reflected or transmitted waves and judge the information of internal defects in materials based on the characteristics of the received reflected or transmitted waves (Lutz et al., 2012). Figure 3 shows the working principle of the microwave detection system.
[image: Figure 3]FIGURE 3 | Working principle of the microwave-based test system (Lutz et al.,2012).
Microwave testing is a real-time, nondestructive testing technology that offers the benefits of easy operation, robust penetrability, high detection accuracy, and low cost (Pastorino, 2004). Typically, the microwave signal power is only a few milliwatts, so there are no safety issues. There are numerous uses for microwave inspection in the aerospace field, the food industry, and the construction industries. Examples include the detection of internal faults in fiber-reinforced composites in aviation (Li et al., 2021a), foreign body contamination in food (Ricci et al., 2020; Tobon Vasquez et al., 2020), and pipe weld inspection (Stakenborghs and Little, 2010), etc. However, the skin effect occurs when microwaves enter metals and high-conductivity composites, so microwave inspection cannot be used to detect internal defects within these materials.
Based on the above advantages, microwave non-destructive testing technology can be used to detect millimeter-scale pores inside insulating materials of high-voltage power equipment (Li et al., 2019), delamination (Bakhtiari et al., 1994; Qaddoumi et al., 1996; Shrifan et al., 2021), foreign bodies (Umeda et al., 1980), fractures (Brown et al., 1999) and other defects. Wang et al. (2015) discovered the internal flaws of composite insulators using 24 GHz microwaves and evaluated the effect of detection distance on the detection outcomes. The study of experimental findings revealed that the microwave inspection process is sensitive to inspection distance and that there is an optimal detection distance. Mei et al. (2021) developed a full-scale composite insulator detection system based on microwave detection technology. Wang et al., 2021a used a vector network analyzer and a waveguide to build a microwave inspection system, using microwaves with a frequency of 2–24 GHz, and measured significant differences in the waveforms of composite insulators with different defect characteristics, proving that the microwave reflection technology detects composite insulator feasibility defects. Figure 4 shows the results of different defect characteristics detected by microwave technology.
[image: Figure 4]FIGURE 4 | Microwave detection results of different defect sizes (Wang et al.,2021).
Digital shearography
Digital shearography is a non-contact, highly accurate, and rapid non-destructive testing technology (Zhu et al., 2011; Liu et al., 2022b). Its inspection system includes a laser emitter, a shearing device, an imaging system, and an image processing system. The sample is deformed by heating or applying force, then the laser transmitter emits a beam to illuminate the surface of the object to be measured. The reflected light produces two mutually misaligned images on the CCD camera through the shearing device, and the two mutually misaligned images form a stripe map through the image processing system. The map can reflect the internal defects of the sample (Huang, 2021). Figure 5 shows the working principle of the digital shearography technique.
[image: Figure 5]FIGURE 5 | The working principle of digital shearography technique (Kumpati et al., 2021).
Digital shearography does not require a reference beam, so its optical detection system is reasonably simple, and the technology can directly measure displacement changes on the measuring object’s surface (Hung et al., 2013). Digital shearography technologies are widely used in the automotive and aerospace industries (Hung and Ho, 2005; Kumpati et al., 2021) because of their significant advantages. For example, they are used to check the quality of car tires and detect defects in aircraft composites. The technology has become increasingly popular for detecting defects inside insulating materials in recent years. Gu et al. (2018) discovered artificial defects within aluminum plates using phase-shifting dual-observation digital shearography. The defects were 30 mm wide and 2 mm deep, with a depth measurement error of less than 5%. Liu et al. (2019) successfully found artificial defects inside composite insulators based on digital shearography, validating the feasibility of the technology for the detection of defects inside composite insulators. Wei et al., 2021b used a new method combining infrared thermography with digital shearography to detect different sizes of debonding defects between silicone rubber and steel plates.
Induced charge tomography
Liang et al., 2020a first presented a new approach for detecting air gap flaws within insulators using induced charge tomography (ICT). The principle of ICT is to reconstruct the dielectric constant and electric field division inside gas-insulated transmission lines (GIL) using induced charges on the conductor and pipe wall surface, and the rebuilt result reflects a good indication of internal defects (Liang et al., 2020b; Li et al., 2021b).
Liang et al., 2020c reconstructed the dielectric constant distribution of a GIL with two crack defects using ICT techniques. The reconstructed dielectric constant distribution map not only reveals the profile of the insulator but also identifies defects within the insulator. Therefore, the technology can be utilized for online monitoring and diagnostics of electrical equipment, and it enables visual detection of defects, which has promising future applications.
With the continuous development of non-destructive testing technology, the detection accuracy has also improved. Therefore, ultrasonic testing methods and terahertz testing methods are proposed for sub-millimeter defects.
NDT technology of sub-millimeter defects
Ultrasonic testing
Ultrasonic testing employs a single probe that emits sound waves with a frequency greater than 20 kHz. Ultrasonic waves are transmitted into the tested sample via a coupling agent (Deng et al., 2017). If the sample being tested contains flaws such as porosity, delamination, debonding, cracks, etc., the ultrasonic wave will be completely reflected at the fault. The echoes are reflected back along the same path and received by the probe, while the signal acquisition unit converts the obtained acoustic impulses into electrical signals that are displayed on the screen. By measuring the position and amplitude of the reflected waves, the location and size of the detected defects can be determined (Tiwari et al., 2017; Zhao et al., 2020). Figure 6 depicts the ultrasonic testing principle.
[image: Figure 6]FIGURE 6 | The principle of ultrasonic detection (Zhao et al.,2020).
Ultrasonic testing is a conventional NDT technique (Arias and Achenbach, 2004), but it offers the benefits of strong penetrability, high sensitivity, quick detection speed, and low cost. Ultrasonic inspection is widely used in the pipeline industry, aerospace, and electrical power fields, including the detection of defects such as cracks, cavities, and pores in pipelines (Alobaidi et al., 2015), fatigue and fracture detection of composite materials for aircraft (Yawn et al., 1999), and detecting submillimeter defects in organic insulating materials (Merten, 2010). However, high-frequency ultrasonic waves are severely attenuated in air, and the attenuation increases with frequency when travelling through organic materials (Thomas et al., 2014). Consequently, pulse waves with a lower frequency are typically utilized for defect detection.
Complex composite insulator shapes make it difficult to detect tiny defects using conventional ultrasonic testing methods. Therefore, numerous researchers have undertaken exhaustive studies on ultrasonic testing technologies. Varlow et al. (1994) detected air gap defects inside 20 mm thick XLPE samples using an ultrasonic pulse echo technique. Yuan et al. (2016) tested composite insulator samples with artificial defects using a phased array ultrasonic testing technique and effectively discovered the air gap defect between the glass-fiber reinforced plastic mandrel and the silicone rubber and the pore defect under the insulator shed. Huang et al. (2018) employed pulsed ultrasound as the excitation signal, assessed the amplitude, phase, and spectrum of the echo, devised an imaging method suited for air gaps and internal impurities, and successfully discovered flaws with a depth of 55 mm and a size of 1 mm in silicone rubber. Additionally, ultrasound can also detect air gap flaws in organic insulating materials such as XLPE and epoxy resin. Tian et al. (2019) successfully detected faults of various sizes in epoxy resin inside gas-insulated switchgear (GIS) by using ultrasonic pulse echo. Zhou et al. (2020) utilized the ultrasonic pulse echo method to detect air gap flaws in 15 mm thick epoxy resin samples with a 2 mm fault size. Figure 7 demonstrates the findings of ultrasonic pulse echo inspection technology used to detect faults of various sizes within epoxy resin.
[image: Figure 7]FIGURE 7 | Reflected ultrasonic waveforms at voids with different depths d in the specimen (A) No defects, (B) Void with depth d = 15 mm, (C) Void with depth d = 20 mm (Tian et al., 2019).
Despite the fact that ultrasonic testing technology has effectively detected micron-scale defects in insulating materials, a coupling agent is required for sample testing, and the tedious operation is not favorable to practical applications. Researchers presented THz nondestructive testing technology to address this issue.
Terahertz testing
The principle of terahertz detection is similar to other electromagnetic wave detections. The optical parameters of the tested sample are extracted by using the characteristics of the frequency band (0.1–10 THz) (Fukunaga et al., 2011), and then the defect information inside the detection object is obtained by analysis. Terahertz waves mainly have the following four advantages: 1. low energy, which will not have adverse effects on human health during testing; 2. coherence, which can simultaneously measure parameters such as phase and amplitude during testing; 3. selective penetration, good penetration for non-polar substances, polar substances and metals have high absorption of terahertz waves; 4. transient, the transmission or reflection behavior of terahertz waves in the detection sample is completed in a short time, saving a lot of testing time.
According to the various propagation pathways, terahertz time-domain spectroscopy (THz-TDS) systems can be split into two modes: transmission and reflection (Tao et al., 2020). Terahertz waves have good penetrability to non-polar insulating materials. According to the different characteristics of hydrogen bond oscillations, the substances containing hydrogen bond structures can be finely analyzed. Therefore, the transmission mode is often used to detect the micro-water content in objects (Yin et al., 2020). The terahertz time-domain spectroscopy system uses a femtosecond laser as a terahertz radiation source to scan the sample point by point or side, and uses a terahertz detector to record the terahertz wave time-domain signal or frequency-domain signal and process the collected signal to generate For two-dimensional images, information such as defect depth and size can be obtained by calculating parameters such as the time domain waveform of the sample and the peak delay time of the blank sample reference waveform. The principle of the THz detection system is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Schematic of reflective THz-TDS system (Li et al.,2021).
Terahertz waves have excellent penetration into non-polar materials and are widely utilized in cultural heritage protection, food and aerospace, such as the hollowing deterioration of stone (Meng et al., 2021), testing the internal moisture content of fruits (Gong et al., 2022), microstructure optimization of thermal barrier coatings for aircraft engines (Ye et al., 2020), and defect detection in rocket fuels (Hlosta et al., 2022). Terahertz time-domain spectroscopy is also used to detect submillimeter-scale defects in insulating materials in high-voltage equipment (Cheng et al., 2021). Cheng et al. (2016) performed NDT on silicone rubber-epoxy boards with artificial defects using a pulse wave of 0.one to two THz. By examining the delay time between the peak of the sample’s time-domain waveform and the peak of the reference waveform, the precise location of faults with a depth of 0.4 mm and a minimum size of 1.5 mm was determined with an error of less than 3%. Xie et al. (2020) used a transmissive terahertz time-domain spectroscopy system for NDT of cross-linked polyethylene samples with artificial defects. By combining the refractive index and dielectric properties of XLPE by collecting the amplitude and phase information of the time-domain signal and other parameters, the calculated defect size of XLPE is 1.04mm, while the actual defect size is 1.01mm, and the calculation error is only 2.9%. Consequently, terahertz time-domain spectroscopy can find the XLPE air gap defects. Li et al., 2021c successfully discovered interfacial flaws and metal foreign bodies in insulating paperboard. Zhang et al. (2022) utilized a terahertz frequency-modulated continuous wave nondestructive inspection imaging system to linearly scan the XLPE cable with prefabricated defects, reconstruct a three-dimensional perspective image, and intuitively observe the prefabricated air and water hole defects in the insulating layer. Figure 9 shows the results of the THz method used to detect debonding and metallic foreign objects in insulating paperboard.
[image: Figure 9]FIGURE 9 | THz time domain waveforms in the debonding and metal foreign matter regions (Li et al.,2021).
X-ray digital radiography
X-ray Digital Radiography (X-DR) is a quick, intuitive, and effective nondestructive testing technology (Wang H. et al., 2019; Zhang et al., 2020). Its detection system consists of four parts: digital imaging, image processing, protection modules, and auxiliary facilities (Yan, 2013). The X-DR inspection principle is that the radiation source emits X-rays that pass through the sample. The attenuated transmitted rays are converted into analogue and digital signals by the radiation receiving and converting device, and the findings are visually displayed on the display via an image processing system, allowing for the viewing of the sample’s interior defects. Figure 10 shows the X-DR detection system.
[image: Figure 10]FIGURE 10 | X-DR detection system (Zhang et al., 2020).
X-DR is one of the most common techniques used in modern industrial detection. For instance, it is extensively used to detect welds and internal faults in castings in the field of mechanical engineering (Zhao, 2014), as well as to expose poor restoration work and forgeries of old buildings in the field of cultural heritage (Casali, 2006). Recently, X-ray digital imaging technology has been extensively utilized for the detection of interior faults in insulation materials (Yu et al., 2012; Tan et al., 2019). Zhang et al. (2017) employed X-DR technology to detect air hole defects within the quad bundle spacer damper and to conduct quality checks on the T-joints of the copper strip of the earthing network at the construction site, where they discovered air hole problems. Yin et al. (2018) found internal air hole defects in basin-type insulators utilizing an industrial CT/DR inspection system, and the minimum defect diameter was 0.5 mm. Test results confirmed the viability of this technology for detecting internal defects in basin-type insulators. Jiang et al. (2020) conducted DR non-destructive testing on epoxy resin supported insulating rods and detected defects in cavity defects and delamination defects. This provided a theoretical reference for defect detection in epoxy resin supported insulating rods, which has significant engineering application value.
NDT TECHNOLOGY OF MICRON DEFECTS
Non-linear ultrasonic testing
Composite insulators have the advantages of light weight, excellent mechanical qualities, excellent insulating capabilities, and anti-pollution flashover performance over traditional ceramic insulators, and are widely used in transmission lines (Ghosh and Khastgir, 2018). The sheath made of silicone rubber is joined to the core rod made of glass fiber-reinforced plastic through the action of a couplant to create contact-type bonding and a composite insulator (Jeenjitkaew and Guild, 2017). Interfacial defects are one of the most prevalent failure forms of composite insulators, accelerating the aging of organic materials, reducing mechanical qualities and even causing insulator strings to fail, which poses a significant threat to the regular operation of the power grid (Rouhanizadeh and Kermanshachi, 2020).
Interface defects not only include macroscopically visible air gap defects but also include macroscopically difficult-to-find kissing defects formed by the breakage of chemical bonds between the interfaces, and the size of such defects is less than 100 microns. Emerging NDT technologies such as infrared thermal imaging, microwaves, THz, and ultrasonic are difficult to detect kissing defects (Wang Y. et al., 2020). For this type of interface defect, scholars from Chongqing University proposed a new non-destructive testing method based on non-linear ultrasonic. The principle of the nonlinear ultrasonic testing system is shown in Figure 11. Zhang et al. (2019) proposed that the interface failure of the insulator was caused by the low surface roughness of the core rod and the failure of the coupling agent. They also introduced the hydrogen bond spring model and the friction hysteresis model into the mechanical wave conduction process for simulation calculation, and discovered that the contact interface failure will result in a decrease in mechanical wave conduction. This caused the peak value of the second harmonic to grow. The samples with flaws measuring 50 microns in size were subsequently examined using an ultrasonic examination device. It was determined that there was no significant difference between the well-bonded sample and the defective sample in terms of the fundamental wave, but that there was a substantial difference in terms of the second harmonic. To verify the correctness of the theory, the normalized nonlinear parameters are finally constructed to analyze the interface state of the composite insulator. Wang et al., 2020a created nonlinear parameters by mathematical modeling and numerical calculation and inspected contact insulator samples using high-power ultrasonic testing equipment. The comparison of harmonics reveals that the amplitude of the second harmonic of insulators with kissing defects is much greater than that of samples without faults. According to the experimental results, the developed nonlinear parameters may successfully diagnose the close-contact defects that form during the initial phase of interface debonding. Figure 12 depicts the outcomes of nonlinear ultrasonic techniques used to detect minute defects in composite insulators.
[image: Figure 11]FIGURE 11 | High-power ultrasonic testing system (Wang et al.,2019).
[image: Figure 12]FIGURE 12 | Experimental results of the plate samples with 1–20 μm defect (A) Time domain signal, (B) Spectrogram (Wang et al.,2019).
Computed tomography testing
The X-ray computed tomography (XCT) detection system uses a computer-controlled ray source to emit X-rays of different wavelengths, scans the sample through penetration, and uses a detector to collect transmission signals in different directions. The collected signals are processed by an image reconstruction algorithm to obtain multiple two-dimensional tomographic images. A three-dimensional three-dimensional view of the tested sample is reconstructed from the two-dimensional image, which can intuitively display the defect information inside the sample (Brisard et al., 2020). Figure 13 illustrates the principle of computed tomography detection. According to the aforementioned principles, it is necessary to use a high-precision motion control system to continuously adjust the sample’s position during the inspection process, so that the sample is in the optimal position, and to create high-quality two-dimensional tomograms and three-dimensional three-dimensional images to facilitate subsequent defect analysis of the inspected samples.
[image: Figure 13]FIGURE 13 | Principles of tomographic imaging (A) Parallel-beam, (B) Cone-beam (Brisard et al.,2020).
X-ray computed tomography detection is a nondestructive testing technique with the benefits of short wavelength, strong penetrability, intuitive imaging, and the identification of micron-scale defects (Wang X. et al., 2021). XCT is used in a wide range of applications in aerospace, food, and construction, such as assessing the porosity of composite materials for airplanes (Dilonardo et al., 2020), inspecting the quality of agricultural products (Du et al., 2019), and measuring the density and moisture content of wood (Wang et al., 2019c; Wang J. et al., 2019). In recent years, XCT detection technology has been extensively utilized for the detection of defects in insulating materials (Hao et al., 2019). Li et al. (2017) created an industrial computed tomography non-destructive testing system for power equipment and carried out non-destructive testing of basin-type insulators in GIS. Using the three-dimensional image generated by the scanning process, the position and magnitude of faults in epoxy resin were intuitively and clearly identified. Liu and Tan (2020) utilized a standing wave electron linear accelerator as a ray source, a line array detector composed of multiple detector units as a detection system, and an image reconstruction processing system composed of multiple processing units to create an industrial computed tomography nondestructive testing system. This system was applied to nondestructive testing and quality evaluation of power equipment materials. Huang et al. (2021) used X-ray micro-computed tomography to scan and image composite insulators with abnormal heating and discovered that there were defects within them that led to abnormal fever, with a defect detection precision of 2 μm. Zhang and Luo (2022) utilized X-ray computed tomography for non-destructive testing of insulating tie rods in GIS circuit breakers and discovered air gap defects between epoxy resin and aluminum alloy inserts. Figure 14 depicts the results of the X-ray micro-computed tomography technique used to discover the composite insulator’s interior flaws. Presently, there are few applications for defect detection within insulating materials, but it has been utilized extensively in the medical, aerospace, national defense, and military industries, and has collected a great deal of expertise. Consequently, X-ray computed tomography technology has a great deal of room for improvement in the detection of power equipment, and it will be utilized extensively in the future for the identification of internal defects in organic insulating materials.
[image: Figure 14]FIGURE 14 | 3D images of the air gap and the through channels in the rods, obtained by the X-ray micro-CT method (Huang et al.,2021).
COMPARISON OF NDT TECHNOLOGIES
The advantages and disadvantages of the previously discussed NDT methods are compared in Table 1.
TABLE1 | Comparison of advantages and disadvantages of NDT methods.
[image: T1]CONCLUSION AND OUTLOOK
The existing non-destructive testing method can only be used to detect material defects in the laboratory and cannot be utilized to detect the real operating state of electrical equipment. The primary causes are as follows:
Firstly, there are insufficient techniques for remote detection. Continuously operating high-voltage equipment is surrounded by a strong electric field. To ensure personal safety, detecting equipment must be kept at a distance of more than 2 m from personnel.
Secondly, the miniaturization of detection equipment. High-voltage equipment cannot be detected online due to the system’s overall complexity. Structural miniaturization is an unavoidable requirement to achieve on-line detection of nondestructive testing technologies.
Lastly, environmental adaptability. Temperature, electromagnetic radiation, etc. interfere with the detection accuracy. Near high-voltage equipment, there is a strong electromagnetic field that interferes with the detection of electromagnetic radiation such as microwaves, terahertz waves, and X-rays. The thermal conductivity of insulating materials is less than that of metals, and the propagation speed of heat waves in insulating materials is slower. As a result, the infrared thermal imaging detection technology is greatly influenced by the ambient temperature, and the greater the detection depth, the greater the error.
There is still a long way to go for NDT technology to achieve online detection, and a great deal of research is required to address the obstacles along the way.
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