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Abstract

:

The failure behavior of composites under ultraviolet (UV) irradiation was investigated by acoustic emission (AE) testing and Ib-value analysis. AE signals were acquired from woven glass fiber/epoxy specimens tested under tensile load. Cracks initiated earlier in UV-irradiated specimens, with a higher crack growth rate in comparison to the pristine specimen. In the UV-degraded specimen, a serrated fracture surface appeared due to surface hardening and damaged interfaces. All specimens displayed a linearly decreasing trend in Ib-values with an increasing irradiation time, reaching the same value at final failure even when the starting values were different.
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1. Introduction


Fiber-reinforced plastics (FRPs) are hybrid materials composed of reinforcing fibers and polymer matrices [1,2]. High specific stiffness and strength characterize FRPs, and their excellent resistance to fatigue loads of glass fiber-reinforced plastics (GFRPs) make these composites particularly suitable for the fabrication of wind-turbine blades with higher wind power efficiency [3,4,5,6]. During service, wind blade systems are exposed to a variety of environmental conditions, such as high humidity [7,8], elevated temperature [9,10], freeze–thaw cycles [11,12], and ultraviolet (UV) radiation [13,14], which can affect their performance.



Ultraviolet radiation is detrimental to polymers, initiating photodegradation, which usually degrades their mechanical properties [13]. Zhang et al. [15]. exposed epoxy to UV light for up to 200 h and then observed the surface by scanning electron microscopy. Microcracks occurred on the surface exposed to UV radiation, and the damage became more severe as the surface cracks enlarged, with increasing amounts of accumulated energy. Various combinations of composites were tested for up to 100 days of photodegradation [16]. The ultimate tensile strength and modulus of FRP decreased with increasing UV exposure. Therefore, for the maintenance and residual life evaluation of wind turbine blades, it is essential to predict changes in the fracture behavior of FRPs exposed to UV radiation during their life cycle. It is important to establish efficient monitoring technology due to the difference between natural exposure and laboratory conditions.



Acoustic emission (AE) of transient elastic waves in solids result from crack formation (plastic deformation) due to aging, temperature gradients, and mechanical forces [17]. Acoustic emission testing is a noninvasive, passive technique that can monitor the evolution of conditions in a structure [18,19,20,21]. It can be used to evaluate the crack state based on simple parameters, such as hit frequency (hits per second) and amplitude. Amplitude is related to crack size, while hits are related to crack growth. This technology has been used for structural health monitoring (SHM), especially in the context of seismology [22,23], and construction (i.e., concrete structures [24,25,26]). Gutenberg et al. [27]. introduced the b-value, derived from the amplitude–cumulative hits distribution, to evaluate the state of a crack (earthquake). The b-value is defined as the slope of the cumulative hit with respect to the amplitude. When cracks grow, a signal with a large amplitude is generated and the b-value is designed to decrease. Shiotani et al. [28], improved the b-value by using both the mean and variance, and applied it to the analysis of cracks in rocks. Finally, Colombo et al. [29]. proposed a standard for evaluating cracks in a concrete structure based on the Ib-values. Our previous study [30,31,32] used b-values to analyze a UV-irradiated FRP structure. The previous study [31] investigated the signal propagation behavior (i.e., attenuation) under UV irradiation conditions and studied the damage initiation and accumulation behavior using b-value analysis. In another piece of research [30,32], we studied the failure behavior and frequency-dependent attenuation behavior in CFRP, finding that Ib-value is continuously decreasing. The conventional b-value is helpful in damage analysis. However, it is not suitable for structural health monitoring (not monotonously changing in FRP structure). The feasibility of Ib-value in FRP structural health monitoring is required, especially under environmental degradation.



We investigated the fracture behavior of a UV-irradiated GFRP under tensile loading. Technical issues, and the accompanying methodology, are schematically shown in Figure 1. The GFRP specimens were prepared with a circular notch to establish the crack location. In the tensile test, the AE hits and amplitude distribution were used to analyze the crack condition. Finally, the Ib-values were determined. This research provides a basis for analyzing the correlation between AE and the UV degradation of GFRP strength, and establishes a technique for analyzing the extent of degradation via AE testing.




2. Experimental


2.1. Materials and Specimens


A 2-mm-thick GFRP sheet made from glass fiber and epoxy resin (Murakami Dengyo Co., Ltd., Yokohama-shi, Japan) was used in the experiments. The glass fibers were applied as a plain-woven fabric with a fiber fraction of 52.3 vol%. Woven GFRP plate specimens with a center hole were used for mechanical testing according to the standard ASTM D3039. A 2-mm-diameter hole was drilled at the center of each specimen, using a drill specifically designed for composite materials (Figure 2). Both surfaces of a specimen were irradiated by UV light for up to 300 h in a chamber. The light intensity was 1820 µW/cm2, with maximum spectral output at 365 nm. Figure 3 presents optical images of UV-aged specimens after 0 (pristine), 100, 200, and 300 h of irradiation. The photodegradation process can be manifested by discoloration through the yellowing of the epoxy [14]. The yellowing surface of the specimens increased as irradiation time increased, and was visible after 200 h in Figure 3.




2.2. Tensile Testing and Acoustic Emission Testing


Tensile testing was carried out according to the standard ASTM D3039. Tabs of GFRP were attached to a specimen at both ends to avoid damage from the test jig. A universal testing machine (AGI; Shimadzu Corp. Kyoto, Japan) was used to test specimens at a crosshead speed of 0.1 mm/min. AE signals were detected using a digitizer (Physical Acoustics Corp.; PCI-2, Princeton Junction, NJ, USA) at a sampling rate of 10 MHz per channel during each test, with 2/4/6 preamplifiers (Physical Acoustics Corp., Princeton Junction, NJ, USA) at 40 dBAE gain. A PICO sensor from Physical Acoustics Corporation (PAC; Princeton Junction, NJ, USA), with an operating frequency range from 100 to 900 kHz, was chosen for AE testing. Three AE sensors were mounted on each specimen at different distances from the hole using silicon grease (HIVAC-G, Tokyo, Japan) and vinyl tape (Figure 2). The specimens broke near the center hole due to stress concentration. Table 1 lists the test conditions used in previous research for AE monitoring [30]. One sensor was applied near the hole and two guard sensors were applied in both ends of the specimen (S1, G1 and G2 in Figure 2), and the AE signals of the hole (crack) areas were analyzed. Only signals stronger than 35 dBAE were detected to remove the background noise (Table 1). Four specimens were tested for each UV irradiation condition and the reproducibility was confirmed, selecting one representative set of data.




2.3. Ib-Value Analysis


Gutenberg initially developed b-value analysis for seismological applications using the Gutenberg–Richter formula [23]:


    log   10   N = a − b  ( A )  ,    (  A = 20 ·   log   10      V 1     V 0     )     



(1)




where A is the amplitude of the AE in decibels (dBAE), N is the total number of AE hits, a is an empirical constant, and b is the slope of the linear relationship. The amplitude is a direct indicator of damage. As a macrocrack propagates, high-amplitude signals are generated and the b-value decreases (Figure 4; note the slope of the black line).



The b-value reflects structural health and has been used to assess signals from stochastic processes, such as earthquakes, and from concrete structures. An Ib-value that incorporates specific statistical parameters of the amplitude distribution was derived. In Ib-value analysis, the crucial factors for determining the amplitude range are the mean (μ), standard deviation (σ), lower amplitude (μ − a1∙σ), and upper amplitude (μ + a2∙σ) values (Figure 4; note the slope of the blue line). The Ib-value was then calculated as follows:


  I b =     log   10   N  (  μ −  a 1  · σ  )  −   log   10   N  (  μ +  a 2  · σ  )     (   a 1  +  a 2   )  · σ    



(2)







This can be used to evaluate the crack state based on simple parameters, such as amplitude, hit frequency (hits per second), and AE frequency (peak frequency). Amplitude is an indicator of crack growth (i.e., crack size), while hit frequency is related to crack behavior. In addition, the AE frequency is known to depend on the damage mode and is used for behavioral analysis.





3. Results and Discussion


3.1. Mechanical Behavior and AE Analysis


Table 2 summarizes the experimental results, including the total test time, stress and strain at failure, time at which the first AE signals occurred, total number of AE hits, and maximum AE amplitude. The stress and strain at failure of the GFRP specimens decreased continuously with the increasing UV aging time. The tensile strength of specimens irradiated for 300 h was 28.4% lower than that of pristine specimens. The strain at failure decreased in the order 0~100 h > 200 h > 300 h. The UV treatment embrittled the material and decreased tensile toughness. All specimens generated large AE amplitudes (99 dBAE) during the last stage of tensile testing. The total number of AE hits exceeded 10,000 for all specimens, but there was no association with UV irradiation time.



Figure 5 shows the amplitude under tensile loading of specimens for different UV irradiation times. The amplitude (i.e., the highest peak in a detected voltage signal) was converted to decibels (dBAE, Equation (1)). The maximum amplitude was the largest amplitude among all of the accumulated AE data. For example, in Figure 5a, an AE hit of 48 dBAE occurred at 16% of the lifetime, and persisted until about 20% of the lifetime, indicating that other hits occurred during the interval but had amplitudes of less than 48 dBAE. In the 0 h specimen (Figure 5a), the maximum amplitude increased gradually until 300 h, after which it increased rapidly (Figure 5d). Amplitude corresponds to crack size, so the maximum amplitude relates to crack growth. Crack growth was relatively rapid in the 300 h specimen. Cracking was accelerated due to cracks generated on the surface by UV exposure.



Figure 6 shows the UV effects for 0 h and 300 h irradiated specimens. The fracture surface in Figure 6b shows a serrated fracture surface with many transverse surface cracks. In a woven textile composite, cracks are first induced in the weft direction (transverse cracks), followed by fiber breakage. The pristine specimens (Figure 6a) showed brittle failure according to the typical failure behavior, whereas the irradiated specimens showed more complex crack behaviors. The phenomenon can be explained by surface hardening and surface cracking, as discussed in previous research [31]. In the 300 h specimen, surface crack leads to larger transverse cracks in the early stage (Figure 5d), and the damaged surfaces and interfaces are weaker than in pristine specimens. The cracks propagated more actively (more AE signals with larger amplitude), creating a serrated fracture surface.



Figure 7 shows the mean amplitude of the AEs. To compare crack behavior among different test times, this was expressed as the percentage of lifetime (where final failure = 100%). The mean amplitude displayed a similar increasing trend in all specimens but was higher in UV-irradiated specimens. As noted above, hit amplitude was strongly correlated with crack size, and a higher mean amplitude implied that the cracks were larger, even at an early stage. Crack growth was faster in UV-treated specimens, and not only in terms of maximum amplitude. In the case of the woven FRP, the load was transferred to longitudinal fibers (0°) after transverse fiber (90°) fractures, and the cracks propagated. When the epoxy was photodegraded by UV light, transverse cracks were initiated, and propagated under low tensile loading via surface cracks and their connections.



Figure 8a presents the cumulative AE hits. As photodegradation progressed, the time to crack initiation decreased. Note that small microcracks can occur before the first AE hit because a hit is recorded only when a signal exceeds the threshold. The time of the first hit is important because it represents the rate at which the cracks reach a specific size. The trend in cumulative hits was similar after approximately 30% of the lifetime. Figure 8b shows the number of AE signals per second (one black dot corresponds to the number of AE signals that occurred in 1 s). High hit-per-second peaks are labelled #1–4. The maximum amplitude changed according to the hits per second (Figure 5a). It is well-known that cracks do not always grow at a constant rate, and there are regions where the cracks grow suddenly depending on the fiber structure. The AE test results indicate that these regions can be detected by amplitude analysis.




3.2. Structural Health Monitoring via Ib-Value Analysis


As discussed in the previous section, the Ib-value can be used to diagnose the state of the structure by determining the frequency at which a higher-amplitude signal appears as a result of crack propagation. Figure 9 presents an example of an amplitude distribution and Ib-value calculation for a 0 h specimen. Labels #1–4 are the same as those in Figure 8b. Amplitudes were calculated based on Ib-values within a specific range around the mean value (a1 = 10, a2 = 5). The Ib-values continuously decrease, unlike the b-value. Our previous b-value analysis of a GFRP [30] determined that increasing b-values stem from the complex failure behavior of FRP, which creates many microcracks, even when they are propagating. Hence, the Ib-value is more suitable than the b-value for SHM of FRP structures.



Figure 10 shows the Ib-values over the lifetime of the specimens. The parametric values were calculated after successive generation of 10 AE hits (e.g., 1st–10th, 1st–20th …1st–100th). The Ib-values continued to linearly decrease until the end of the experiment. The maximum Ib-value in the experiment corresponded to the beginning of crack growth, and the minimum value corresponded to specimen failure. The trends were quite similar between the 0 and 100 h specimens, but the starting Ib-value was lower for the 200 and 300 h specimens. Notably, the Ib-value behavior of all specimens linearly decreased and converged to the same value at final failure. Thus, the behavior of an environmentally degraded GFRP can be predicted based on the Ib-value behavior of the pristine specimen.





4. Conclusions


We investigated changes in the mechanical properties of a woven GFRP after exposure to UV radiation. We mainly focused on changes in AE parameters, including Ib-values. The UV radiation affected fracture stress and strain differently. In this study, the fundamental AE parameters, i.e., amplitude and frequency (hits per second), increased continuously, and relatively faster, in the UV-treated specimens. A comparison of the b- and Ib-values revealed that Ib-value analysis is more suitable for SHM of FRPs. The Ib-value continuously decreased up to the final fracture (0.017), but the beginning value lowered for the 0 and 300 h specimens (0.087 and 0.061). Therefore, Ib-value can be used to determine the level of environmental degradation of a GFRP.
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Figure 1. Schematic illustration of this research. 
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Figure 2. Schematic illustrations of GFRP specimens with a center hole and sensor locations. 
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Figure 3. GFRP specimens after UV irradiation. 
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Figure 4. The concept of b- and Ib-values [31]. 
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Figure 5. Stress–strain response of GFRP specimens and maximum AE amplitudes after UV irradiation for (a) 0 h, (b) 100 h, (c) 200 h, and (d) 300 h. 
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Figure 6. Photographs of fractured specimens subjected to ultraviolet exposure for (a) 0 h and (b) 300 h. 
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Figure 7. Mean AE amplitudes of GFRP specimens. 
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Figure 8. Acoustic emission (AE) hit distribution. (a) Cumulative AE hits and (b) AE occurrence rate (hits per second) for the 0 h specimen. 
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Figure 9. Example cumulative hits and Ib-values. 
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Figure 10. Ib-values of specimens. 
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Table 1. Acoustic emission testing conditions [30]. (Length: recording time after the AE signal exceeded the threshold value).
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Threshold

	
Amplifier

	
Analog Filter

	
Sampling Condition






	
Type

	
dBAE

	
dBAE

	
Lower

	
Upper

	
Rate

	
Pre-trigger

	
Length




	
Fixed

	
35

	
40

	
1 kHz

	
1 MHz

	
10 MHz

	
50 μs

	
1 k μs
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Table 2. Summary of fracture test results.
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	Unit
	0 h
	100 h
	200 h
	300 h





	Total test time
	Second
	1741
	1741
	1514
	1404



	Failure stress
	MPa
	271
	254
	113
	110



	Failure strain
	%
	2.9
	2.91
	2.53
	2.34



	1st AE hit time
	Second
	281.5
	214.9
	159.7
	110.7



	Total AE hits
	–
	13,131
	10,886
	13,247
	10,329



	Max amplitude
	dBAE
	99
	99
	99
	99
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