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Abstract

:

High-performance fibers are well-known for their high stiffness and strength under axial tension. However, in their many applications as critical components of textiles and composites, transverse loads widely exist in their normal service life. In this study, we modified a micro material testing system to transverse load single fibers using round-head indenters. By integrating the loading platform with the Scanning Electron Microscopy (SEM) operating at a low-vacuum mode, we visualized the failure processes of fibers without conductive coatings. Post-fracture analysis was conducted to provide complementary information about the fibers’ failure. The energy dissipation was compared with the axial tensile experiments. Three inorganic and two organic fibers were investigated, namely carbon nanotube, ceramic, glass, aramid, and ultrahigh molecule weight polyethylene fibers. Different failure characteristics were reported. It is revealed that the organic fibers had higher energy dissipation than the inorganic fibers under the transverse loading by the round-head indenters. The fiber’s energy dissipation under transverse loading was no more than 17.9% of that subjected to axial tension. Such a reduced energy dissipation is believed to be due to the stress concentration under the indenter. It is suggested that the fiber’s material constituent, structural characteristics, and stress concentration under the indenter should be considered in the fiber model for textiles and composites.
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1. Introduction


The growth of the advanced textile and composite industry necessitates multiscale studies across the single fiber to the engineering structure. In particular, mechanical experiments on materials and structures above the fiber-scale level demonstrate that traditional rod-models cannot always capture fibers’ failure characteristics. For example, transverse impact on yarns [1,2], composite strips [3], composite single plies [4], fabrics [5], and laminates [6] revealed a punch-shear failure mechanism at the critical velocity or ballistic limit, indicating that fibers are not under a pure-tension stress state. Besides, fractography on several fibers after transverse debonding with matrix [7] showed that aramid fibers were split transversely during debonding. In contrast, S-2 glass fibers debonded with the matrix along their interfaces. These findings make it important to perform fundamental experiments on single fibers and understand their fracture behavior under critical conditions.



Recent experimental efforts in single fibers are mostly about the fibers’ mechanical responses under simple loadings, such as axial tension, transverse compression, and pure torsion. First, single-fiber tensile experiments were usually conducted by directly gripping fibers to a tensile loading frame [8] or pulling fibers adhered on cardboards [9,10]. Quasi-static tensile experiments could be performed on lab-constructed material testing systems, which used a linear actuator to control the movement and a load cell to measure the tensile force [8]. To load a single fiber at high strain rates, a modified Kolsky tension bar was designed [9,10]. Compared with the traditional Kolsky bar, the modified setup replaced the transmission bar with a fast-response load cell, recording the fiber’s loading history during the dynamic loading. With the development of the characterization technique, researchers tried to obtain more decent fibers’ deformation and failure information during axial tension. Staniszewski et al. [11] adopted Scanning Electron Microscopy (SEM) to record the fibrils’ deformation of a single Dyneema® SK76 fiber under quasi-static loading and developed a fibril-scale model to describe the fiber’s tensile fracture. Hudspeth et al. [12] integrated the modified Kolsky bar technique with the high-speed synchrotron X-ray phase-contrast imaging, characterizing the dynamic tensile behavior of Kevlar® KM2, Dyneema® SK76, and S-2 glass fibers. To investigate the transverse compressive behavior of single fibers, Guo et al. [13] employed a piezoelectric actuator to apply the quasi-static compressive force and an air gap capacitive displacement sensor to measure the displacement. The methodology was used to examine many fiber types, including Kevlar®, Dyneema®, and carbon nanotube fibers [14,15]. The torsional experiments on single fibers were performed by using a torsion pendulum apparatus [16]. However, the apparatus can only measure the fiber’s specific shear stress at a specific shear strain, while it cannot obtain the entire torsional stress–strain curve of the fiber.



It is noted that most textiles and composites in engineering structures, such as soft armor, aircraft, and construction, are subjected to transverse loads in their normal service life. To provide insight into the actual fiber’s failure in larger-scale materials and structures, Hudspeth et al. [17] transversely loaded single fibers. Five fiber types were studied, including Kevlar® KM2, Spectra® 130d, Dyneema® SK62, Dyneema® SK76, and Zylon® 555. Three indenter geometries were investigated, namely a 0.30 caliber rounded head, a 0.30 caliber fragment simulation projectile (FSP), and high-carbon steel razor blades. It was found that fibers loaded by the rounded indenters yielded failure strain similar to pure tensile experiments, while the razor blade could induce the fiber’s failure in a drastically reduced failure strain. Mayo et al. [18] transversely cut eight single fibers at varied angles, reporting a higher average cut resistance of inorganic fibers than the organic fibers. However, the experiments focused on investigating the fiber’s mechanical response and speculated the failure mechanism through the fiber’s fracture surface. In our previous work [19], we transversely cut single aromatic polyamide (aramid), ultra-high molecular weight polyethylene (UHMWPE), and glass fibers and simultaneously visualized their failure processes by using SEM. The study physically revealed that the fiber could be in a complex multi-axial loading state, including axial tension, bending, transverse compression, and transverse shear.



In this study, we present the real-time visualization of the failure process of multiple single fibers transversely loaded by round-head indenters. Five fiber types were investigated, including carbon nanotube (CNT), ceramic, glass, aramid, and UHMWPE fibers. Compared with the work done by Hudspeth et al. [17] and Mayo et al. [18], we visualized the fiber’s failure process under transverse loading. Besides, the fiber’s failure mechanism by the round-head indenters is demonstrated to be simpler than that by the razor blade reported in [19]. Therefore, the data are deemed more useful to develop fundamental fiber- or fibril-scale models than our previous work.




2. Materials


To cover the most high-performance fiber types in the market, we select three inorganic and two organic fibers for investigation.



The three inorganic fibers are namely CNT, SlyramicTM, and S-2 glass fibers. As a carbon-based high-performance fiber, except for the excellent conductivity and high strength-to-weight ratio [20,21], CNT fibers are bendable and knittable [22]. Therefore, they are regarded as promising materials for wearable electronics [23] and composites [24]. In this work, single long CNT fibers were purchased from DexMat (Houston, TX, USA), manufactured by using a downscaling solution processing method mentioned in [25]. SlyramicTM fibers, made by COI Ceramics, Inc., San Diego, CA, USA, are a kind of ceramic fibers that have extradentary temperature creep resistance [26]. These fibers are the desirable ceramic-matrix composite (CMC) reinforcement used in aircraft and land-based turbine engines [27]. They may also find utility in other areas such as nuclear power, conventional power generation, and waste incineration [26]. With superior strength and elongation, impact, and corrosion resistance, S-2 glass fibers are the critical componential materials of vehicle armors and marine vessels [27,28]. The single glass fiber specimens were extracted from the S-2 glass roving provided by AGY, Aiken, SC, USA.



The two organic fibers are Kevlar® KM2 Plus and Dyneema® SK76 fibers. Kevlar® fibers are a well-known aramid fiber produced by DupontTM. They are famous in the application of personal armor protection, such as ballistic vests, combat helmets, and cut-resistant gloves [29,30]. Compared with Kevlar® fibers, Dyneema® SK76 fibers belong to the ultra-high molecular weight polyethylene (UHMWPE) fiber category and are much lighter. The density of Dyneema® SK76 fibers is reported to be 980 kg/m3 [29], which is ~0.68 times of Kevlar® KM2 Plus fibers [30] and ~0.39 times of S-2 glass fibers [27]. The fibers were commercialized by DSM, Geleen, the Netherlands and are widely used in faster ropes and ultralight backpacking equipment. They also compete with Kevlar® fibers in the soft armor market [31]. The single Kevlar® KM2 Plus and Dyneema® SK76 fibers inspected in this study were extracted from yarns as received from DupontTM and DSM, respectively.




3. Experiments


3.1. Specimen and Indenter Preparation


Single CNT fibers were directly cut from the received continuous long filament to the designated length. The other four fibers were first extracted from the yarns provided by the vendors and then sectioned into the desired length. The indenter was the alloy steel dowel pin with a diameter of 0.40 mm and a length of 6.35 mm, purchased from McMaster-Carr, Elmhurst, IL, USA. The stiffness is sufficiently high so that the fiber would not bend the pin during the loading process. Furthermore, the indenter surface was smooth enough, characterized in Figure 1, which avoided introducing additional damage at the fiber/indenter contacting surface.




3.2. Single-Fiber Tensile Experiment


Tensile experiments on single fibers were performed using a Deben microtest tensile stage (Deben UK Ltd., Oxford, UK). Figure 2 is the schematic of the loading platform, containing a threaded rod, left and right jaws supported on stainless steel sliding bearings, an extensometer, and a load cell. Prior to an experiment, a fiber specimen was first cured on cardboard by using DP190 epoxy glue (3M Inc., ST. Paul, MN, USA), spanning a 6.35-mm-diameter circle. The cardboard was then clamped down to the left and right jaws and cut along the dashed lines in Figure 2. During the tensile experiment, the threaded rod was driven by a step motor and controlled the left and right sliding bearings to move apart. The tensile force was applied to the fiber specimen by a displacement-controlled mode at a calibrated rate of 1.67 µm/s. The displacement (Ste) was recorded by the extensometer with a recording rate of 1 s−1, and the force (Fte) was measured by the load cell assembled behind the jaw on the right sliding bearing. The data were then reduced to the stress and strain history of the specimen by


  σ =   4  F  t e     π  d 2     



(1)






  ε =    S  t e    L   



(2)




where d represents the fiber diameter and L is the specimen’s gauge length of 6.35 mm. For each fiber, measurements were taken on ten specimens, and the averaged diameter was reported in Table 1. Fiber specimens were tensioned until fracture. There was no fiber sliding identified during loading. Each fiber type was investigated with 6–10 specimens to ensure the repeatability of the tensile experiments.




3.3. Single-Fiber Transverse Loading Experiment Integrating with SEM


Transverse loading experiments on single fibers were realized by replacing the two clamps on the Deben microtest tensile stage with fiber and indenter holders. As shown in Figure 3, the clamp on the left stage in Figure 2 has been changed to a fiber holder to mount the fiber specimen. The holder is a C-shape resin part, printed by Formlabs stereolithography (SLA) 3D printer (Somerville, MA, USA). The two ends of the fiber specimen were wrapped on two 1-mm-diameter stainless steel pins extruded from the through-thickness holes on the holder’s two arms, which were then cured by DP190 epoxy glue. The distance between the two stainless steel pins was 50 mm. On the main body of the C-shape holder, there were two adapted holes to mount the holder on the Deben microtest tensile stage. The design of the indenter holder is also sketched in Figure 3. Holes were reserved on the holders to introduce the indenters which were secured by superglue. Adapted holes were created to install the indenter holder to the right stainless steel sliding bearing of the Deben microtest tensile stage. The indenter was embraced by the fiber and its C-shape holder. The transverse load was applied to the fiber at the middle span by controlling the movement of the left and right sliding bearings at a rate of 1.67 µm/s. The force (Ftr) and the fiber’s deflection (Str) at the fiber/indenter contacting area were recorded by the load cell and extensometer, respectively. More details of the loading frame can be found in our previous work [32].



The entire Deben microtest tensile stage was installed within a chamber of a Quanta 3D FEG SEM (FEI, Hillsboro, OR, USA) so that the fiber’s real-time morphology during transverse loading could be captured by the secondary electron detector (SED) of the SEM. The cables of the Deben microtest tensile stage were extended to the outside of the chamber through a feed-through adapter and connected to a control box and further to a computer. During an experiment, the computer controlled the imaging and loading. A short scanning time was first adopted, which allowed for monitoring of the fiber’s morphology in a live mode, despite having a lower resolution. Simultaneously, a progressive loading scheme was employed in this study: when a critical failure characteristic was observed, the loading was temporally terminated, providing sufficient time for the SEM to scan the fiber specimen with more details and capture the fiber’s morphology at a high resolution. Moreover, the SEM was operated in a low-vacuum mode. The chamber pressure was controlled to be within 0.23–0.45 Torr. This allowed fibers to be imaged without conductive coatings and avoided the potential effect of coatings on the fibers’ mechanical responses. The accelerating voltage, working distance, and spot size were 5 kV, 10 mm, and 3.0–3.5, respectively. Each fiber type was examined with 3–5 specimens to guarantee the repeatability of the experiments.




3.4. Post-Fracture Imaging


To gain further insight into the fiber failure induced by the round-nose indenter, the failed fibers were collected and sputter-coated with platinum for 60–120 s. The failure surfaces of fibers were examined in a NovaNano SEM (FEI, Hillsboro, MA, USA), which has an Everhart-Thornley Detector (ETD) and a Through-the-Lens Detector (TLD) detecting small features on the 1.4-nm scale. Images were obtained at an average working distance of 5 mm and an accelerating voltage of 5 kV in high-vacuum mode.





4. Results and Discussion


4.1. Stress–Strain Curves of Different Fibers


High-performance fibers are well-recognized for their high strength and stiffness. This section compared the tensile stress–strain curves of five fiber types at the loading rate of 2.6 × 10−4. For each fiber type, we first obtained the averaged stress–strain curve by curve-fitting the collected stress and strain history of all the 6–10 specimens. Afterward, a total number of 12 points were selected on the averaged curve to determine the standard deviation. Finally, the upper and lower boundaries at each point were determined to get the error band. As shown in Figure 4, S-2 glass fibers have the maximum failure strain, followed by the two organic fibers, Kevlar® KM2 Plus and Dyneema® SK76 fibers. The organic CNT and SlyramicTM ceramic fibers failed in a small elongation. Among the five fiber types, Kevlar® KM2 Plus and S-2 glass fibers are the strongest. CNT fibers are the weakest. The SlyramicTM ceramic fibers had higher average strength than the Dyneema® SK76 fibers. The S-2 glass, SlyramicTM, and Kevlar® KM2 Plus fibers all had an approximately linear stress–strain relation, while the constitutive relation of CNT and Dyneema® SK76 fibers were non-linear. The density and average diameter, tensile strength, and failure strain of the five fibers were summarized in Table 1.




4.2. Failure Processes of Different Fibers


In this section, we visualized and reported the failure behavior of five representative fiber specimens under transverse loading by the round-head indenters, which is presented in Figure 5, Figure 6, Figure 7, Figure 8, Figure 9 and Figure 10. In Figure 5, Figure 6, Figure 7 and Figure 8 and Figure 10, the force-deflection curve is first provided. The fiber’s failure process is then depicted by the SEM image sequence. In each SEM image, the indenter is at the top, and the fiber is under the indenter. The identification of the initial contact between the fiber and indenter was aided by the SEM, indicated as Str = 0 and shown in the first image of each image sequence. This is regarded as the start of loading. Each SEM image corresponds to a fiber deflection (Str) point and is denoted in the force-deflection curve. The failure processes and mechanical responses of five fibers were then illustrated and compared.



4.2.1. CNT Fiber


The failure behavior of a representative CNT fiber and the corresponding force-deflection curve are presented in Figure 5. The fiber contacted the indenter in Figure 5b and was observed to bend slightly at Str = 1.862 mm in Figure 5c. When the fiber deflection Str increased to 3.003 mm, the fiber experienced significant transverse compression by the indenter, as revealed in Figure 5d. The fiber was damaged, and a crack formed at the bottom of the fiber. As the loading continued, the fiber/indenter contacting area increased. The fiber failed at Str = 3.174 mm, indicated by a sudden drop in the force-deflection curve. However, the fiber was not physically identified to fracture within the field of view in Figure 5d. This is possible because of the defects in the CNT fiber, which may induce the fiber’s failure at the weakest point but out of the field of view.




4.2.2. SlyramicTM Ceramic Fiber


A single SlyramicTM ceramic fiber’s failure under transverse loading by the indenter was in a brittle manner. As shown in Figure 6, the representative SlyramicTM fiber failed when the deflection was only 1.382 mm. Presumably due to the high hardness and modulus of the ceramic fiber [35], the fiber did not have observable transverse deformation. Merely a small bending deformation was captured in Figure 6d before the fiber fractured.




4.2.3. S-2 Glass Fiber


The failure progression of a single S-2 glass fiber was very similar to the SlyramicTM ceramic fiber. The fiber was bent by the indenter until fracture. However, owing to the higher elongation of the S-2 glass fiber, it fractured at a larger deflection of Str = 4.704 mm, shown in Figure 7a. The fiber’s transverse compressive deformation under the indenter was small because of the high transverse stiffness of the glass fiber. Compared with the SlyramicTM ceramic fiber, the S-2 glass fiber had a more significant bending deformation before failure (see Figure 7d).




4.2.4. Kevlar® KM2 Plus Fiber


Failure processes of the organic fibers are more complicated than the inorganic fibers. Figure 8 presents a representative Kevlar® KM2 Plus fiber’s failure and the force-deflection curve. The fiber was fixed at two ends and transversely loaded by the indenter at the middle point in Figure 8b. Being softer in the transverse direction, the fiber was bent and simultaneously locally compressed at the fiber/indenter contacting area in Figure 8c. The increasing global bending and local compression inversely enlarged the fiber/indenter contacting area, resulting in a growing fiber/indenter interaction. The fiber became stiffer during loading, revealed by an increasing slope of the force-deflection curve in Figure 8a. When the deflection Str increased to 6.511 mm, we observed two cracks initiating at the bottom of the fiber with a spacing of ~10 μm. As the indenter continued to load the fiber, the tensile stress in the fiber accumulated and the two vertical cracks opened. At the time when Str = 6.621 mm in Figure 8e, the two cracks bridged with each other through a new crack along the fiber’s length. This indicates the transverse debonding of the nanoscale fibrils inside the fiber. Afterward, the two vertical cracks propagated upwards to the indenter. The stress concentration at the crack tip could induce a secondary crack, splitting the fiber in Figure 8f. The fiber’s failure started with the bottom fiber separating from the entire structure after the horizontal cracks propagated along the fiber length to a certain distance. Figure 8g is a close image of the fiber under the indenter, while Figure 8h shows the fiber’s morphology in a larger view. The effective cross section of the fiber then decreased dramatically, resulting in the rapid growth of the tensile stress in the residual fiber. Finally, the fiber could not resist the high tensile stress and failed abruptly in tension.



It is noted that defects may not be evenly distributed in the Kevlar® KM2 Plus fiber. The cracks might occur in many places with different numbers. As observed in Figure 9a, two vertical cracks were initiated with a large interval up to 40 μm. In Figure 9b, only one vertical crack was seen during loading. The only difference in failure between these fibers and that in Figure 8 is that the crack’s development did not interact. During the propagation of the vertical cracks, the secondary cracks in the horizontal direction were also generated and split the fiber.




4.2.5. Dyneema® SK76 Fiber


The deformation of the Dyneema® SK76 fiber at the beginning of the loading was similar to the Kevlar® KM2 Plus fiber. The fiber also experienced bending and transverse compression under the indenter. The major difference is the crack initiation and propagation. As presented in Figure 10c,d, the microfibrils on the top of the Dyneema® SK76 fiber fractured at Str = 7.521 mm, resulting in the crack initiation. The cracks opened at the original sites and fractured the fiber from top to bottom (see Figure 10e–g). No secondary cracks were being generated, splitting the Dyneema® SK76 fiber during loading. At the moment just before the fiber’s failure, many kink bands appeared at the fiber/indenter contact area in Figure 10f, presumably due to the unloading process during crack propagation. The force-deflection curve is shown in Figure 10a.





4.3. Fracture Surfaces of Different Fibers


The representative fiber specimens were examined on the fracture surfaces. The fracture surfaces of the SlyramicTM ceramic fiber in Figure 11b and S-2 glass fiber in Figure 11c indicate a brittle failure mode. As shown in Figure 11d, the Kevlar® KM2 Plus fiber failed in a manner of fibrillation: the fiber split into several fibril bundles at the place of rupture. The failure mode is the same as that observed in the single-fiber tensile experiments [12]. Kink bands were not identified during the loading process in Figure 8 while they appeared in the fractured fibers. Unlike the Kevlar® KM2 Plus fiber, Dyneema® SK76 fibers did not split into many fibril bundles near the failure surface. All the microfibrils broke locally at the cracking area, revealed in Figure 11e. Besides, in Figure 11f, more kink bands were detected on the Dyneema® SK76 fiber than the Kevlar® KM2 Plus fiber. At the fiber/indenter contacting area in Figure 11g, the Dyneema® SK76 fiber was transversely compressed and broke into small parts. Although the CNT fiber is an inorganic fiber, its fracture surface morphology is more similar to the two organic polymer fibers, which are not brittle. The fiber fractured into CNT bundles at the fracture surface in tension, as shown in Figure 11a. Kink bands were also uncovered, likely to appear during the unloading process.




4.4. Energy Dissipation of Different Fibers under Transverse Loading


Using a similar method in the tensile experiments, we plotted the averaged force-deflection curves with error bands for different fibers under transverse loads, presented in Figure 12. The fiber’s energy dissipation (Etr) under the transverse loading is determined by integrating the averaged force-deflection curve as


   E  t r   =    ∫ 0   S  t r       F  t r   d  S  t r       



(3)







By comparing the energy dissipation of the five fibers in Figure 13, we find that the Dyneema® SK76 fiber dissipated the most energy during transverse loading, followed by Kevlar® KM2 Plus, S-2 glass, and CNT. The energy dissipation of the SlyramicTM ceramic fiber was the lowest.



To compare the fiber’s energy absorption capacity considering the fiber diameters, the energy density (utr) of different fibers is computed as


   u  t r   =   4  E  t r     π  d 2  ⋅ L    



(4)




and plotted in Figure 14. The energy density of Kevlar® KM2 Plus fiber was 1.85 times of the Dyneema® SK76 fiber and 2.34 times of the S-2 glass fiber. Subjected to the transverse loading by the indenters, CNT and SlyramicTM ceramic fibers had an energy density that was lower than other fibers.



It is noted that the weight of textiles and composites is also a critical factor to be considered in practical engineering. In this study, we used the specific energy (etr) to evaluate the mass-efficient energy dissipation of different fibers. The calculation is made by


   e  t r   =   4  E  t r     π  d 2  ⋅ ρ ⋅ L    



(5)




where the density (ρ) and diameter (d) of different fibers are obtained from Table 1. As demonstrated in Figure 15, all the inorganic fibers had a lower energy dissipation per unit mass than the organic fibers. Besides, although the Dyneema® SK76 fiber specimens have the lowest density and dissipated 37% more energy than the Kevlar® KM2 Plus fiber specimens, they possessed a larger diameter. The specific energy of the Dyneema® SK76 fiber was 25% lower than the Kevlar® KM2 Plus fiber.



Compared with the fibers under transverse cut by the razor blades, the failure and energy dissipation of the fibers transversely loaded by the round-nose indenters in this study are different. The fiber’s specific energy in a transverse cut experiment from high to low is in the order of CNT, S-2 glass, Kevlar® KM2 Plus, Dyneema® SK76, and SlyramicTM fibers [36]. Specifically, the specific energy of CNT fibers cut by the razor blades was ~2.7 times of the Kevlar® KM2 Plus fibers. The Dyneema® SK76 fibers had a specific energy which was less than 19% of the Kevlar® KM2 Plus fibers. Such a difference is possibly due to the different failure mechanisms. The razor blades could shear into the organic fibers, such as Kevlar®, Dyneema® fibers, which failed those fibers before the tensile deformation was completely developed. Therefore, the specific energy of Kevlar® and Dyneema® fibers was much lower than the CNT and S-2 glass fibers. In this study, the indenter’s round head could not shear into the fibers. The organic fibers dissipated the indenter’s energy through transverse compressive and axial tensile deformation, inducing a higher specific energy than the inorganic fibers.




4.5. Effect of Transverse Loading on the Energy Dissipation


Lim et al. [37] used the residual specific strain energy [38] to quantify the effect of transverse loading on the Twaron yarn’s energy dissipation. In this study, we defined a non-dimensional parameter (η) to evaluate the effect of transverse loading on the energy dissipation of single fibers


  η =    E  t r      E  t e     =    e  t r      e  t e      



(6)




where Ete and ete are the energy and specific energy dissipation of the fiber determined by the force-deflection curve obtained in the single-fiber tensile experiment in Figure 4. The calculations are similar to Etr and etr in Equations (3) and (4), respectively. Such a non-dimensional parameter enables to compare the different fibers’ energy dissipation at the same weight. As shown in Figure 16, the organic fibers have much higher η than the inorganic fibers. This indicates the transverse loading by the round-nose indenter has a lower impact on the energy dissipation of the organic fibers than the inorganic fibers. However, the maximum energy dissipation of a single fiber under transverse loading is merely 17.9% of that under axial tension. Such a significant degradation in the fiber’s energy dissipation is suspected to be due to the stress concentration under the indenter. The local stress and deformation of the fiber under the indenter should be carefully considered in the modeling.





5. Conclusions


In this study, we reported the failure behavior of single high-performance fibers under transverse loads by the round-nose indenters. A microscale material tensile testing system was modified to transversely load single fibers and measure their mechanical responses. By integrating the loading platform with SEM, we were able to visualize the failure process of each fiber under the transverse loading. Post-fracture analysis using a higher-resolution SEM was also conducted to provide complementary information about the fibers’ failure. The energy dissipation was compared with the single-fiber tensile experiments. Five fiber types were investigated: CNT, SlyramicTM ceramic, S-2 glass, Kevlar® KM2 Plus, and Dyneema® SK76 fiber. The findings are concluded below:




	(1)

	
The SlyramicTM ceramic and S-2 glass fibers failed in a brittle manner: they were bent under the indenter and fractured suddenly. The S-2 glass fiber had a larger deflection before failure due to its higher elongation in tension.




	(2)

	
Subjected to the transverse loading, the CNT, Kevlar® KM2 Plus, and Dyneema® SK76 fibers were observed to experience bending, transverse compression, and axial tension. Kevlar® KM2 Plus fibers failed in fibrillation. The cracks initiated at the bottom of the fiber and propagated vertically to the indenter. During the vertical crack propagation, secondary cracks along the fiber were activated at the vertical crack tip and split the Kevlar® KM2 Plus fibers. Finally, the residual fiber could not resist the increasing transverse load and failed in tension. Unlike the Kevlar® KM2 Plus fiber, the Dyneema® SK76 fiber had cracks initiated at the top of the fiber, where the fiber contacted the indenter. The cracks then propagated downwards and opened at the initial positions until the fiber’s breakage. On the other hand, CNT fibers may fail away from the fiber/indenter contacting area, depending on the defect distribution in the fibers. Kink bands were found in the post-fracture images.




	(3)

	
During the transverse loading, the organic fibers had higher energy dissipation than the inorganic fibers. Kevlar® KM2 Plus fibers have the highest mass-efficient energy dissipation, followed by Dyneema® SK76, S-2 glass, CNT, and SlyramicTM ceramic fibers. The findings contribute to the lightweight material selection in body and vehicle armor and show the necessity to improve the CNT fibers’ properties under axial tension.




	(4)

	
The transverse loading significantly suppressed the fiber’s high performance in tension. The energy dissipation during transverse loading was no more than 17.9% of that under axial tension. The stress concentration under the indenter is believed to result in such degradation in energy dissipation, which is suggested to be considered in the modeling.
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Figure 1. The SEM image of the indenter surface. 
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Figure 2. Single-fiber tensile experimental setup. 
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Figure 3. Single-fiber transverse loading experimental setup. 
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Figure 4. Tensile stress–strain curves of different fibers. 
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Figure 5. Failure behavior of a representative CNT fiber. (a) Force-deflection curve; Real-time fiber morphology at Str = (b) 0; (c) 1.862 mm; (d) 3.003 mm. 
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Figure 6. Failure behavior of a representative SlyramicTM ceramic fiber. (a) Force-deflection curve; Real-time fiber morphology at Str = (b) 0; (c) and (d) 0.832 mm. 
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Figure 7. Failure behavior of a representative S-2 glass fiber. (a) Force-deflection curve; Real-time fiber morphology at Str = (b) 0; (c) and (d) 4.017 mm. 
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Figure 8. Failure behavior of a representative Kevlar KM2 Plus fiber. (a) Force-deflection curve; Real-time fiber morphology at Str = (b) 0; (c) 2.206 mm; (d) 6.511 mm; (e) 6.621 mm; (f) 6.787 mm; (g) and (h) 6.817 mm. 
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Figure 9. Crack initiation and propagation in other representative Kevlar KM2 Plus fiber specimens. (a) Two cracks initiated with a large interval; (b) One crack initiated during loading; (c) Crack propagation. 
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Figure 10. Failure behavior of a representative Dyneema® SK76 fiber. (a) Force-deflection curve; Real-time fiber morphology at Str = (b) 0; (c) 7.521 mm; (d) 7.651 mm; (e) 8.005 mm; (f,g) 9.205 mm. 






Figure 10. Failure behavior of a representative Dyneema® SK76 fiber. (a) Force-deflection curve; Real-time fiber morphology at Str = (b) 0; (c) 7.521 mm; (d) 7.651 mm; (e) 8.005 mm; (f,g) 9.205 mm.



[image: Fibers 10 00048 g010]







[image: Fibers 10 00048 g011 550] 





Figure 11. Fracture surfaces of different fibers. (a) CNT fiber; (b) SlyramicTM ceramic fiber; (c) S-2 glass fiber; (d) Kevlar® KM2 Plus fiber; (e–g) Dyneema® SK76 fiber. 
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Figure 12. Force-deflection curves of different fibers. 
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Figure 13. Comparison of energy dissipation of different fibers. 
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Figure 14. Comparison of energy density of different fibers. 
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Figure 15. Comparison of specific energy of different fibers. 
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Figure 16. Comparison of η for different fibers. 
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Table 1. Material properties of different fibers.
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	Fiber Type
	Density ρ (kg/m3)
	Diameter d (μm)
	Tensile Strength σte (GPa)
	Failure Strain εte (%)





	CNT
	1500 [33]
	9.60 ± 0.58
	1.94 ± 0.22
	2.26 ± 0.31



	SlyramicTM
	3100 [34]
	10.15 ± 0.31
	2.73 ± 0.41
	1.47 ± 0.16



	S-2 glass
	2488 [27]
	9.93 ± 0.32
	3.68 ± 0.20
	6.50 ± 0.42



	Kevlar® KM2 Plus
	1450 [30]
	10.48 ± 0.32
	3.92 ± 0.26
	3.99 ± 0.19



	Dyneema® SK76
	980 [8]
	16.67 ± 0.66
	1.99 ± 0.26
	3.83 ± 0.42







The strain rate is 2.6 × 10−4.
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