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Abstract

:

In this study, the mechanical properties of purposefully synthesized vitrimer repairable epoxy composites were investigated and compared to conventional, commercial systems. The purpose was to assess the knockdown effect, or the relative property deterioration, from the use of the vitrimer in several testing configurations. Mechanical tests were performed using ILSS, low-velocity impact, and compression after impact configurations. At modeled structure level, the lap strap geometry that can simulate the stiffening of a composite panel was tested. Several non-destructive evaluation techniques were utilized simultaneously with the mechanical testing in order to evaluate (i) the production quality, (ii) the damage during or after mechanical testing, and (iii) the repair efficiency. Results indicated that the new repairable composites had the same mechanical properties as the conventional aerospace-grade RTM6 composites. The electrical resistance change method proved to be a valuable technique for monitoring deformations before the initiation of the debonding and the progress of the damage with consistency and high sensitivity in real time. In terms of repair efficiency, the values ranged from 70% to 100%.
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1. Introduction


Composite materials are used more and more in aerospace industries as primary or secondary parts replacing metals [1]. Their constantly growing demand in industrial applications led the scientific community to the development of advanced composite configurations [2]. These advanced composites can satisfy all the essential requirements for use in aeronautics and simultaneously possess multiple functionalities (multi-functional composites) [3,4]. The prerequisites for advanced composites, apart from high specific properties, are typically high fracture toughness and good fatigue performance. On the other hand, advanced functionalities include structural health monitoring (SHM) capability [5,6,7], electromagnetic shielding [8], energy harvesting [9,10,11,12], and self-healing capability [13,14,15,16,17,18,19].



Besides the advantages of composites, the heterogeneity of their structure leads to more complicated damage mechanisms than typical isotropic materials as metals [20,21]. One of the most important damage types in composite laminates is caused by impacts, and more specifically, low-velocity impact. This type of damage may be due to random and typically underrated events such as tool dropdown [22]. Typically, these impacts cause delaminations that are not, or are barely, visible (BVID: barely visible impact damage) matrix cracking, or even fiber breakages [23,24]. For the detection of BVID, non-destructive evaluation techniques (NDE) such as the IR-thermography [25,26] and ultrasonics [27] are used on the composite parts. These techniques can also be employed for the evaluation of any repair process performed on the damaged part or structure [28,29].



The repair of thermoset epoxy polymers and composites is challenging. The chemical bonds formed after the polymerization are irreversible; thus, the repair is problematic or even impossible [23]. Except for the conventional and well-known self-healing methods (extrinsic or intrinsic) [30], a new category of thermoset epoxy resins, called vitrimers, is nowadays being developed and studied. These epoxies have all the advantages of thermoplastics as they are re-processable, repairable, and recyclable by introducing dynamic covalent bonds into their polymeric network [31]. In vitrimers, permanent crosslinks are replaced with exchangeable bonds that can rearrange thermally (or under another stimulus) via dissociative or associative mechanism [32]. At a specific temperature, above the glass transition temperature (Tg), or topology freezing temperature (Tv), these bonds can rearrange to repair resin/fiber delaminations and resin microcracks in the damaged part [33]. On the other hand, vitrimers retain the properties of the typical thermoset under service temperature, such as the resistance to environmental degradation, the good thermal properties, and, more crucially, their high mechanical properties [34,35]. Ruiz de Luzuriaga et al. [36,37] developed a new epoxy vitrimer resin called 3R (re-processable, repairable, recyclable) resin. The vitrimer 3R resin was, for the first time, applied at the manufacturing of fiber-reinforced composites using standard and well-known processes.



In this study, in order to assess and establish the vitrimer 3R technology, the fracture mechanisms of commercial (composites manufactured with a typical aerospace grade resin) and 3R epoxy composites were investigated and compared. Specifically, the relative property deterioration, henceforth called the “knockdown effect”, was assessed in relation to the mechanical properties for several testing configurations. The knockdown effect is defined as the percentage change of the initial mechanical properties of a commercial composite material after the incorporation of a repair technology. Numerous well-established geometries were tested, such as the interlaminar shear strength (ILSS), the low-velocity impact, and the compression after impact configuration. At modeled structure level, the lap strap geometry that can simulate the stiffening of a composite panel was examined [36]. The previous tests were employed on both conventional and 3R carbon fiber-reinforced polymers (CFRPs). To evaluate the repair efficiency, the above tests were performed before and after repair, to estimate the ability of the 3R resin to regain its initial mechanical properties. Additionally, several NDE techniques were employed concurrently with mechanical testing to assess the repair efficiency of the 3R composites, including IR-thermography, electrical resistance change method (ERCM), impedance spectroscopy, acoustic emission (AE), and phased array ultrasonics. These techniques were employed offline and online to evaluate (i) the production quality, (ii) the damage during or after mechanical testing, and (iii) the repair efficiency.




2. Materials and Methods


2.1. Materials


The CHOMARAT 5HS carbon fabric C-WEAVE™ 280SA5 T800HB 6K 40B-5HS ×125 cm with binder veil Spunfab 118CHQ 4 g/m2 1 face was used as reinforcement. For the conventional panels, the aerospace-graded RTM6 epoxy resin supplied from Hexcel was selected. The 3R panels were manufactured using a vitrimer epoxy resin developed by CIDETEC for this purpose. It is formulated to fulfil the requirements of the aerospace and it is based on a mixture of the monomers Tetraglycidyl-4,4′ methylene dianiline (TGMDA) and Bisphenol F diglycidyl ether (BFDGE), and the hardener 4-Aminophenyl disulfide (4-AFD).




2.2. Composites Manufacturing


2.2.1. Conventional (RTM6) Panels


Conventional panels were manufactured with the resin transfer molding (RTM) process. The lamination sequence was [(±45)/(0/90)]4s. The resin (RTM6) was preheated to eliminate air bubbles. The injection of the resin was performed with a pressure of up to 3 bar. Curing took place at 180 °C for 1.5 h. Once the curing process was finished, the tooling was left to cool down at room temperature. The panel was extracted and cut at the desired dimensions for each test.




2.2.2. 3R Panels


The lamination was [(±45)/(0/90)]4s while the 3R resin was preheated at 70 °C under magnetic stirring. The part B (hardener) was then added to the beaker and left for stirring for approximately 10 min. The manufacturing process was the hand layup method on a hot substrate. With the help of a roller tool, pressure was applied to ensure proper impregnation with the resin. Curing took place at 130 °C for 1 h and at 180 °C for 0.5 h in a hot press according to the optimized curing profile of the 3R resin, as provided by the manufacturer. The force of the applied pressure was at 30 kN. The panels were then left to cool down to ambient and cut at the necessary dimensions for each test.





2.3. Equipment for the Mechanical Characterization


2.3.1. Interlaminar Shear Strength (ILSS) Testing


The ILSS tests took place on a Universal Testing Machine WDW-100 by Jinan S.A. with a 100 kN loadcell. The selected displacement rate was 1 mm/min. The interlaminar shear strength was evaluated by the short beam shear geometry according to ASTM D2344. The maximum strength (MPa) was estimated from Equation (1):


Strength ILSS = 0.75 Pmax/(b h)



(1)




where Pmax is the maximum load (N), b is the width of the specimen (mm), and h is the specimen thickness (mm).




2.3.2. Low-Velocity Impact Testing


The low-velocity impact was realized with an Instron Ceast 9340 Drop Tower equipped with a 45 kN loadcell and a 16 mm hemispherical impactor with a mass of 2.5 kg. Two impact energies were selected at 9 J and 15 J. The dimensions of each specimen were 100 × 150 mm according to ASTM D7136. The mechanical knockdown effect and the repair efficiency (at 3R specimens) were evaluated in terms of maximum impact load (kN) and absorbed energy (J). The absorbed energy was calculated from the area under the load–displacement curve.




2.3.3. Compression after Impact (CAI) Testing


CAI experiments were performed on a Universal Testing Machine WDW-100 by Jinan S.A. equipped with a 100 kN loadcell according to ASTM D7137. The displacement rate was set at 1.25 mm/min. The dimensions of each specimen were recorded. Each specimen was clamped in an in-house CAI fixture that did not allow the sample to slide or move. Half of the impacted 3R specimens (at each energy level) were subsequently tested for compression after impact (CAI), and the rest of them were repaired and tested again (impact damage and CAI). The mechanical knockdown effect and the repair efficiency (of the 3R specimens) were evaluated in terms of maximum CAI load (kN) and CAI strength (MPa). The maximum CAI strength (MPa) was estimated from Equation (2):


Strength CAI = P_max/(w × h)



(2)




where P is the maximum load (N), w is the width of the specimen (mm), and h is the thickness of the specimen (mm).




2.3.4. Lap Strap Testing


Lap strap is a geometry that can simulate the stiffening of a composite panel and can be used in order to reduce materials consumption and simplify the geometry by replacing stringer run-out configuration [38]. The method employed a simplified joint configuration usually referred to as lap strap geometry. This geometry comprises two parts, the lap and the strap, bonded together with either a 3R or conventional resin adhesive layer. During the test procedure, the lap initially debonds from the strap and then the delamination propagates further in the interply plane in the strap. It should be mentioned that failure in the lap strap geometry is manifested in mixed mode. However, at the early stages of the test, the adhesive layer between the lap and the strap fails in mode II, followed by mode I failure at higher stress levels [38]. The dimensions and the geometry are depicted in Figure 1. Mechanical testing was performed with an Instron 8001 Universal Testing Machine with a 100 kN loadcell. The selected displacement rate was 1 mm/min under tensile load, and the test was stopped when the first small drop of the load occurred, whereby the initiation of the debonding of the lap from the strap happened. The stress was calculated as the ratio of the load to the cross-sectional area (thickness × width) and the strain as the ratio of the extension to the grip-to-grip distance. The mechanical knockdown effect and the repair efficiency (of the 3R specimens) were evaluated in terms of maximum stress (MPa).



For the structural health monitoring in lap strap specimens, ERCM was utilized simultaneously with mechanical testing. Figure 2 shows the lap strap geometry and the spots where the ERCM electrodes were attached.



Exploiting the electrical properties of the carbon fibers and the highly electrically insulating epoxy matrix, electrical NDE methods can be utilized for the (i) stain sensing and (ii) damage monitoring on CFRPs. At the early stages of the lap strap test, the specimen is under tensile loading. Although the carbon fibers have piezoresistive properties as a typical strain gage, i.e., the electrical resistance increases when the fibers are subjected to tensile strain, the total behavior at composite level is highly dependent on the electrical anisotropy of the composite. In a typical unidirectional composite, the resistance is expected to increase with tensile strain [39]. However, there is always the possibility that tensile strain increases the possibility of interfiber contact which potentially could reduce the resistance [40,41]. In the presence of out-of-axis laminae such as ±45 plies, this effect is more prominent as the fibers tend to align themselves with the loading axis during testing and, thus, the probability of the establishment of random contacts between the fibers is definitely increased [40]. As a result, these phenomena cause a decrease in the electrical resistance in the thickness direction which may surpass the strain-induced increase in the reinforcement material.



On the other hand, when microcracks and delaminations are induced in the matrix of the composite, the network of fiber contact is disrupted and the length of the conductive path increases, leading to an increase in the electrical resistance. This increase is described in Figure 2B,C, whereby the conductive path between the two electrodes is marked with red arrows. Before debonding, the conductivity occurs through the shortest path, which is a straight line between the electrodes (Figure 2B). After debonding of the lap from the strap, the shortest possible conductive path is described by the curved arrow in Figure 2C. This phenomenon triggers an increase in resistance due to the appearance of damage [39,40].



In all cases, in the employed geometry and independently of the resistance change which depends on the lamination of the composite, the delamination is expected to be manifested as a discontinuity in the resistance vs. time curve.





2.4. Non-Destructive Evaluation Techniques


2.4.1. Acoustic Emission (AE)


The AE activity was recorded online during each test using one wideband AE sensor (R-15-ALPHA, Physical Acoustics Corp., PAC, Princeton, NJ, USA). The coupling between the sensor and the specimen was achieved by applying a thin layer of ultrasonic gel. The pre-amplifier gain was set to 40 dB. The threshold was also set to 40 dB in order to avoid the possibility of electronic/environmental noise. The AE signals were recorded in a two-channel monitoring board PCI-2, PAC with a sampling rate of 5 MHz.




2.4.2. IR-Thermography


For the acquisition of the thermal response of the CFRP laminates, an FLIR A6750 MWIR camera was utilized, with a resolution of 640 × 512 pixels and a 125 Hz frame rate. For the application of the pulsed thermography method, two 1000 W IR lamps were used as the heating source, triggered by a Tektronix AFG3052C signal generator. The ramp pulse had a duration of 7 s, and the peak-to-peak voltage was 7 V. The distance between the specimen and the lamp was 1 m, equal to the distance between the specimen and the camera.




2.4.3. Impedance Spectroscopy


Impedance measurements were performed using the Advanced Dielectric Thermal Analysis System (DETA-SCOPE) supplied by ADVISE, Chios, Greece. The specimens were placed between two parallel copper plates with dimensions of 52 mm × 12 mm. A sinusoidal voltage of 10 V was applied to the capacitor. Scans were performed between two frequency values (0.01 Hz to 100 kHz). All measurements were performed at a constant temperature, namely, 21 ± 0.1 °C, monitored by an EXTECH VIR50 IR thermometer.




2.4.4. Electrical Resistance Change Method


For the measurements of the electrical resistance, a two-probe multimeter (Agilent 34401A, Santa Clara, CA, USA) was utilized.




2.4.5. Phased Array Ultrasonic Imaging


The inspection of the composites was performed using a Dolphicam2 phased array ultrasonic imaging platform. The frequency range was from 0.5 to 15 MHz, while the transducer electrode had a resolution of 128 × 128 elements. The gates were selected to be from 1 mm to 5 mm (specimen thickness). For the capturing of larger images than the size of the transducer, the in-built stitching function was used. The coupling between the sensor and the specimen was achieved by applying a thin layer of ultrasonic gel.





2.5. Repair Process


The damaged specimens were placed in a hot press between two high-temperature-resistant silicone layers (HT 60 WHT silicone sheet, thickness 1.5 mm, provided by MVQ-Silicones, Weinheim, Germany). After placing the specimens in the press, the press was closed, and pressure was applied (Figure 3). As soon as the consolidation pressure was fully applied, the upper and lower press tools were heated to repair the specimens. The repair temperature was set at 220 °C, the holding time of the repair temperature was 2 h, and the consolidation pressure on the specimen area caused by the consolidation force was 2 MPa. The thickness of the test specimens did not change during the repair process due to the high fiber volume content of 73% and the high viscosity of the resin. After the holding time, the specimens were cooled down at constant consolidation pressure. When room temperature was reached, the test specimens were removed from the press.




2.6. Evaluation of the Knockdown Effect and Repair Efficiency


The knockdown effect is defined as the percentage change of the initial mechanical properties of a commercial composite material after the incorporation of a repair technology, as mentioned above. The evaluation of the knockdown effect was performed according to Equation (3).


Knockdown effect, k% = 1 − (Mechanical property of a 3R composite/

Mechanical property of a commercial composite) × 100%



(3)







The repair efficiency is defined as the ability of a 3R composite to regain its initial mechanical properties [13,14,15,16,17,18,19] and is calculated according to Equation (4).


Repair efficiency, n% = (Mechanical property of a repaired 3R composite/

Mechanical property of an initial 3R composite) × 100%



(4)









3. Results and Discussion


3.1. ILSS Geometry


3.1.1. Knockdown Effect on Mechanical Properties


Figure 4 depicts representative ILSS plots and the average maximum strength of both types of specimens. A negligible knockdown effect of −3.7% in the average maximum strength was calculated, which indicates that the usage of 3R vitrimer resin as matrix did not lead to any significant deterioration in comparison to the conventional aerospace matrix in terms of ILSS.




3.1.2. Non-Destructive Evaluation via Impedance Spectroscopy


Impedance spectroscopy (IS) was utilized to assess the manufacturing and the damage of the ILSS specimens. Figure 5 (left) shows representative IS results of an RTM6 ILSS specimen before and after the mechanical test. The magnitude of the impedance of the virgin specimen (black curve with filled squares) was ca. 103 ohms and exhibited an ohmic behavior (independent of the frequency), as indicated by the fact that the phase remained near 0° (black curve with unfilled squares). This behavior is indicative of good resin impregnation which prevents or better limits direct contact of the conductive carbon fiber reinforcement which would lead to an electric shortcut and much lower impedance values. The subsequent introduction of damage caused an increase in the magnitude of the impedance by four orders of magnitude (red curve with filled squares). A transition from ohmic to non-ohmic behavior also appeared in the plot at 1 kHz and was depicted by a decrease of the magnitude of the impedance at 1 kHz frequency and onwards (red curve with filled squares). This was also confirmed by a shift in the phase from almost −10° to −90° (red curve with unfilled squares), which reveals that capacitive phenomena occurred in this frequency range. This is a typical behavior that accompanies the introduction of damage, i.e., delaminations, microcracks, etc., in composite materials, as the trapped air disrupts the pre-existing conductive path [7].



On the other hand, the 3R ILSS specimen exhibited distinctly different behavior. In Figure 5 (right), the magnitude of the impedance of the virgin specimen (black curve with filled squares) fluctuated at a few ohms, and the phase curve (black curve with unfilled squares) fluctuated around 0°, accompanied by significant noise as the recorded values were beyond the lower detection limit of the experimental equipment. This indicates that in this case, the conductive carbon fibers presented a significant number of interfiber contacts which in turn implies poor wetting/impregnation by the 3R resin. Ultrasonic inspection and IR-thermography results presented in Section 3.2.2 confirmed the existence of poor wetting areas (dry spots).



After the mechanical test, the magnitude of the impedance increased by two orders of magnitude (red curve with filled squares) as a result of the introduction of air and the reduction of the contact area between the plies of the laminate (fewer spots of contact between CFs). The phase remained around 0°, revealing a purely ohmic behavior (red curve with unfilled squares).




3.1.3. Repair Efficiency of 3R Composites


The repair efficiency was estimated at 72% of the maximum ILSS strength (Figure 6). The initial strength values were estimated at 50 MPa, while after the repair process, the strength was ca. 36 MPa. The results were deemed as satisfactory considering the small size of the ILSS specimens. These typically contain micro-delaminations and cracks that are difficult to repair.




3.1.4. Non-Destructive Evaluation via Impedance Spectroscopy


Figure 7 illustrates the impedance results after the repair process. It must be noted that the left graph in this figure is the same as the right graph in Figure 4 and corresponds to the state of the material before the repair process. The magnitude of the impedance after the first damage and the subsequent repair was restored to its initial values, as measured before the introduction of the damage, below 10 ohms (black curve with filled squares). The damage in the repaired specimen caused a further reduction in the magnitude of the impedance, probably by exposing the carbon fibers. The scans were noisy because the impedance values were out of the limits of the experimental equipment.





3.2. Low-Velocity Impact Tests


3.2.1. Knockdown Effect on Mechanical Properties


Low-velocity impact tests were performed at two energy levels (9 and 15 J) for conventional and 3R specimens. The knockdown effect between the 3R and the conventional composites was evaluated in terms of maximum impact load (kN) and absorbed energy (J). Figure 8 depicts representative load–time and load–displacement plots of both impact energies. The 3R composites exhibited a negligible knockdown effect of -1.8% of the maximum load at the 9 J impact and a knockdown effect of −3.7% at the 15 J impact (Table 1).



The reduced maximum load suggested that the 3R specimens had decreased bending stiffness against the conventional [42,43]. On the contrary, in terms of energy absorption, the 3R panels absorbed more energy than the conventional composites. The 3R specimens exhibited 4.1% more energy absorption than the conventional specimens at the 9 J impact and 2.2% more energy absorption at the 15 J impact. The results showed that the 3R specimens were tougher than the conventional specimens. They also showed that the 3R specimens had more extensive damage, as confirmed by the phased array ultrasonic technique. The damage was not visible by bare eye in all cases. Further evaluation of the impacted plates (mean diameter of impact damage) was performed via a phased array (c-scan) and IR thermography, and the results are presented below.




3.2.2. Non-Destructive Evaluation via Phased Array Ultrasonics and IR Thermography


The impact test caused extensive internal delaminations inside the laminates. Phased array and pulsed IR-thermography were employed to assess the size of the damaged area after the impact at both energy levels. More specifically, for the RTM6 laminates, measurements were performed after the manufacturing to evaluate the quality of the process. The measurements were repeated after the impact test for the identification of the damage (Figure 9).



For the 3R laminates, the above NDE characterization stages were employed, followed by the evaluation of the repair process, the second damage by impact test, and the identification of the extension of the second damage (Figure 10).



The complete volume of each laminate was evaluated by employing the built-in stitching function to detect any defects induced during the manufacturing process, such as delaminations, poor impregnation of the fibers, voids, etc. In Figure 11 (left), a representative phased array c-scan of an RTM6 laminate is depicted. The blue color corresponds to the bottom surface of the composite. No defects were detected during the manufacturing process.



On the other hand, phased array scans of the 3R laminates after manufacturing (Figure 11 (right)) revealed numerous defects which occurred at various depths due to the poor impregnation of the CF by the 3R resin. Poor impregnation of the fibers led to voids manifested as trapped air at the matrix–fabric interphase or between/inside yarns. The void content varied both between different areas of the same laminate and among different laminates.



Pulsed IR-thermography confirmed the c-scan results. In Figure 12 (left), the RTM6 laminate was of high quality, with a uniformly distributed thermal behavior. Contrariwise, the 3R laminate in Figure 12 (right) presented a few heat traps that emerged at almost 5 s to 10 s of the heating cycle. Imperfections that appear at this timeframe of the heating cycle correspond to defects located near the surface of the laminate. These heat traps were small voids that remained from the manufacturing process of the composite.



Ultrasonic inspection after the impact test revealed delaminations inside the composite. This type of damage (barely visible impact damage: BVID) is introduced inside the composites and can expose them to danger as visual inspections on the surface cannot detect them. BVIDs can act as crack initiators, leading to further delamination extension and potentially disastrous results [24]. The laminates were tested under two different impact energies. Two representative ultrasonic scans of the RTM6 laminates are depicted in Figure 13 (left) and (right) for 9 J and 15 J energy levels, respectively.



The delamination diameters of the impacted laminates are presented in Table 2. The damage caused by the 9 J low-velocity impact had a mean diameter of 16.71 mm ± 1.62 mm, while the 15 J impact caused approximately 36% more damage, with a 22.68 mm ± 1.37 mm mean diameter.



Figure 14 illustrates the affected area of the 3R laminates after the impact test for both energy levels. The 15 J impact damage caused a delamination that exceeded the dimensions of the probe, thus stitching function was applied (Figure 14 (right)). The laminates after the 9 J energy impact presented delaminations with a mean diameter of 26.43 mm ± 2.05 mm, as is shown in Table 3. The 15 J impact introduced delaminations with a 35.53 mm ± 0.79 mm mean diameter. Compared to RTM6 laminates, the 3R laminates suffered 58% and 57% more extensive delaminations at 9 J and 15 J impact energies, respectively.



Figure 15 illustrates the damage from the low-velocity impact at 9 J (left) and 15 J (right). The 9 J damage is barely visible with IR thermography at 5–10 s of the heating cycle, as the heating defused fast to the rest of the area of the laminate, while the 15 J impact caused more distinct damage. The 3R laminates suffered more extended damage (Figure 16) than the conventional, with the IR thermography result agreeing with the phased array ultrasonics results.




3.2.3. Repair Efficiency


Figure 17 illustrates representative load–time and load–displacement plots for both impact energies before and after repair. The repair efficiency of the low-velocity impact geometry was calculated in terms of the maximum load and the absorbed energy (Table 4). At the 9 J impact, the max load was recovered by approximately 91% and the absorbed energy by ca. 87%. In the case of the 15 J impact, the specimen fully recovered by absorbing practically the same amount of energy (repair efficiency 106%), while the max load regained its value by ca. 99%. The repair process was more than efficient since the initial values were fully recovered.




3.2.4. Non-Destructive Evaluation via Phased Array Ultrasonics and IR Thermography


The 3R laminates were repaired after the impact test. The repair process was evaluated with the phased array ultrasonics technique to investigate the efficiency of the resin re-bonding. Figure 18 and Figure 19 show that most of the defects that were created during the manufacturing process were eliminated after the repair. Figure 19 presents a comparison between the c-scan prior to and after repair. A few delaminations still remained between the middle laminae of the composite (Figure 19c).



Figure 20 presents the IR thermographs of the 3R laminates after the repair process. Although the delaminations were fully repaired, a few defects from the manufacturing process remained and acted as heat traps near the surface of the laminate (red/dark spots on the surface of the laminate).



The delaminations of the repaired 3R laminates caused by the second impact test are illustrated in Figure 21.



The 9 J energy impact led to a delamination with a mean diameter of 36.1 mm ± 1.63 mm. More extensive delamination occurred in the repaired 3R laminates after the 15 J impact. The mean diameter of the damage was 48.82 mm ± 3.54 mm (Table 5). When compared with the initial specimens, the repaired specimens had an increased damaged area diameter by 36.6% and 37.4% for the 9 J and 15 J impact, respectively. Figure 22 depicts a bar chart with a comparison of the mean damage diameter for all the inspected laminates.



The second damage, which was caused by the impact test on the repaired 3R specimens, was also detected by IR thermography by applying pulse heating. The results were in agreement with the phased array ultrasonics. When compared to the initial specimens, the delamination area increased in both the 9 J and the 15 J impact energy levels, as can be seen in Figure 23.





3.3. Compression after Impact (CAI)


3.3.1. Knockdown Effect on Mechanical Properties


Half of the impacted 3R specimens (at each energy level) were subsequently tested in compression after impact (CAI), and the rest of them were repaired and tested again (impact damage and CAI) in order to calculate the knockdown effect (Table 6). Regarding the laminates that were subjected to 9 J impact, CAI showed that the 3R composites exhibited mean values of maximum load of 100.59 ± 4.75 kN and a mean maximum strength of 212.43 ± 12.18 MPa. The conventional specimens exceeded the upper limit of the loadcell (105 kN) during mechanical testing without breaking. Therefore, the knockdown effect was evaluated using an approximate value of 105 kN as the maximum load and estimated approximately at ≈−3.0% or ≈−1.9% using the maximum strength values. At the 15 J impact, the knockdown effect of 3R specimens was −4.3% in terms of maximum load and –1.1% in compression strength.




3.3.2. Repair Efficiency


The initial 3R specimens that were tested at impact and CAI were compared to the repaired 3R specimens. In terms of the maximum compression strength, the repair efficiency was estimated at 80.1% on the 9 J impact and 74.8% on the 15 J impact (Table 7). Additionally, the maximum load recovery was at 75.8% for the 9 J impact and 61.5% for the 15 J impact.





3.4. Lap Strap


3.4.1. Knockdown Effect on Mechanical Properties


3R lap strap specimens exhibited a knockdown effect of 3.3% compared to the conventional specimens (Figure 24). Additionally, the 3R specimens exhibited a load drop smaller than in the case of conventional specimens.




3.4.2. Non-Destructive Evaluation via Electrical Resistance Change Method and Acoustic Emission


Acoustic Emission


The AE activity of the 3R specimen (Figure 25 (bottom)) presented a higher population of low-amplitude hits (40–60 dB) and fewer hits at a high amplitude, which occurred at the initial failure of the lap strap joint. The low-amplitude hits were related to matrix cracking from the beginning of the lap strap test due to tensile loading. Before the debonding of the lap from the strap, high-amplitude hits (60–80 dB) were accumulated, denoting shear failure. On the contrary, the RTM6 specimens only exhibited their total AE activity before the debonding (Figure 25 (top)). Most of the recorded hits were in the range of 40–60 dB and a few in the range of 60–80 dB, indicating that the specimen failure mainly occurred by matrix cracking.




Electrical Resistance Change Method


Figure 26 (left) presents the electrical behavior during the mechanical test of the RTM6 specimen. The initial resistance of the specimen before the damage was ca. 167 kohm. This value showed that the lap was electrically isolated by the strap. As aforementioned, electrical isolation was achieved with the good impregnation of the carbon fibers with the RTM6 resin, which prevents inter-fiber contact. A slight decrease in the resistance was observed during the elastic deformation of the specimen. This is typically an indication of strain-dependent behavior on the elastic deformation, which precedes damage phenomena. A sharp drop of the resistance designated the delamination onset. As should be noted, this delamination onset was followed by the very brittle local failure of the matrix and extended bridging between the lap and the strap by bare carbon fibers, as the surrounding matrix had disappeared (Figure 27).



This led to the creation of an electrical shortcut between the lap and the strap and the abrupt reduction in electrical resistance to levels comparable to that of the resistance of carbon fibers.



The 3R specimen had an initial resistance of ~2 ohm. A conclusion that can be drawn from this small value of resistance is that the impregnation of the carbon fibers with the 3R resin allowed inter-fiber contacts and thereby reducing the total resistance. This may be either attributed to unimpeded resin flow, or, conversely, to poor impregnation. As dry spots were observed in the case of the 3R composites, the second explanation is highly possible. The area where the elastic deformation took place can be clearly observed in Figure 28, with an almost proportional dependence of the resistance to the elongation of the specimen. As expected, the delamination onset, i.e., the failure of the lap strap geometry, was detected by a discontinuity in the resistance vs. time curve. In contrast, after failure, the resistance rise was masked by the deformation sensing, and the resistance continued to have a downtrend.



The analysis of the NDE results from AE and ERCM techniques led to the following conclusions. RTM6 presented a highly brittle behavior, as indicated both by the AE results as well as the electrical resistance change findings, whereby the load was accumulated in the adhesive until the point where an abrupt load release was manifested as a sudden rupture. In more detail, the AE activity of the lap strap specimens manufactured with RTM6 began as the specimen departed from the elastic deformation region and culminated to the point of its sudden failure when a part of this load was released, most probably due to the unstable crack propagation. This was confirmed by the ΔR/R0 results, where no significant change was observed until that specific point where a sudden drop in the resistance due to the brittle matrix fracture, which allowed for the short-circuiting of the carbon fiber insulation, was observed.



On the other hand, the 3R resin seemed to fail in a less brittle manner, which could indicate a more stable crack growth. In this case, a considerable amount of hits was accumulated when the specimen was still in the elastic deformation region. The amplitude of the accumulated hits denoted that cracks were forming in the matrix until the point of the first fracture, where a crack propagation might have happened. These specimens contained manufacturing defects, as already confirmed by ultrasonic inspection and IR-thermography images (presented in Section 3.2.2). Such defects may have acted as crack initiation points at the early stages of the mechanical test. The extent of the failure of the 3R adhesive layer was smaller than the respective failure of the RTM6 specimen, as indicated by the smaller load drop. In this case, this critical point of the first fracture was also characterized by some fiber breakages, as indicated by the accumulated high-amplitude hits in the 3R specimen’s AE plot. The smooth failure process of the 3R resin specimens was also evident in the electrical resistance change results, where a gradual decrease of the resistance was observed throughout the test, while at the delamination between the lap and the strap onset, the discontinuity was manifested as a small increase in the resistance.





3.4.3. Repair Efficiency


The repaired lap strap specimens presented improved strength values compared to the initial specimens (Figure 29). Specifically, the initial 3R composites showed an average maximum strength of 140.51 ± 24.11 MPa, while the repaired composites exhibited an average maximum strength of 155.62 ± 19.86 MPa. The repair efficiency was calculated to be 110.8%. The increase of the strength values after repair may be attributed to welding phenomena that occur in the 3R composites during the repair cycle. During repair, the applied heat and pressure caused a slight consolidation of the interface between the lap and the strap (welding), resulting in an increase in the bonding strength between the two parts. Moreover, the repair cycle promoted the adhesion with further 3R resin interdiffusion between the two parts. This was also confirmed via the comparison of the initial and the repaired resistance values that were obtained from the ERCM and are presented below.




3.4.4. Non-Destructive Evaluation


Acoustic Emission


The repaired 3R specimens presented a rich AE activity from the beginning of the lap strap test (Figure 30). The amplitude of the hits ranged from 40 dB to 100 dB, denoting that multiple fracture mechanisms took place simultaneously, i.e., matrix cracks, fiber pull-outs, and fiber breakage. This behavior, which is distinctly different from the behavior of the initial specimen, can be attributed to the presence of the loading history due to the first mechanical test and the conditions of the repair process. At this point, it should be mentioned that the repair took place by applying pressure and heat only at the bonding area, as illustrated in Figure 31. The remaining area of the strap was not repaired; thus. the initial cracks were not eliminated. For this reason, fiber breakages occurred at low loadings at stress concentrations due to the formed cracks at the early stages of the test, as shown in Figure 30 by the accumulation of several hits with 80–100 dB amplitude. This rich acoustic activity at high dB levels, that appeared at the early stages of testing for the repaired specimens, but was not present in the case of the initial specimen, was indicative of pre-existing damage which led to early acoustic emission phenomena due to secondary damage already present, an analogue to the felicity effect [17]. It may be postulated that this activity was due to accumulated damage at the non-repaired area of the specimen, where cracks were formed during the first loading cycle, and led to the subsequent fiber failure during the second loading cycle. This assumption is further supported via the comparison of the acoustic profile of the repaired specimen at the early stages of testing with the respective acoustic profile of the initial 3R specimen (Figure 25 (bottom left)) at the final failure stage. As can be seen, the two profiles are quite similar. The rich activity was continuously observed throughout the test of the repaired specimen and masked the final failure, where normally high amplitude AE signals are exhibited.



Furthermore, by comparing the plot in Figure 30 (right) with the plot in Figure 25 (bottom right), it can be seen that both their mechanical and AE behavior presented distinct differences. The failure of the initial specimen occurred just above 12 kN, while the repaired specimen failed at almost 16 kN. However, prior to the final delamination between the lap and the strap, the repaired specimen also presented several small drops in the recorded load at lower values, i.e., at ~10 kN, ~12 kN, ~14 kN, and just above 14 kN before the final failure. Similarly, the acoustic profile of the initial specimen presented cumulative AE hits that increased until the debonding of the lap from the strap, where a small decrease in its AE activity was recorded. On the other hand, the acoustic profile of the repaired 3R specimen presented many more total hits until its final failure, as well as three distinct intervals, before the final failure, where its AE cumulative hits curve reached a plateau. These plateaus were observed at the time where the mechanical plot of the specimen showed the small drops of the load before the final load drop, denoting the failure of the specimen.



It is postulated that at the first loading process (initial specimen), critical cracks appeared in the material only during the final failure just above 12 kN, while at the early stages of loading, the combined information from the mechanical and the AE profiles did not show any evidence of critical cracks. However, small noncritical cracks were formed during the early stages of loading, as indicated by the amplitude of the hits (Figure 25 (bottom left)). Those cracks could not cause the failure of the specimen; however, they caused an accumulation of damage which led to the unstable crack growth, where a critical crack initiated and developed between the lap and the strap, and this caused the failure of the specimen. By comparing the loading process of the 3R initial specimen with the RTM6 specimen, a more stable crack growth can be observed for the 3R specimen at the early stages of loading. When the repair process was performed, those noncritical cracks were successfully repaired to some extent and the repaired specimen failed at higher load values (~16 kN). It should be noted, although it is obvious, that only noncritical cracks located at the parts of the specimens where heat and pressure have been applied could have been repaired (Figure 31).



Overall, the loading history and the repair process affected the fracture process in the case of the 3R resin. During the early stages of loading of the repaired specimens, multiple noncritical cracks appeared together with secondary damage phenomena due to pre-existing damage in the parts of the specimen that were not repaired. This was not the case in the initial specimen, where obvious damage was not yet present, during its first loading cycle. These cracks were seen in both the mechanical and the AE profiles of the repaired specimen, as small load drops or plateaus, respectively, before the final failure, as commented above. This denotes a change in the fracture process of the material, indicating a more stable crack growth in the repaired sample in comparison to the initial one. This fracture behavior suggests that the material has become tougher.




Electrical Resistance Change Method


Figure 32 illustrates the force vs. time plot with concurrent monitoring of the relative electrical resistance change during the mechanical test of the repaired 3R lap strap specimen. The resistance of the repaired specimen was 1.47 ohm, 26.5% lower than the resistance of the initial 3R lap strap specimen. The applied pressure and the high temperature during the repair process were responsible for this phenomenon. The same electrical behavior with the initial specimen was observed during the test of the repaired specimen. A strain-dependent area of the resistance occurred at the early stages of the test. After almost 26 s, debonding took place at the adhesive between the lap and the strap before the failure of the specimen. Every step of the crack propagation was identified by the ERCM as small peaks in the resistance due to the reduction of the contact area between the lap and the strap. These smaller peaks confirmed that the failure of the specimen did not occur by unstable crack propagation but via a cumulative accumulation of multiple shorter cracks. This observation confirms the analysis that was presented in Acoustic Emission Section.







4. Conclusions


This study focused on the evaluation of the knockdown effect between a conventional typical aerospace-grade epoxy resin (RTM6) and a vitrimer epoxy resin. The vitrimer resin was re-processable, repairable, and recyclable (3R-resin). The repair efficiency of the 3R composites was also estimated. Various mechanical tests were performed simultaneously with NDE techniques such as impedance spectroscopy, acoustic emission, IR- thermography, phased array ultrasonics, and electrical resistance change method.



ILSS and low-velocity impact results presented a negligible knockdown effect of about 3–4%, proving that the 3R resin had similar mechanical properties to the conventional (RTM6) resin. Repair efficiency values of 72% were also calculated for the ILSS geometry. At low-velocity impact specimens, the values recovered by 87% in terms of average maximum load and by 105% in terms of the absorbed energy at two energy levels (9 J and 15 J). The impedance spectroscopy was used to evaluate the impregnation of the carbon fibers and offered a complete view of the electrical behavior of the ILSS geometry. Conventional specimens exhibited higher impedance than 3R specimens. This showed that carbon fibers were better impregnated by the conventional resin than by the 3R resin. The impedance values of the 3R specimens were similar to the carbon fiber values, denoting the appearance of shortcuts between the fibers, which indicated poor wetting/impregnation by the 3R resin. An increase in the impedance occurred in both types of specimens due to delamination. The impedance was restored after the repair of the 3R specimens, while the damage in the repaired specimens caused a further reduction in the magnitude of the impedance, probably by exposing the carbon fibers.



The phased array ultrasonics offered a picture of the remaining defects from the production and the repair processes and a quantitative damage detection on the impacted specimens, with high accuracy at impact tests. The IR thermography confirmed the phased array results with high sensitivity at the small defects on the surface of the impacted specimens, which acted as heat traps. The knockdown effect was evaluated approximately at ≈−3.0% in terms of maximum load or ≈−1.9% using the maximum strength values at CAI tests after a 9 J impact. At the 15 J impact, the knockdown effect of 3R specimens was −4.3% in terms of maximum load and −1.1% in compression strength.



The lap strap, a geometry that can simulate the stiffening of a composite panel, exhibited a knockdown effect of about 3% between the RTM6 and 3R composites. However, lap strap specimens recovered about 110% of their initial values due to the welding phenomenon that occurred during the repair process. The acoustic emission technique provided crucial information about the evolution of the fracture process. The RTM6 specimens presented a sudden rupture as the AE activity accumulated only at the point of lap strap failure, denoted by a higher population of low-amplitude hits (matrix cracks) and fewer hits at a high amplitude (shear damages and fiber breakages). On the other hand, the 3R specimens had a rich low-amplitude AE activity from the early stages of the test, declaring crack formation in the matrix before the failure. These cracks were due to manufacturing defects identified by ultrasonics and IR-thermography which acted as initiation points. Additionally, after the repair process, the AE technique revealed the existence of initial cracks as well as the effects of the loading history. The electrical resistance change method was applied to the lap strap simultaneously with the mechanical testing. ERCM proved to be a valuable technique for monitoring deformations before the debonding initiation and the progress of the damage with consistency and high sensitivity in real time.
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Figure 1. Schematic illustration and dimensions of the lap strap geometry. 
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Figure 2. (A) Setup of the lap strap specimens for ERCM, (B) the current path marked with red arrows before damage, and (C) the current path after debonding of the lap from the strap. 
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Figure 3. Schematic of the setup used for the repair process. 
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Figure 4. Representative plots of ILSS specimens (left) and knockdown effect for maximum strength (right). 
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Figure 5. IS scans of (left) a representative RTM6 ILSS specimen before (black) and after damage (red), and (right) a 3R specimen before (black) and after damage (red). 
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Figure 6. Representative plots of ILSS specimens (left) and repair efficiency of maximum strength (right). 
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Figure 7. Impedance measurements of the 3R ILSS specimens before (left) and after (right) the repair process. 
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Figure 8. Representative load/time and load/displacement plots of impacts at 9 J and 15 J of conventional and 3R specimens. 
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Figure 9. Phased array and IR-thermography test plan on RTM6 impact specimens. 
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Figure 10. Phased array and IR-thermography test plan on 3R impact specimens. 
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Figure 11. Reference c-scan of a representative RTM6 (left) and 3R laminate (right). 
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Figure 12. IR thermography of RTM6 (left) and 3R (right) laminates. 
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Figure 13. A-scan, B-scans, and C-scan of RTM6 laminate after 9 J (left) and 15 J (right) low-velocity impact (A is the area, C is the circle length and D is the diameter of the circle). 
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Figure 14. A-scan, B-scans, and C-scan of 3R laminate after 9 J (left) and 15 J (right) low-velocity impact (A is the area, C is the circle length and D is the diameter of the circle). 
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Figure 15. IR thermography of damaged RTM6 laminates at 9 J (left) and 15 J (right). 
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Figure 16. IR thermography of damaged initial 3R laminates at 9 J (left) and 15 J (right). 






Figure 16. IR thermography of damaged initial 3R laminates at 9 J (left) and 15 J (right).



[image: Applsci 12 07269 g016]







[image: Applsci 12 07269 g017 550] 





Figure 17. Representative load/time and load/displacement plots of impacts at 9 and 15 J of initial and repaired specimens. 
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Figure 18. Repaired 3R laminate: C-scan of a representative specimen. 






Figure 18. Repaired 3R laminate: C-scan of a representative specimen.



[image: Applsci 12 07269 g018]







[image: Applsci 12 07269 g019 550] 





Figure 19. 3R laminate (a) initial, (b) repaired, and (c) a-scan, b-scan, and c-scan of defects. 
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Figure 20. IR thermography pictures of the repaired 3R laminates after impact at 9 J (left) and 15 J (right). 






Figure 20. IR thermography pictures of the repaired 3R laminates after impact at 9 J (left) and 15 J (right).
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Figure 21. C-scan of repaired 3R laminate after 9 J (left) and 15 J (right) low-velocity impact (A is the area, C is the circle length and D is the diameter of the circle). 






Figure 21. C-scan of repaired 3R laminate after 9 J (left) and 15 J (right) low-velocity impact (A is the area, C is the circle length and D is the diameter of the circle).
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Figure 22. Damage diameter comparison. 






Figure 22. Damage diameter comparison.
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Figure 23. IR Thermography of damage on repaired 3R laminates at 9 J (left) and 15 J (right). 






Figure 23. IR Thermography of damage on repaired 3R laminates at 9 J (left) and 15 J (right).
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Figure 24. Representative stress–strain plots (left) and knockdown effect values (right) of lap strap specimens. 






Figure 24. Representative stress–strain plots (left) and knockdown effect values (right) of lap strap specimens.
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Figure 25. Representative plots of amplitude (left) and AE hits (right) on RTM6 (top) and 3R (bottom) lap strap specimens. 






Figure 25. Representative plots of amplitude (left) and AE hits (right) on RTM6 (top) and 3R (bottom) lap strap specimens.
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Figure 26. Representative lap strap test of RTM6 composite and ERCM monitoring (left) and zoom in the resistance before failure (right). 






Figure 26. Representative lap strap test of RTM6 composite and ERCM monitoring (left) and zoom in the resistance before failure (right).
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Figure 27. Images from fractured surfaces of RTM6 lap strap specimen. 






Figure 27. Images from fractured surfaces of RTM6 lap strap specimen.
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Figure 28. Representative lap strap test of the 3R composite with ERCM monitoring. 






Figure 28. Representative lap strap test of the 3R composite with ERCM monitoring.
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Figure 29. Representative stress–strain plots (left) and repair efficiency values (right) of lap strap specimens. 






Figure 29. Representative stress–strain plots (left) and repair efficiency values (right) of lap strap specimens.
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Figure 30. Representative plots of amplitude (left) and AE hits (right) of repaired lap strap specimens. 






Figure 30. Representative plots of amplitude (left) and AE hits (right) of repaired lap strap specimens.
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Figure 31. Schematic of lap strap repair. 






Figure 31. Schematic of lap strap repair.
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Figure 32. Representative lap strap test of the repaired 3R composite with ERCM monitoring. 






Figure 32. Representative lap strap test of the repaired 3R composite with ERCM monitoring.
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Table 1. Knockdown effect values of 9 and 15 J impacts.






Table 1. Knockdown effect values of 9 and 15 J impacts.





	
9 J Impact






	
Type of CFRP Specimen

	
Energy Absorbed (J)

	
Knockdown Effect




	
Conventional Resin (RTM6)

	
5.56 ± 0.12

	




	
3R Resin

	
5.79 ± 0.05

	
+4.1%




	
Type of CFRP Specimen

	
Max Load (N)

	
Knockdown Effect




	
Conventional Resin (RTM6)

	
6.42 ± 0.15

	




	
3R Resin

	
6.30 ± 0.28

	
−1.8%




	
15 J Impact




	
Type of CFRP Specimen

	
Energy Absorbed (J)

	
Knockdown Effect




	
Conventional Resin (RTM6)

	
9.20 ± 0.09

	




	
3R Resin

	
9.41 ± 0.17

	
+2.2%




	
Type of CFRP Specimen

	
Max Load (N)

	
Knockdown Effect




	
Conventional Resin (RTM6)

	
8.42 ± 0.28

	




	
3R Resin

	
8.11 ± 0.31

	
−3.7%
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Table 2. Delamination diameters of the impacted RTM6 laminates.






Table 2. Delamination diameters of the impacted RTM6 laminates.





	
Debonding Diameter (mm)






	
Laminate

	
9 J

	
15 J




	
1

	
17.02

	




	
2

	

	
22.02




	
3

	

	
20.98




	
4

	

	
21.73




	
5

	

	
22.95




	
6

	

	
23.7




	
7

	

	
24.68




	
8

	
16.6

	




	
9

	
18.69

	




	
10

	
14.19

	




	
11

	
17.04

	




	
Average

	
16.71

	
22.68




	
SD

	
1.62

	
1.37











[image: Table] 





Table 3. Delamination diameters of the impacted 3R laminates.






Table 3. Delamination diameters of the impacted 3R laminates.





	
Debonding Diameter (mm)






	
Laminate

	
9 J

	
15 J




	
1

	
23.29

	




	
2

	

	
35.23




	
3

	

	
34.52




	
4

	

	
36.75




	
5

	

	
35.8




	
6

	

	
35.02




	
7

	

	
35.86




	
8

	
27.78

	




	
9

	
27.81

	




	
10

	
28.75

	




	
11

	
25.24

	




	
12

	
25.69

	




	
Average

	
26.43

	
35.53




	
SD

	
2.05

	
0.78
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Table 4. Repair efficiency values of 9 and 15 J impacts.






Table 4. Repair efficiency values of 9 and 15 J impacts.





	
9 J Impact






	
Type of CFRP Specimen

	
Energy Absorbed (J)

	
Repair Efficiency




	
3R Initial

	
5.79 ± 0.05

	




	
3R Repaired

	
5.76 ± 0.06

	
99.3%




	
Type of CFRP Specimen

	
Max Load (N)

	
Repair Efficiency




	
3R Initial

	
6.30 ± 0.28

	




	
3R Repaired

	
5.76 ± 0.11

	
91.4%




	
15 J Impact




	
Type of CFRP Specimen

	
Energy Absorbed (J)

	
Repair Efficiency




	
3R Initial

	
9.41 ± 0.17

	




	
3R Repaired

	
9.95 ± 0.45

	
105.8%




	
Type of CFRP Specimen

	
Max Load (N)

	
Repair efficiency




	
3R Initial

	
8.11 ± 0.31

	




	
3R Repaired

	
7.08 ± 0.76

	
87.3%
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Table 5. Debonding diameters of the impacted 3R laminates.






Table 5. Debonding diameters of the impacted 3R laminates.





	
Debonding Diameter (mm)




	

	
Before Repair

	
After Repair






	
Laminate

	
9 J

	
15 J

	
9 J

	
15 J




	
1

	
23.29

	

	
34.27

	




	
2

	

	
35.23

	

	
46.31




	
3

	

	
34.52

	

	
51.32




	
4

	

	
36.75

	

	




	
5

	

	
35.8

	

	
Used for CAI




	
6

	

	
35.02

	




	
7

	

	
35.86

	




	
8

	
27.78

	

	
37.4

	




	
9

	
27.81

	

	
36.63

	




	
10

	
28.75

	

	

	
Used for CAI




	
11

	
25.24

	

	




	
12

	
25.69

	

	




	
Average

	
26.43

	
35.53

	
36.1

	
48.82




	
SD

	
2.05

	
0.78

	
1.63

	
3.54
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Table 6. Knockdown effect of compression after impact properties between conventional (RTM6) and 3R specimens.






Table 6. Knockdown effect of compression after impact properties between conventional (RTM6) and 3R specimens.





	
9 J Impact






	
Type of CFRP Specimen

	
Strength (MPa)

	
Knockdown Effect




	
Conventional Resin (RTM6)

	
> 216.00

	




	
3R Resin

	
212.43 ± 12.18

	
≈−1.9%




	
Type of CFRP Specimen

	
Max Load (kN)

	
Knockdown Effect




	
Conventional Resin (RTM6)

	
> 105.00

	




	
3R Resin

	
100.59 ± 4.75

	
≈−3.0%




	
15 J Impact




	
Type of CFRP Specimen

	
Strength (MPa)

	
Knockdown Effect




	
Conventional Resin (RTM6)

	
207.80 ± 11.74

	




	
3R Resin

	
205.54 ± 9.27

	
−1.1%




	
Type of CFRP Specimen

	
Max Load (kN)

	
Knockdown Effect




	
Conventional Resin (RTM6)

	
98.93 ± 4.91

	




	
3R Resin

	
94.69 ± 7.06

	
−4.3%
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Table 7. Repair efficiency values of compression after impact properties.






Table 7. Repair efficiency values of compression after impact properties.





	
9 J Impact






	
Type of CFRP Specimen

	
Strength (MPa)

	
Repair Efficiency




	
3R Initial

	
212.43 ± 12.18

	




	
3R Repaired

	
170.11 ± 12.32

	
80.1%




	
Type of CFRP Specimen

	
Max Load (kN)

	
Repair Efficiency




	
3R Initial

	
100.58 ± 4.57

	




	
3R Repaired

	
76.29 ± 4.94

	
75.8%




	
15 J Impact




	
Type of CFRP Specimen

	
Strength (MPa)

	
Repair Efficiency




	
3R Initial

	
205.54 ± 9.25

	




	
3R Repaired

	
153.76 ± 9.27

	
74.8%




	
Type of CFRP Specimen

	
Max Load (kN)

	
Repair Efficiency




	
3R Initial

	
94.69 ± 7.06

	




	
3R Repaired

	
58.28 ± 4.60

	
61.5%
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