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The rate effect of fiber-matrix interfacial debonding behavior of SC-15 epoxy and various 

fiber reinforcements was studied via in-situ visualization of the debonding event. Special focus 

has been placed on the dynamic transverse debonding of single fiber reinforced polymer 

composites. In this study, the debonding force history, debonding initiation, debonding crack 

velocity, and crack geometry were characterized using a quasi-static load frame and a modified 

tension Kolsky bar at loading velocities of 0.25 mm/s and 2.5 m/s. Cruciform-shaped specimens 

were used for interfacial transverse debonding between SC-15 epoxy matrix and various fiber 

reinforcements including S-2 glass, Kevlar® KM2, and tungsten fiber materials. The load history 

and high-speed images of the debonding event were simultaneously recorded. A major increase 

was observed for the average peak debonding force and a minor increase was observed for the 

average crack velocity with increasing loading velocity. The crack geometry of the cruciform 

specimens under both loading velocities was also tracked. Scanning electron microscopy of the 

recovered specimens revealed the debonding direction along the fiber-matrix interface through 

angled patterns on the failure surface.  

 

The dynamic shear debonding of single fiber reinforced plastic composites were also studied 

via the real-time visualization with the fiber pull-out method. The interfacial shear debonding was 

studied between SC-15 epoxy and fiber reinforcements including S-2 glass, tungsten, steel, and 

carbon composite Z-pin fiber materials at 2.5 m/s and 5.0 m/s. Both S-2 glass fiber and Z-pin 

experienced catastrophic interfacial debonding whereas tungsten and steel wire experienced both 

catastrophic debonding and stick-slip behavior. Scanning electron microscope imaging of 

recovered epoxy beads revealed a snap-back behavior around the meniscus region of the bead for 

S-2 glass, tungsten, and steel fiber materials at 5.0 m/s whereas those at 2.5 m/s exhibited no snap-

back behavior.  
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 INTRODUCTION 

1.1 Applications of Fiber Reinforced Polymer Composites  

Fiber reinforced polymer composites are widely used from commercial to military 

applications due to their high strength-to-weight ratios and high impact resistance. Commercial 

aircraft such as the Boeing 787 Dreamliner is composed of approximately 50% of composite 

materials [1]. The novel jet, Boeing 777X, contains fiberglass reinforced polymer composite 

foldable winglets whereas the main wing bodies contain carbon fiber reinforced polymer 

composites. To reduced weight, automobiles and bicycles are also using fiber-reinforced polymer 

composites. For military applications, fiber reinforced polymer composites are utilized in military 

vehicle hulls, ballistic armor protection systems, and ballistic armors.  

 

Fiber reinforcement is bonded to the polymer matrix in composites. The interface between 

the fiber and the matrix must be sufficiently strong to transfer load. When load isolation is desired, 

the interface must fail at a desired load level. Therefore, the understanding of and the ability to 

control the interfacial behavior is critical in composite material design. However, due to the 

complexity of composite materials, debonding initiation and propagation are not yet properly 

understood. Better understanding of the damage initiation and progression is necessary to improve 

the overall material strength. 

1.2 Major Types of Fiber Reinforced Polymer Composites 

There are many types of reinforcements for fiber reinforced polymer composites such as 

glass fiber, carbon fiber, and aramid fiber reinforcements. Different reinforcements have their own 

characteristics. For instance, glass fiber reinforced polymer composites have characteristics such 

as corrosion and chemical resistance and good heat and sound insulation [2]. Glass fiber reinforced 

composites are often found in military vehicle hulls, house buildings, and piping. Carbon fiber 

reinforced polymer composites have high stiffness and strength, high electrical and thermal 

conductivities, and high heat resistance [2]. Carbon fiber reinforced polymer composites are often 

found on aircraft, automobiles, and sports goods. Aramid fiber reinforced polymer composites 

such as Kevlar have high stiffness and tensile strength as well as fatigue resistance [2]. Aramid 
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fiber reinforced polymer composites are often found in body armors, helmets, flame-resistant 

clothing, and jet engine cowlings. The major market for the use of aramid fibers is for military and 

protection.  

 

With the different types of fiber reinforced polymer composites, one factor remains the same: 

the importance of the interface between the fiber and matrix. Damage (e.g. debonding, 

delaminating, fiber/matrix failure) often initiates along this interface leading to material failure. 

The loss of adhesion at the interface can greatly reduce the material strength. Furthermore, the 

mechanical performance of fiber reinforced polymer composites is dependent on the interface [3]. 

Depending on the application of the fiber-reinforced composites, the interfacial properties may 

vary. For typical structural applications, a stronger bond between the fiber and matrix is desired. 

On the other hand, a weaker bond is desired for ballistic applications because the interfacial 

toughness is increased [4].  

1.3 Summary 

Fiber reinforced polymer composites can be viewed at four structural levels [5]:  

1. molecular level – the chemical structure of fiber and matrix based on the Van der Waals 

forces, acid-base interactions and chemical bonds,  

2. fiber level – the interfacial behavior between a single fiber and epoxy matrix based on 

parameters such as bond strength, interfacial shear strength (stress is not a material 

behavior), critical energy release rate, etc.,  

3. meso level – the distribution of fiber reinforcements in the matrix system, and  

4. macro level – the bulk composite material.  

This research focused on the fiber level to study the interfacial behavior between a single fiber and 

an epoxy system.  

 

The goal of this research is to improve the understanding of debonding mechanisms under 

tensile loading by visualizing the in-situ debonding and failure event. Different reinforcements 

with SC-15 epoxy matrix were used to perform debonding experiments under both quasi-static and 

dynamic loading conditions. The focus of the study is on the fiber/matrix interfacial transverse 

debonding behavior with S-2 glass fiber, KM2 fiber, and tungsten fiber reinforcements. A chapter 
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(Chapter 6) is dedicated to the fiber/matrix interfacial shear debonding behavior under dynamic 

loading conditions using a modified tension Kolsky bar with a high-speed synchrotron X-ray phase 

contrast imaging (PCI). The interfacial transverse dynamic debonding behavior were also 

performed using a modified tension Kolsky bar integrated with a high-speed synchrotron X-ray 

PCI as well as a laser back-light imaging technique. For the quasi-static debonding behaviors, the 

experiments were performed by using a quasi-static load frame integrated with a laser back-light 

imaging technique.  

 

The dissertation is organized as follows: Chapter 2 provides the research background which 

includes the interfacial behaviors studied in previous researches and the research gaps. Chapter 3 

presents the experimental methods used for the current study including the dynamic and quasi-

static experimental setups. Chapter 4 introduces the material and specimen preparation. Results 

and Discussion are discussed in Chapter 5. Chapter 6 focuses on the fiber/matrix interfacial shear 

debonding. Chapter 8 summarizes the findings of the current research. Finally, Chapter 7 presents 

the potential future work of the current research. 
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 LITERATURE REVIEW AND RESEARCH GAP 

2.1 Motivation 

Fiber reinforced polymer composites are widely used nowadays, specifically those that 

undergo dynamic impact (e.g. body armors, military vehicle hulls, helmets, rotor blades, engine 

cowlings, and much more). When a composite plate is subjected to impact, the first few layers 

(where the projectile impacts first) often exhibit penetration, the middle layers exhibit transition, 

and the back layers exhibit perforation which includes the interlaminar and intralaminar failure 

modes, as shown in Figure 2.1 [6]. The interlaminar and intralaminar failure modes include 

delamination, fiber/matrix debonding, fiber pull-out, and fiber and/or matrix ruptures. The 

interlaminar and intralaminar failure modes play a crucial part in the energy absorption of the fiber 

reinforced polymer composites [7]. Thus, whether the bullet can be stopped by the 

armor/protection system, the last few layers of the composite armor system is of great importance. 

Thus, it is necessary to understand how the fiber/matrix debonds and fails under high rate loading. 

 

 

Figure 2.1. Upon impact, the fiber reinforced polymer composite plate undergoes penetration, 

transition, and perforation. Reprinted from [6], Copyright (2011), with permission from Elsevier.  
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2.2 Types of Interfacial Debonding Test Methods 

Due to the importance of the interfacial behavior of fiber reinforced polymer composite 

materials, various techniques have been developed to study the interfacial properties including the 

pull-out [8, 9], push-out [10-12], microbond [3, 4, 13], single fiber fragmentation [14,15], and 

transverse debonding [16, 17] methods, as shown in Figure 2.2. The pull-out, push-out, microbond, 

and single fiber fragmentation methods are used to study the interfacial shear properties whereas 

transverse debonding method is used to study the interfacial normal behaviors. While these 

methods were mostly studied with quasi-static loading [3, 18-21], a few studies were performed 

under dynamic loading conditions.  

 

 

 

Figure 2.2. Various testing methods to study the fiber/matrix interfacial debonding behavior of a 

single fiber reinforced polymer specimen. 

 

2.3 Interfacial Transverse Debonding 

Even though researchers have developed various techniques to study the interfacial shear 

properties at both quasi-static and dynamic loading rates, it was often observed that the initial 
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debonding occurs in the transverse direction upon impact [22]. Thus, Gundel et al. developed a 

cross-shaped specimen with a single fiber placed in the center to study the interfacial normal stress 

[16]. The cross-shaped specimen allowed debonding to initiate in the center of the specimen in 

which the free edge effect can be avoided. The free edge effect is a stress concentration that exists 

at the point where the fiber meets the free surface in a fiber reinforced composite material [16, 17, 

23]. Later, Tandon et al. improved the geometry and the design of a cross-shaped (cruciform) 

specimen by bonding face-sheets to the specimen to prevent premature failure in the fillet region 

and to encourage debond initiation at the center of the cruciform specimen [17]. 

 

Most studies on transverse debonding behavior of single fiber reinforced composites were 

performed under quasi-static loading. Gundel et al. conducted transverse loading studies at a quasi-

static rate (1.27 μm/s) to study the transverse behavior of SiC/Ti-6Al-4V composites with different 

surface coatings, the stress distribution, and the interface failure modes [24, 25]. They found that 

fibers with carbon-rich coatings contained a range of interfacial strengths depending on the 

structure of the interface layers, whereas the interface of uncoated fibers had higher strength [24]. 

Of the three stresses (radial compressive stress, hoop stress, and tangential shear stresses stress), 

the radial compressive stress is of the most crucial to the transverse debonding between a fiber and 

the matrix system because the applied stresses around the interface must exceed the radial 

compressive stress for radial tensile stress at the interface to occur [25].  

 

Using the Pagano-Tandon model, Gundel et al. derived the stress states along interface at 

different angles, as shown in Figure 2.3 [25]. From the modeled results, the radial stress is 

maximum at θ = 0º and gradually decreases to a negative value (compressive) as the angle 

approaches θ = 90º. However, for the hoop (tangential normal) stress, the maximum value occurs 

at θ = 90º [25]. For the tangential shear stress, the maximum was found at θ = 45º. Furthermore, 

Gundel et al. suggested three cases of interfacial failure mechanisms (Figure 2.4) [25]:  

1. Radial normal stress exceeding the radial normal strength of the interface (no shear 

failure involved),  

2. stable shear failure precedes normal failure, or  

3. shear failure initiates normal failure immediately.  
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From the results, Gundel et al. found that shear failure prior to normal separation was most likely 

the sequence of failure [25].  

 

 

 

Figure 2.3. Angular stress distribution for (a) radial normal, (b) tangential normal, and (c) 

tangential shear stresses for a single fiber reinforced cruciform specimen loaded in transverse 

tension along θ = 0°. Reprinted from [25], Copyright (1999), with permission from Elsevier. 

 

 

 

Figure 2.4. Three interfacial failure mechanisms suggested by Gundel et al. Reprinted from [25], 

Copyright (1999), with permission from Elsevier. 

 

 

Tandon et al. [17] adapted the cruciform-shaped specimen with the reflected light 

technique to study the fiber/matrix interfacial debonding behavior under transverse and combined 

(tensile and shear) loading. For the combined loading, the cruciform specimen contains an off-axis 

cruciform geometry in which the wings of the cruciform specimen were inclined at an angle with 
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respect to the loading direction. Tandon et al. [17] used an uncoated SiC fiber (SCS-0 from Textron) 

with a diameter of 140 μm with Epon 828 (Shell Chemical Co.) epoxy resin. Three off-axis angles 

(30º, 45º, 60º) were used to study the mixed loading of the interfacial debonding behavior, as 

shown in Figure 2.5. The radial stress concentration factor was maximum for the 90º specimen 

and the magnitude decreased as the off-axis angle θ decreased [17]. For the shear stress, the 

maximum was found to be the 45º off-axis specimens [17].  

 

 

 

Figure 2.5. Visualization of the interfacial debonding in (a) 30º off-axis specimen, (b) 45º off-

axis specimen, and (c) 60º off-axis specimen and (d) debonded area along the fiber/matrix 

interface. Reprinted from [17]. Copyright (2002), with permission from Sage Journals.  

 

 

Foster et al. [26] also implemented the cruciform geometry specimen to evaluate the failure 

behavior of transversely loaded unidirectional model composites. Stainless-steel wires with 



23 

 

diameter of 0.36 mm were used with Epon 828 bisphenol A epoxy resin (Miller-Stephenson 

Chemical Company) with a curing agent Jeffamine D-230 polyoxyproplienediamine (Huntsville 

Chemical Company) [26]. The experiments were at a loading velocity of 8.5 μm/sec [26]. Multi-

fiber cruciform specimens were made, as shown in Figure 2.6, to study the influence of fiber 

spacing on the failure initiation [26]. Three multi-fiber spacing cruciform specimens, 6df, 2.5df, 

1.9df, to represent isolated, closely packed, and densely packed fiber distribution [26]. The failure 

initiation of the specimen was observed via the reflected light method, as shown in Figure 2.7. 

From the results, it was found that debonding initiated at a point on the interface in the loading 

direction in either the top or bottom corner fiber for most 6df and 2.5df specimens [26]. On the 

other hand, damage initiated in the form of matrix cavitation instead of debonding was found for 

the 1.9df specimens [26]. The matrix cavitation failure initiation was characterized as non-

uniform/irregular shaped spots developing in the matrix under loading due to the triaxial stress 

state resulting from the constraining influence of the stiff fibers [26]. For wider fiber spacings, 

fiber/matrix debonding occurred whereas for smaller fiber spacings, matrix cavitation occurred 

[26].  

 

 

 

Figure 2.6. A schematic of the cross-section of the modeled multi-fiber cruciform specimen. 

Reprinted by permission Springer Nature, Experimental Mechanics [26], Copyright (2006).  
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Figure 2.7. A schematic of the experimental setup for the reflective light testing technique. 

Reprinted by permission Springer Nature, Experimental Mechanics [26], Copyright (2006). 

 

Li et al. [27] conducted cruciform experiments with single Borosilicate glass fiber (5 mm 

in diameter) embedded in EPON 828 epoxy at 0.381 mm/min with a camera to record the growth 

of the debonding crack, as shown in Figure 2.8 [27]. Li et al. [27] obtained the stress-strain curve 

from the DIC readings. From the images, they observed the crack opening. Li et al. also compared 

their experimental result to the FE model. From the FE model, the stress distribution was obtained 

around the circumference of the fiber/matrix interface [27]. Li et al. [27] also performed cruciform 

experiments at different quasi-static loading rates: 1.27 mm/min, 12.7 mm/min, and 127 mm/min 

to find that the rate-dependent interfacial failure behavior required the cohesive zone model to 

explain [27].  
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Figure 2.8. (a) A schematic of the experimental setup for the cruciform experiments. (b-d) 

images of the crack with height h at different forces. (e) A schematic of the cross-section across 

the fiber diameter showing the debonding angle evaluation scheme. Reprinted from [27], 

Copyright (2016), with permission from Elsevier. 

 

 

For dynamic loading condition, Levine et al. [28] studied cruciform transverse debonding 

by visualizing the crack initiation and propagation using a modified tension Kolsky bar and high-

speed synchrotron X-ray with a loading velocity of 2.6 m/s [28]. Levine et al. [28] designed a 

cruciform specimen with SC-15 epoxy and S-2 glass fiber that allows debonding to occur along 

the fiber/matrix interface with the fiber being 10 µm in diameter. SC-15 epoxy with S-2 glass fiber 

was used to perform the dynamic transverse debonding experiments [28]. The cruciform 

specimens were cured in room temperature for 48 hours. From the results, the peak debonding 

force was 7.67 N [28]. Levine et al. [28] also performed quasi-static loading experiments at 0.01 

m/s to compare the results of the peak debonding force. The result obtained was 7.31 N for quasi-

static loading which was only 4.6% difference between the two loading conditions [28].  

 

 More recently, Tabiai et al [29]. performed quasi-static transverse loading on single fiber 

reinforced polymer composite to study the strain field using the DIC method. 

Polytetrafluoroethylene (PTFE) with a diameter of 0.99 mm and galvanized steel fiber with a 

diameter of 0.9 mm were manufactured with Epon 862 epoxy resin with 4 parts of Epikure 3274 

as curing agent to produce their specimens [29]. They found that upon debonding, crack kinking 

initiated in the matrix for both types of specimens [29]. However, the matrix kinking occurred at 
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different locations with respect to the fiber/matrix interface depending on the fiber reinforcement 

used. For the PTFE (lower modulus: 0.39 - 0.60 GPa) specimen, crack kinked in the 90° and -90° 

with respect to the loading direction (0°) [29]. On the other hand, for the steel fiber (higher modulus: 

200 GPa) specimen, crack kinked in the 45°, -45°, 135°, -135° directions with respect to the 

loading direction [29].  

2.4 Interfacial Shear Debonding 

The microbond technique was first developed by Miller et al. to study the fiber-matrix 

interfacial shear properties [4]. The motivation of the microbond technique came from the 

difficulty of producing a small embedded length using the pull-out technique [13]. However, the 

results obtained from the microbond method were scattered due to the variation in the following 

parameters: fiber diameter, embedded length, and blade position [21, 30]. According to Zhi et al. 

[21], for smaller diameter fiber (0.012 mm), the high contact friction stress is distributed along the 

interface whereas the high contact friction stress points for larger diameter fibers (one order of 

magnitude larger) are located near the ends of the interface. Furthermore, the area ratio between 

high stress region and interface contact area decreases with increasing embedded length [21].  

 

At quasi-static loading rates, Yang and his coworkers studied the interfacial strengths and 

failure modes of E-glass fiber-polypropylene obtained by using the pull-out and microbond 

techniques at 0.17 µm/s [19]. Adhesive interfacial failure (no residual resin around the debonded 

area of fibers) was found for the pull-out recovered specimens [19]. On the other hand, two failure 

modes were found for the microbond recovered specimens: adhesive interfacial failure (little to no 

residual resin was observed) and cohesive matrix failure (2-7 μm thickness of residual resin was 

observed around the debonded area of the fibers) [19]. 

 

Furthermore, Gao et al. conducted a systematic study on glass-epoxy interphase structure by 

tailoring the adhesion between constituents and the textures to control the interfacial strength and 

energy absorption through mechanical interlocking between the fiber material and epoxy matrix 

under quasi-static loading (0.003 mm/s) [3]. However, it is known that increasing the interfacial 

shear strength often leads to a reduction in the energy absorption [2, 31, 32]. He found that hybrid 

sizing with the incorporation of nanoparticles greatly improved the impact resistance (energy 



27 

 

absorption) without sacrificing its structural performance. The interfacial shear stress and 

debonding energy Gao used are calculated from equations (1) and (2) [3], where τ is the average 

interfacial shear stress, Edeb is the interfacial energy absorption until the peak debonding force, F 

is the peaking debonding force, d is the diameter of the fiber reinforcement, le is the embedded 

length, δi is the initial displacement, and δdeb is the debonded displacement. The peak debonding 

force is defined as the maximum force recorded in the force history where the specimen can no 

longer take further loading. 

                                                                        𝜏 =  
𝐹

𝜋𝑑𝑓𝑙𝑒
                                                             (1)            

                                                                           Edeb  =
∫ 𝐹 𝑑𝛿

𝛿𝑑𝑒𝑏
𝛿𝑖

 

𝜋𝑑𝑓𝑙𝑒
                                                (2) 

 

At dynamic loading rates, Hudspeth et al. performed pull-out experiments using a modified 

tension Kolsky bar with high-speed synchrotron x-ray PCI at a pull-out speed of 4 m/s to observe 

the debonding event of Dyneema SK-62 2640 dTex fibers with an epoxy matrix [9]. Tamrakar et 

al. also used a modified tension Kolsky bar to study the rate effects of interfacial shear strength 

and debonding energy for S-2 glass fiber with (3-glycidoxypropyl) trimethoxy silane coupling 

agent and epoxy resin DER 353 mixed with bis (p-aminocyclohexyl) methane curing agent at 1 

μm/s and 1 m/s using the microbond technique [4]. The interfacial shear strength and debonding 

energy increased by factors of 1.7 and 2.6 respectively when the loading rate was increased by six 

orders of magnitude [4]. 

 

Pull-out mechanisms are important in studying the interfacial debonding behavior. 

According to Bannister, three types of pull-out mechanisms are observed for brittle fiber/resin 

system: catastrophic debonding, minor stick-slip after peak debonding force, and peaks in the 

ascending region [33]. Catastrophic debonding was often observed for strongly bonded interfaces 

or weak interfaces where the embedded length is small [33]. This means that the stored energy 

within the interface system is high enough the cause the fiber to debond entirely after the initiation 

of the interfacial failure [33]. Minor stick-slip is observed after the peak debonding force. In other 

words, the fiber is being extracted progressively until final failure [33]. Lastly, the peaks in the 

ascending region are caused by frictional damage developed along the interface. Researchers who 
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have conducted microbond/pullout studies have observed catastrophic debonding [3, 4, 21, 34] as 

well as stick-slip debonding [20, 35-38]. 

2.5 Crack Velocity and Wave Speeds 

The crack speed and wave speeds of materials are related [39]. Ravi-Chandar studied the 

problems of dynamic crack propagation experimentally including crack initiation and arrest, 

microstructural aspects, steady-state crack propagation and crack branching, and the interaction of 

stress waves with propagating cracks using thin sheets of Homalite-100 [39-42]. The main 

difference between quasi-static fracture and dynamic fracture is the effect of inertia forces [39]. 

Most studies on fracture were performed under quasi-static loading. However, most fracture 

problems occur under dynamic loading such as ballistic impact, impact damage of fan blades, 

aircraft and automobile structures. Thus, Ravi-Chandar et al. performed experiments on Homalite-

100 at a loading rate of 2.5×106 MPa/sec to study the dynamic crack propagation [39].  

 

The criterion for crack to initiate is that the energy required to create new surfaces must be 

equal to the energy released by the solid in deforming to the new configuration [39]. However, 

under dynamic loading, the energy required to create a new surface may be dependent on the rate 

of applied loading [39]. The crack propagates at some velocity governed by the applied load and 

the material properties [39]. The theoretical calculations based on the elastodynamic stress field 

have shown that the Rayleigh wave speed sets a limit on the velocity with which the crack may 

propagate [43]. However, experimental studies have shown that the maximum crack velocities are 

much lower than that of the Rayleigh wave speed (typically around 50%) [39]. A reason of such a 

phenomenon was due to the idealization of the crack growth as the propagation of a crack [39].  

 

When the stress intensity factor reaches a critical value, the crack would initiate and progress. 

Ravi-Chandar et al. found that as the rate of loading increased to 105 MPa/sec, the stress intensity 

factor required to initiate crack growth increased [39]. The crack velocity remained constant 

regardless of the stress intensity factor, indicating that the stress intensity effect did not occur due 

to rapid wave interaction [39]. As the crack continued to propagate, the concomitant unloading 

caused the stress intensity to decrease [39]. As the stress intensity factor decreased to a certain 

level such that the energy release rate was no longer sufficient to maintain stable crack propagation, 
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the crack arrested [39]. From the results, Ravi-Chandar et al. found that the “arrest stress intensity 

factor” was a material property because the experiments on crack arrest indicated that the 

instantaneous stress intensity factor at arrest seemed to have a fixed value for the tested material 

[39]. The crack arrested abruptly without any deceleration phase at a stress intensity below the 

initiation stress intensity [39].  

2.6 Split-Hopkinson (Kolsky) Bars 

To characterize dynamic behavior of single fiber reinforced plastic composites, a scientific 

loading device, the Split-Hopkinson (Kolsky) bar, was used [44]. There are different forms of 

Kolsky bars including, tension, compression, torsion, and compression/torsion bars [44, 45]. 

However, all Kolsky bars are governed by the same concept which is to use the stress waves in 

elastic bars to load the specimen and to measure the specimen response.  

 

A Kolsky bar is composed of five main parts: the incident bar, the transmission bar, a striker, 

a flange, and a momentum trap, as shown in Figure 2.9. The striker impacts the flange which then 

generates a stress wave (incident strain) that travels toward the specimen section (in between the 

incident bar and the transmission bar). Due to impedance mismatch between the bar and the 

specimen, part of the wave (transmitted strain) transmits through the specimen and to the 

transmission bar and part of the wave (reflective strain) reflects back to the incident bar. Using the 

three strains measured in the bars using two pairs of strain gages (one pair on each bar), the stress-

strain curve of the material can be calculated. Furthermore, because the Kolsky bar is an open-

loop system, the strain rates obtained may not be constant. Thus, a pulse shaper is typically utilized 

to obtain constant strain rate. 
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Figure 2.9. A schematic of a traditional tension Kolsky bar. 

 

2.6.1  Modified Kolsky Bar in This Research 

Since the current study used the tension Kolsky bar to load the specimens under dynamic 

transverse loading, emphasis is placed on discussing the tension Kolsky bar. The main difference 

between a traditional and the tension Kolsky bar modified in this research is that the transmission 

bar is replaced with a load cell, as shown in Figure 2.10. The load cell is fixed on a stage which 

allows direct measurement of the load history of the material. The motivation behind using a 

modified tension Kolsky bar is that for soft materials, the transmission bar would not be sufficient 

to obtain the transmitted signal [46]. In other words, for soft materials (e.g. polymers), it is difficult 

to measure the transmitted signal from the transmission bar due to the low amplitude of the 

transmitted signal. Furthermore, in the current research, another motivation to use the modified 

tension Kolsky bar is due to the space restriction at APS Beamline 32-ID-B, Argonne National 

Laboratory. The limited space in the beamline hutch requires the replacement of the transmission 

bar with a load cell.  

 

 

Figure 2.10. A schematic of the modified tension Kolsky bar where the transmission bar of the 

traditional Kolsky bar is replaced by a load cell fixed on a stage. 
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2.6.2 Data Reduction 

The main concept behind the Kolsky bar follows the one-dimensional stress wave analysis 

[44]. Assuming no dispersion occurs when the stress wave propagates through the incident and 

transmission bars, the particle velocity at both ends of the specimen are related to the incident 

strain (𝜀𝐼), reflected strain (𝜀𝑅), and the transmitted strain (𝜀𝑇) via the one-dimensional stress wave 

theory as follows [44],  

                                                                 𝑣1 = 𝑐(𝜀𝐼 − 𝜀𝑅),                                                           (3) 

                                                                      𝑣2 = 𝑐𝜀𝑇 ,                                                                 (4) 

 

where c indicates the elastic bar wave speed. A schematic of the strains and particle velocities are 

shown in Figure 2.11. The incident, reflected, and transmitted strains came from the strains in the 

incident and the transmission bars. These strains are measured by using two pairs of strain gages, 

a pair on the incident bar and the other on the transmission bar.  

 

 

Figure 2.11. A schematic of the specimen section upon loading. 

 

 

The average strain rate in the specimen is the change the particle velocity per gage length of 

the specimen as follows [44],   

                                               
𝑑𝜀

𝑑𝑡
=

𝑑

𝑑𝑥
(

Δ𝐿

𝐿𝑠
) =  

Δ𝑉

𝐿𝑠
=

𝑣1−𝑣2

𝐿𝑠
                                                         (5) 

where Ls is the gage length of the specimen. Substituting the obtained particle velocities on both 

ends of the specimen to Equation 5, the strain rate of the specimen can be written as follows [44],  
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𝑑𝜀

𝑑𝑡
=  

𝑐

𝐿𝑠
(𝜀𝐼 − 𝜀𝑅 − 𝜀𝑇).                                                       (6) 

To find the strain in the specimen, we integrate the strain rate with respect to time. For traditional 

Kolsky bar (with a transmission bar), the stresses at both ends of the specimen are calculated from 

the measured incident, reflected, and transmitted strains as follows,  

 

                                                           𝜎1 =  
𝐴𝑏𝐸𝑏

𝐴𝑠
 (𝜀𝐼 + 𝜀𝑅),                                                         (7) 

                                                                  𝜎2 =  
𝐴𝑏𝐸𝑏

𝐴𝑠
 𝜀𝐼,                                                              (8) 

 

where 𝐴𝑏 , 𝐴𝑠 , and 𝐸𝑏  are the cross-sectional areas of the bar and specimen and the Young’s 

modulus of the bar material, respectively.  

 

For the modified Kolsky bar, since the transmission bar is replaced by a load cell, the 

calculation to obtain the stress-strain response of the specimen is more direct: 1. the load cell 

resembles a fixed end, therefore, the particle velocity is zero (𝑣2 = 0), 2. no transmission bar is 

used, therefore, the transmitted strain is also zero (𝜀𝑇 = 0), and 3. the stress of the specimen can 

be calculated from the recorded load history divided by the cross-sectional area of the specimen. 

 

2.7 Research Gap 

Even though an extensive number of studies have been done on the interfacial properties of 

fiber reinforced composite materials, it is still uncertain how the crack initiates and propagates 

leading to the complete failure of the interface since most toughened epoxy matrices are typically 

opaque. Furthermore, since most fiber-matrix transverse debonding studies focused on the 

interfacial stress analysis with quasi-static loading, it is still uncertain how the loading velocity 

affects the fiber-matrix interfacial debonding behavior (e.g. debonding load, debonding crack 

velocity, crack geometry) specifically for fibers with diameters in the range of 10 μm. Thus, to 

develop a physical understanding of the dynamic debonding process, the in-situ visualization of 

the interfacial behavior during the debonding event is desired.  
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The aim of this study was to investigate the rate effect of the transverse debonding behavior 

of SC-15 epoxy with various reinforcements including, S-2 glass fiber, Kevlar KM2, and tungsten 

reinforcements by visualizing the dynamic and quasi-static debonding event in real time at 2.5 m/s 

and 0.25 mm/s using high-speed imaging techniques. For the dynamic loading experiments, a 

modified tension Kolsky bar along with a high-speed synchrotron X-ray phase contrast imaging 

was utilized to studying the dynamic debonding event. A laser back-light imaging method with a 

modified tension Kolsky bar was also utilized to capture the real-time debonding event. For quasi-

static loading experiments, a quasi-static load frame with a laser back-light imaging technique was 

used to study the quasi-static transverse debonding event. Finally, the failure surfaces of the 

recovered cruciform specimens were examined via scanning electron microscopy to analyze the 

failure mechanisms among different single fiber reinforced polymer composites.  
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 EXPERIMENTAL METHODS 

3.1 Dynamic Transverse Loading Experiments 

The dynamic transverse loading experiments were performed at the Advanced Photon 

Source (APS) Beamline 32-ID-B, Argonne National Laboratory and at Purdue University. The 

experiments performed at APS allowed us to see through the opaque matrix and to observe the 

fiber/matrix debonding failure because a high-speed synchrotron X-ray phase contrast imaging 

(PCI) technique was utilized. However, due to the limited amount of time at APS, most the 

experiments were performed in Purdue using a laser back-light imaging technique to quantify the 

results.  

3.1.1 High-Speed Synchrotron X-ray PCI  

A high-speed synchrotron x-ray phase contrast imaging (PCI) technique with a modified 

tension Kolsky bar was used to visualize the in-situ dynamic debonding event. The intense high-

energy x-ray (~25 keV pink beam), generated using an undulator (1.8-cm period), allows us to see 

through the opaque epoxy matrix with high spatial and temporal resolutions [47]. The experiments 

were performed with the standard operation mode of the APS, where 24 bunches of electrons are 

stored in a circular ring with a circumference of 1140 meters, as shown in Figure 3.1. A pair of 

slow and fast x-ray shutters was used to define a short time window to prevent damage of the 

experimental apparatus and specimen from the intense x-ray beam. A set of adjustable slits (1-2 

mm2) were used to collimate the x-ray beam. A single crystal Lu3Al5O12:Ce scintillator with a 

thickness of 100 μm was used to convert the x-rays into visible light which was then captured 

using a high-speed camera (Shimadzu HPV-X2, Kyoto, Japan) via a 45-degree mirror and an 

objective lens (5, 10, and 20 magnifications).   

 

The PCI method as opposed to other x-ray imaging methods was used because PCI imaging 

allows us to capture the crack formation in our material specimen efficiently and effectively [47 - 

49]. The x-ray PCI uses the change in the phase of the x-rays and refraction of the x-rays as they 

pass through the specimen containing materials with different densities [48 - 50]. X-ray PCI 
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provides higher contrast between the different constitutive phases of the specimen in the high-

speed imaging experiments.   

 

The high-speed camera used in the current study allows us to take 256 frames per 

experiment. Note that the temporal resolution of the transverse debonding high-speed imaging was 

5 MHz for all performed experiments (both dynamic and quasi-static). This means that for 

experiment, we can only capture 51.2 μs of the failure event. Thus, it is critical to set the timing 

right to capture the entire failure process. To set the timing properly, there are two components 

that are crucial: the gas gun (that fires the striker of the Kolsky bar) and the slow shutter. The slow 

shutter in our setup closes and opens within 60 ms. The gas gun loaded the striker around a hundred 

milliseconds depending on the firing pressure. Thus, prior to experiments, 10 testing shots were 

performed to obtain an average timing for the firing system and to utilize this timing to find the 

delay from firing to the slow shutter opening. The oscilloscope was triggered by the incident wave 

passing through the strain-gages on the incident bar. Then, the camera and fast shutters were 

triggered. The timing required delay generators to capture the event successfully.  

 

 

Figure 3.1. A schematic of the high-speed synchrotron X-ray with Kolsky bars setup.  
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3.1.2 Modified Tension Kolsky Bar (in Beam line 32-ID-B) 

The modified tension Kolsky bar consisted of an incident bar (aluminum 7075-T6) with 

12.7 mm in diameter and 2200 mm in length and a coaxial brass striker tube with the inner diameter 

of 17 mm, an outer diameter of 19 mm, and a length of 450 mm. Two layers of annular shaped 

masking tape (0.3 mm) were used as the pulse shaper. A 50-lbf quartz load cell (Model 9712B50, 

Kistler, Amherst NY, USA) was fixed on a three-dimensional adjustable stage to record the load 

history of the debonding event. A panoramic view and a schematic of the experimental setup are 

presented in Figures 3.2 and 3.3.  Prior to each experiment, the wings (left and right sides) of the 

cruciform specimen were clamped in place by mechanical grips that were mounted onto the 

incident bar and the load cell. The striker was launched by a gas gun which then impacted the 

flange. Upon impact, a tensile stress wave was generated to travel from the flange end of the 

incident bar to the specimen end of the incident bar which then loaded the cruciform specimen in 

the transverse direction. The square shown in Figure 14 indicates the X-ray window.    

 

 

Figure 3.2. A panoramic view of the experimental apparatus in Beamline 32-ID-B hutch, APS.  
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Figure 3.3. A schematic of the experimental setup (modified tension Kolsky bar) in Beamline 32-

ID-B hutch, APS. Reprinted by permission from Springer Nature, Journal of Materials Science 

[47], Copyright (2017). 

 

 

3.1.3 Modified Tension Kolsky Bar (in ARMS B130, Purdue University) 

The modified tension Kolsky bar in Purdue was slightly different from the one in APS Beam 

line 32-ID-B in terms of the incident bar length and the sticker length. The modified tension Kolsky 

bar consisted of the incident bar (aluminum 7075-T6) with 12.7 mm in diameter and 3600 mm in 

length and a coaxial brass striker tube with the inner diameter of 0.43 mm, an outer diameter of 

0.48 mm, and a length of 900 mm. The modified tension Kolsky was built on an optical table so 

the modified tension Kolsky is often referred to as a “desktop tension Kolsky bar”. The 

experimental setup in Purdue is presented in Figure 3.4.  
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Figure 3.4. A picture of the experimental setup in Purdue. 

 

3.2 Quasi-Static Transverse Loading Experiments 

A quasi-static load frame with a high-speed camera was used to study the transverse 

debonding behavior at a lower velocity. A laser back-light was used as a light source to allow the 

crack initiation and progression to be tracked. A 50-lbf quartz load cell was fixed on a fixed circular 

plate to record the load history of the debonding event. Pictures and a schematic of the quasi-static 

transverse debonding experimental setup are shown in Figures 3.5 and 3.6. An electrical actuator 

was used to load the cruciform specimen in the transverse direction at 0.25 mm/s. The rectangle 

on the cruciform specimen indicates the camera window in Figure 3.6.  

 

The same high-speed camera (Shimadzu HPV-X2) was used for the quasi-static loading and 

the dynamic loading. We used a negative trigger of the load signal to trigger the camera. In other 
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words, the camera was triggered when the load drops. Then, the camera saved 246 frames (post-

trigger was set to 246 frames) before the time of trigger and 10 frames after. 246 frames = 49.2 us, 

meaning the first image taken was 49.2 us before the load dropped. The spatial and temporal 

resolutions for the quasi-static experimental setup were 20 μm/pix and 5 MHz, respectively.  

 

 

 

Figure 3.5. Images of the quasi-static experimental setup with the laser back-light imaging 

technique with a quasi-static load frame. 
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Figure 3.6. A schematic of the quasi-static experimental setup. 
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 MATERIALS AND SPECIMEN PREPARATION 

4.1 Materials 

An opaque, rubber toughened epoxy (SC-15, Applied Poleramic, Benicia, CA, USA) with 

S-2 glass fiber (Owens Corning, Toledo, OH, USA), Kevlar KM2 (DuPont, Wilmington, DE, 

USA), and tungsten (McMaster, Elmhurst, IL, USA) reinforcements were used to manufacture the 

cruciform specimens. Table 4.1 lists the transverse modulus, Poisson’s ratio, and diameter of the 

reinforcements and the epoxy resin. 

 

The SC-15 epoxy was selected for the current study because it is a high-performance epoxy 

for Army composite applications [51]. SC-15 is a toughened commercial vacuum-assisted resin 

transfer molding (VARTM) and a two-phase toughened epoxy cured with a cycloaliphatic amine 

[51]. The resin has good damage resistance in structural and ballistic applications [51]. The ratio 

of SC-15 resin and hardener is 100:30 by weight. Different curing cycles have been studied in the 

literary (e.g. cure for 4 hours of incremental increase from ambient temperature to 52 °C and the 

post-cure at 125 °C for 2 hours [52]). However, for the current study, the cruciform was cured in 

room temperature for 48 hours and post-cured at 125 °C for 2 hours so we can have a better 

comparison of the results from the study performed by Levine et al. [28] (48 hours in room 

temperature). Note that no additional sizing or surface modifiers was used on the as-received fiber 

surface of the studied reinforcement types. 

  

Table 4.1. Material properties for S-2 glass, KM2, tungsten, and SC-15 epoxy 

Materials Transverse Modulus [GPa] Poisson's Ratio Density [kg/m3] Diameter [um] 

S-2 Glass [53] 86  0.23 2.46 10 

KM2 [54, 55] 4 0.24  1.44 12 

Tungsten [56] 340-405  0.28 19.30 50 

SC-15 Epoxy 

only 

Low Rate: 1.69  

High Rate: 2.15 

0.35 [57] 1.09 [58] n/a 

 

 

S-2 glass fiber with SC-15 epoxy fiber reinforced composites is of interest to the Army 

applications [51, 52]. Of the different reinforcement types, glass fiber, namely S-2 glass fiber 
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(manufactured by Owens Corning but now supported by AGY), is of interest to the ballistic 

protection of ground vehicles. The “S” in S-2 stands for “Strength” meaning S-2 glass could be 

used when high tensile strength (modulus) is crucial. The as-received S-2 glass fiber with the 

diameter of 10 μm was treated with an amino-silane. The S-2 glass fiber consists of numerous G-

filament continuous glass strands and has a linear density of 675 TEX [59].  

 

Kevlar, a para-aramid fiber, is known for its application in the body armor/protection 

system due to its high strength and abrasion resistance. In the current study, the Kevlar KM2 with 

a diameter of 12 μm was used as a reinforcement to study the interfacial debonding behavior. KM2 

fiber is a transversely isotropic material that exhibits a strong anisotropy in its mechanical 

properties caused by the highly oriented chains of molecules [60]. The Young’s modulus in the 

longitudinal direction (~84 GPa) of the fiber is much higher than that in the transverse direction 

(~4 GPa) [54, 60]. For Kevlar, mixture or emulsion (often consists of oils) is applied to the fiber 

surface to reduce friction and to improve processing and/or end-use performance [61].  

 

The last reinforcement used was tungsten wire. The motivation behind using a tungsten wire 

was that it is a metal reinforcement (high electron density) and it has a larger fiber diameter (50 

μm). With larger diameter and higher electron density compared to the SC-15 epoxy system, we 

expected to see the debonding and crack progression more clearly.  

4.2 Specimen Preparation 

The cruciform specimen design in the current study was adapted from Levine et al. [28]. To 

manufacture the cruciform specimens, a silicone rubber mold was made from an aluminum form 

by pouring a low viscosity silicone rubber (OOMOO® 30, Smooth-On, Macungie PA, USA) into 

the form and allowed to cure for 8 hours (Figure 4.1). Next, the silicone rubber mold was removed 

from the aluminum form and placed back in the form with the cruciform cavities facing up. Then, 

a single S-2 glass fiber was fixed on a fiber holder (made of cardboard) to position the fiber on the 

center of the silicone rubber mold. Once the fiber was adjusted to lay in the center of the mold 

strip, the fiber was taped down to the rubber mold and snipped away from the cardboard. The SC-

15 epoxy was then poured in the cavity of the silicone mold which allowed 10 cruciform specimens 

to be produced at a time. The rubber mold with the filled cavities was placed in vacuum chamber 
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with 40 kPa for an hour to remove trapped gas. Then, the rubber mold was removed from the 

vacuum chamber and a flat piece of silicone rubber was placed on top of the rubber mold to ensure 

flatness of the cruciform surface. The flat sheet of rubber was removed after curing for 24 hours 

at room temperature. Another 24 hours were given for additional curing after removing the rubber 

sheet at room temperature. Lastly, the specimens were placed in the furnace to post-cure for 2 

hours at 125 ºC. 
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Figure 4.1. Cruciform specimen (a) and (b) preparation setup and (c) geometry.  
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 RESULTS AND DISCUSSION 

The SC-15 epoxy with S-2 glass fiber, Kevlar® KM2, and tungsten reinforcements cruciform 

specimens were used to study the rate effects on the interfacial transverse debonding behavior 

including the peak debonding force, the debonding crack velocity, and the crack geometry at 

loading velocities of 0.25 mm/s and 2.5 m/s. A schematic of the transverse debonding experiment 

is shown in Figure 5.1. At least eight repeated experiments were performed for each loading 

condition. The failure surface of the recovered cruciform specimens was examined using a 

scanning electron microscope. The current study concentrated on two imaging views: high-speed 

imaging and SEM imaging (shown in Figure 5.2). The high-speed imaging focused on the center 

of the cruciform specimen where the debonding and crack initiated. The SEM imaging focused on 

the cross-section of the recovered specimen along the fiber direction.  

 

 

 

Figure 5.1. A schematic of the cruciform specimen upon loading. 

 



 

 

 

4
6

 

 

Figure 5.2. A schematic of the two imaging views: high-speed imaging and SEM imaging. 
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5.1 High-Speed Images with Corresponding Force History 

Representative force-displacement responses and the corresponding high-speed images of 

S-2 glass, KM2, and tungsten reinforced cruciform specimens from debonding initiation to crack 

propagation until the crack propagated beyond the camera field-of-view at 2.5 m/s (the high-speed 

synchrotron X-ray and laser back-light imaging method) and 0.25 mm/s (the laser back-light 

imaging method) are discussed in this subsection. For the images taken using the high-speed 

synchrotron x-ray, the spatial resolutions ranged from 1.5 μm/pix to 6 μm/pix. For the images 

taking using the laser back-light imaging method, the resolution ranged from 17 μm/pix to 21 

μm/pix. The time interval between each frame was 0.2 μs.  

 

Figures 5.3 and 5.4 present the dynamic transverse loading, the force-displacement history, 

force-time-crack length history, and the corresponding high-speed images from experiments 

performed in APS Beamline 32-ID-B, Argonne National Laboratory using high-speed synchrotron 

X-ray PCI with a modified tension Kolsky bar. The spatial resolutions were 6.06 μm/s and 1.5 

μm/s, respectively. The corresponding high-speed images extracts 11 images, starting from the 

crack initiation frame (t = t0) following with 10 frames (t = t0 + 2 μs), from the stack of 256 frames. 

The crack continued to propagate after the 5th frame, but the limited area of the camera window 

prohibited us from capturing the progression after the 5th frame. The force-time-crack length plot 

shown in Figure 5.3 presents the progression (force and crack length with respect to time) of the 

0.8 μs from where the crack initiated. In the first 0.8 μs from where the crack initiated, the load 

was still increasing with increasing crack length. The load continued to increase slightly after the 

crack initiated may be a result of the inertia effect of the specimen upon loading. Under dynamic 

loading, specimens would experience inertia effect upon loading, thus this phenomenon may cause 

time and force variance in the force response.  

 

For Figure 5.4, a more detailed debonding event was observed since the magnification 

objective lens was increased from 5× to 20×. The advantage for using a 20× lens was that we 

were able to observe the details of debonding in the initiation site and the fiber was more apparent 

in this case. The disadvantage for using a higher magnification lens was that we could not track 

the crack progression because the crack tips would be out of the window frame after the 3rd frame. 

Furthermore, it was more likely to miss the debonding initiation with a higher magnification lens 
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due to the smaller window area. From the high-speed images shown in Figure 5.4, slight 

debonding/cracking was observed in the initial frame. The crack opened-up as time progressed. 

The fiber debonded on opposite sides (top debonded on the right side and bottom debonded on the 

left side), forming a diagonal line between the crack gap. Upon further loading, the fiber started to 

debond on both sides of the cruciform. In this case, another crack propagated from the upper side 

of the specimen. Such a phenomenon was not a common observation – debonding and matrix crack 

from the side. Typically, the fiber and matrix would debond or matrix failure would take place, 

but not both occurring in the same specimen.  

 

The dynamic transverse loading of the S-2 glass fiber reinforced cruciform experiments 

performed at Purdue using the laser back-light imaging with a modified tension Kolsky bar is 

presented in Figure 5.5. The window frame was larger for these sets of experiments because the 

magnification used was lower than the ones used in APS to track the crack progression in more 

frames. From the force-time-crack length plot shown in Figure 5.5, the load remained near constant 

in the first 5 frames and started to drop after the 5th frame. At the same time, the crack continued 

to propagate regardless of the decrease in the load history. Such an observation was similar to that 

observed in the X-ray high-speed imaging (Figure 5.3) since the load had not dropped yet in the 

first 5 frames upon crack initiation. 

 

Figure 5.6 presents the quasi-static transverse loading of the S-2 glass fiber reinforced 

cruciform experiments performed in Purdue using the laser back-light imaging with a quasi-static 

load frame. Due to the large time scale between the force/displacement/time history and the high-

speed image recording history, the force-time-crack length plot was not constructed. Instead, a 

simple force-time history is presented. As precisely mentioned in the experimental method section 

(Ch. 3.2), the camera was triggered when the load dropped. The camera was set to save 246 frames 

before the time of trigger and 10 frames after. 246 frames = 49.2 μs, meaning the first image taken 

was 49.2 μs before the load drops. The crack initiation frame occurred on the 149th frame, which 

is 29.8 μs after the first image was taken. Subtracting the time when crack initiated from the time 

the first image was taken (49.2 μs - 29.8 μs), the time when crack initiated prior to the load drop 

was calculated (19.4 μs). In other words, the crack initiated 19.4 μs prior to the load drop. In this 

case (Figure 5.6), the time of load drop was tf = 0.6576 s.  
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The dynamic transverse loading of the KM2 fiber reinforced cruciform specimen performed 

using the laser back-light imaging with a modified Kolsky bar is shown in Figure 5.7. From the 

high-speed images, the crack propagating in the KM2 specimen appeared to be slower than that 

observed in the S-2 glass fiber specimen. From the force-time-crack length plot, the load remained 

constant for the first 6 frames and dropped afterwards. The crack continued to propagate after the 

drop in the load history. The quasi-static transverse loading of the KM2 specimen is shown in 

Figure 5.8. The crack for KM2 specimen under quasi-static loading appeared to propagate slightly 

slower than that of the S-2 glass specimen under the same loading conditions. Since the crack 

initiation frame was the 146th frame for this experiment, the crack initiated 20 μs prior to the load 

drop.  

 

The dynamic and quasi-static transverse loading of tungsten reinforced cruciform specimens 

are presented in Figures 5.9 and 5.10, respectively. From Figure 5.9, the force-time-crack length 

graph revealed the load began to drop after the 4th image while the crack continued to propagate. 

Tungsten specimens were more difficult to track the crack length and crack width because the 

tungsten wire would block the crack tip and the crack gap. For quasi-static loading (Figure 5.10), 

the crack initiation frame was the 136th frame meaning the crack initiated 27.2 μs prior to the load 

drop. 
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Figure 5.3. Force-displacement history and force-time-crack length history with the 

corresponding high-speed images sequence of S-2 glass fiber reinforced cruciform specimen at 

2.5 m/s. The scale bar on the initial frame indicates 250 µm. 
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Figure 5.4. Force-displacement history and force-time-crack length history with the 

corresponding high-speed images sequence of S-2 glass fiber reinforced cruciform specimen at 

2.5 m/s. 
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Figure 5.5. Force-displacement history and force-time-crack length history with the 

corresponding high-speed images sequence of S-2 glass fiber reinforced cruciform specimen at 

2.5 m/s. The scale bar on the initial frame indicates 0.5 mm. 
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Figure 5.6. Force-displacement and force-time histories with the corresponding high-speed 

images sequence of S-2 glass fiber reinforced cruciform specimen at 0.25 mm/s. The scale bar on 

the initial frame indicates 0.5 mm. 
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Figure 5.7. Force-displacement history and force-time-crack length history with the 

corresponding high-speed images sequence of KM2 fiber reinforced cruciform specimen at 2.5 

m/s. The scale bar on the initial frame indicates 0.5 mm. 
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Figure 5.8. Force-displacement and force-time histories with the corresponding high-speed 

images sequence of KM2 fiber reinforced cruciform specimen at 0.25 mm/s. The scale bar on the 

initial frame indicates 0.5 mm. 
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Figure 5.9. Force-displacement history and force-time-crack length history with the 

corresponding high-speed images sequence of tungsten reinforced cruciform specimen at 2.5 

m/s. The scale bar on the initial frame indicates 0.5 mm. 
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Figure 5.10. Force-displacement and force-time histories with the corresponding high-speed 

images sequence of tungsten reinforced cruciform specimen at 0.25 mm/s. The scale bar on the 

initial frame indicates 0.5 mm. 
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5.2 Average Peak Debonding Force 

The peak debonding force was recorded for the transverse debonding experiments at 0.25 

mm/s and 2.5 m/s. The peak debonding force is the maximum force measured in the load history 

prior to load drop. From the result shown in Figure 5.11, the average peak debonding forces of S-

2 glass fiber with SC-15 epoxy at 0.25 mm/s and 2.5 m/s were 7.11 ± 0.83 N and 12.89 ± 2.51 N, 

respectively. The average peak debonding forces for KM2 reinforced specimens at 0.25 mm/s and 

2.5 m/s were 7.06 ± 1.10 N and 15.46 ± 3.05 N, respectively. The average peak debonding forces 

for tungsten reinforced specimens at 0.25 mm/s and 2.5 m/s were 10.13 ± 1.69 N and 15.64 ± 0.85 

N, respectively. A summary of the result is presented in Table 5.1. A reason that caused the scatter 

in the average peak debonding forces was from the specimen preparation. The thickness of the 

specimens was not uniform for all specimens. Furthermore, the fiber may be not be in the exact 

center of the cruciform specimen when the fiber was placed on the silicone rubber mold for 

specimen preparation.  

 

All three reinforcement types revealed higher average peak debonding force at 2.5 m/s as 

opposed to 0.25 mm/s. A reason for such an increase in the average peak debonding force includes 

rate sensitivity of the SC-15 epoxy. To verify the rate sensitivity of the epoxy matrix system, five 

repeated experiments were performed on the SC-15 epoxy without a fiber in it at both 0.25 mm/s 

and 2.5 m/s. The average peak forces for the SC-15 epoxy at 0.25 mm/s and 2.5 m/s were 10.13 ± 

1.69 and 15.64 ± 0.85 N, respectively.  
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Figure 5.11. Average peak debonding force for S-2 glass, KM2, and tungsten fiber reinforced 

cruciform specimens at 0.25 mm/s and 2.5 m/s.  
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Table 5.1. Results obtained for the various fiber reinforced specimens at 0.25 mm/s and 2.5 m/s 

Fiber Type Thickness 

[um] 

Average Peak 

Force [N]  

at 0.25 mm/s  

Average Peak 

Force [N] 

 at 2.5 m/s 

Diameter to 

Thickness 

ratio 

Average crack 

velocity [m/s] at 

0.25 mm/s 

Average crack 

velocity [m/s] at  

2.5 m/s 

S-2 Glass 63.4 7.11 ± 0.83 12.89 ± 2.51 0.16 587.43 ± 23.40 683.57 ± 18.34 

KM2 69.9 7.06 ± 1.10 15.46 ± 3.05 0.17 534.09 ± 23.02 593.94 ± 29.48 

Tungsten 101.7 8.23 ± 1.06 13.67 ± 2.09 0.49 598.93 ± 69.67 646.25 ± 50.56 
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For quasi-static loading, the average peak debonding force for all three reinforcements 

revealed similar results with tungsten being slightly higher. Such a slight increase of the average 

peak debonding force for tungsten may result from the increase in the thickness of the specimen 

or the increase in the fiber diameter to specimen thickness ratio. For tungsten, the average thickness 

of the specimen was 101.7 ± 6.6 μm. For S-2 glass and KM2 reinforced cruciform specimens, the 

average thicknesses were 63.4 ± 5.5 μm and 69.9 ± 10.2 μm. The ratio of the fiber diameter to the 

sample thickness for S-2 glass, KM2, and tungsten were calculated to be 0.16, 0.17, and 0.49, 

respectively.  

 

The displacement for KM2 and S-2 glass reinforced cruciform specimens were higher than 

that of the tungsten reinforced cruciform specimens, specifically for dynamic loading conditions 

(Figures 30-32). The lower displacement for the tungsten reinforced cruciform specimen may be 

caused by the high ratio of fiber diameter to the specimen thickness (0.49). In other words, smaller 

cross-section of the matrix along the failure surface caused tungsten reinforced specimens to have 

lower displacement. From the results, the cohesive bond for the matrix appeared to result in a 

higher displacement (or strain) whereas the adhesive bond between the matrix and fiber appeared 

to result in a lower displacement (or strain).  

 

The dynamic and quasi-static loading history for each types of cruciform specimens revealed 

different slopes (Figures 5.12 - 5.14). The dynamic loading history revealed a more brittle failure 

manner whereas the quasi-static loading history revealed a less brittle failure behavior since the 

load did not drop directly back to zero after reaching the peak debonding force. A cause of such a 

phenomenon may be the rate sensitivity of the matrix failure mechanisms. 
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Figure 5.12. Force-displacement responses of S-2 glass fiber reinforced cruciform specimen at 

0.25 mm/s and 2.5 m/s. 

 

 

 

 

Figure 5.13. Force-displacement responses of KM2 fiber reinforced cruciform specimen at 0.25 

mm/s and 2.5 m/s. 
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Figure 5.14. Force-displacement responses of tungsten fiber reinforced cruciform specimen at 

0.25 mm/s and 2.5 m/s. 

 

 

 To rigorously analyze the rate dependence and the reinforcement dependence of the peak 

debonding force, statistical hypothesis tests (t-tests) were performed. The Anderson-Darling 

normality test was performed prior the t-test to investigate the normality of the experimental results. 

At the level of 0.05, all the results were significantly drawn from a normally distributed population 

(Table 5.2). Thus, we proceeded to the t-tests to investigate the statistical difference between 

different reinforcements and between the same reinforcements but at different rates. Examining 

the three reinforcements (S-2 glass, KM2, and tungsten) at 0.25 mm/s (at the level of 0.05), there 

is statistical difference between tungsten reinforced specimens and the two other fiber reinforced 

specimens (S-2 glass and KM2), as shown in Table 5.3. There is no significant difference between 

KM2 and S-2 glass fiber reinforced specimens. At 2.5 m/s, there is no significant difference among 

the three reinforced specimens. Comparing the rate dependence, there is significant difference for 

all three types of reinforcements between quasi-static and dynamic loading conditions, as shown 

in Table 5.4.  
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Table 5.2. Anderson-Darling normality tests for peak debonding forces 
 

S-2 Glass KM2 Tungsten 

0.25 mm/s 0.61 0.06 0.68 

2.5 m/s 0.14 0.58 0.21 

 

 

Table 5.3. t-tests for peak debonding forces comparing different reinforced specimens 
 

S2 vs KM2 S2 vs Tungsten KM2 vs Tungsten 

0.25 mm/s 0.73 0.003 0.01 

2.5 m/s 0.99 0.75 0.99 

 

 

Table 5.4. t-tests for peak debonding forces comparing rate difference (0.25 mm/s and 2.5 m/s) 

S-2 Glass KM2 Tungsten 

0.00 0.00 0.00 

 

 

5.3 Average Interfacial Crack Velocity 

The average interfacial crack velocities were measured for both loading velocities of 0.25 

mm/s and 2.5 m/s. The average interfacial debonding crack velocity was calculated by taking the 

full crack length divided by the time difference between the initial crack image and the eleventh 

image. The calculated value was then divided by 2 since crack propagated in both directions (top 

and bottom). The reason this method was used to calculate the average crack velocity instead of 

tracking the cracking tip on either side of the crack was that the average interfacial crack velocity 

was different between the top and bottom crack tips of a cruciform specimen. This behavior was 

due to the minor misalignment when placing the specimen in the grips. The difference between 

the top and the bottom tip velocities for dynamic experiments various from 3 m/s to 200 m/s with 

an average of 115 ± 78 m/s. Such a difference in the top and bottom crack tip velocities was ~20% 

of the average crack velocity calculated meaning that the tip velocities were sensitive to the local 

stress-strain state.  
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For S-2 glass fiber reinforced cruciform specimens, the average crack velocities at 0.25 mm/s 

and 2.5 m/s were 587.43 ± 23.40 m/s and 683.57 ± 18.34 m/s, respectively. For KM2 fiber 

reinforced cruciform specimens, the average crack velocity at 0.25 mm/s and 2.5 m/s were 534.09 

± 23.02 m/s and 593.94 ± 29.48 m/s, respectively. The average crack velocity for tungsten 

reinforced cruciform was 598.93 ± 69.67 m/s and 646.25 ± 50.56 m/s, respectively. The larger 

scatter in the tungsten average crack velocity resulted from the difficulty to pin-point where and 

when the crack initiated leading to the material failure because the tungsten wire would be blocking 

the crack tips.  

 

A summary of the crack velocities for S-2 glass fiber, KM2 fiber, and tungsten reinforced 

cruciform specimens is presented in Figure 5.15. The average crack velocities for the three fiber 

materials increased with increasing loading velocities. Comparing S-2 glass fiber with KM2 fiber 

reinforced specimens, the average crack velocities for both loading conditions were higher for the 

S-2 glass fiber reinforced specimens than that of the corresponding loading velocities for KM2 

fiber reinforced specimens. The reason for such a decrease in the average crack velocity for KM2 

specimens is discussed in the post-mortem analysis section since it may be caused by the difference 

in the failure mechanism between S-2 glass fiber and KM2 fiber reinforced cruciform specimens. 

The crack velocity for all three materials did not reveal a major difference with the same loading 

conditions.  
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Figure 5.15. Average crack velocity for S-2 glass, KM2, and tungsten fiber reinforced cruciform 

specimens at 0.25 mm/s and 2.5 m/s. 

 

 

The longitudinal, shear, and Rayleigh wave speeds for the SC-15 epoxy were calculated 

using the material properties listed in Table 1 to compare with the average crack speeds obtained 

for the three types of fiber reinforced cruciform specimens. The calculated longitudinal, shear, and 

Rayleigh wave speeds under quasi-static loading were 1250 m/s, 815 m/s, and 760 m/s, 

respectively. The calculated longitudinal, shear, and Rayleigh wave speeds under dynamic loading 

were 1400 m/s, 914 m/s, and 854 m/s, respectively. According the Rave-Chandar et al., the 

Rayleigh wave speed of the material sets the limit to the crack speed [38]. In the current study, the 

S-2 glass, KM2, and tungsten reinforced cruciform specimens under quasi-static loading were 77%, 

70%, and 79%, respectively. For dynamic loading, the percentages were 80%, 70%, and 76%, 

respectively. A summary of the percentage of the average crack speed of the different reinforced 

specimens to the Rayleigh wave speed under both quasi-static and dynamic loading conditions are 

presented in Table 5.5.  
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Table 5.5. Percentage of the average crack speed of the different reinforced specimens to the 

Rayleigh wave speed of the epoxy 

Fiber Type Percentage for 0.25 mm/s Percentage for 2.5 m/s 

S-2 Glass 77%  80%  

KM2 70%  70%  

Tungsten 79%  76%  

 

 

To analyze the average crack velocity further, the Anderson-Darling normality test and the 

t-test were used. Most of the data sets were significantly drawn from a normally distributed 

population at the 0.05 level (Table 5.6). Thus, the t-tests were performed comparing the significant 

difference in the average crack velocity among the different reinforced specimens and the rate 

dependence between the same specimens. At 0.25 mm/s, significant differences were found 

between KM2 and the two other reinforced specimens (S-2 glass and tungsten) and no significant 

difference was found between S-2 glass and tungsten reinforced specimens at the 0.05 level (Table 

5.7). Similar results were obtained for those at 2.5 m/s: significant differences between KM2 and 

the two other reinforced specimens and none between S-2 glass and tungsten reinforced specimens. 

Investigating the rate dependence of each reinforced specimens, significant differences were 

obtained for S-2 glass and KM2 between quasi-static and dynamic loading conditions (Table 5.8). 

No significant difference was found for tungsten with increasing loading velocities.  

 

 

Table 5.6. Anderson-Darling normality tests for crack velocities 
 

S-2 glass KM2 Tungsten 

0.25 mm/s 0.71 0.016 0.88 

2.5 m/s 0.74 0.82 0.36 

 

 

Table 5.7. t-tests for crack velocity comparing different reinforced specimens 
 

S2 vs KM2 S2 vs Tungsten KM2 vs Tungsten 

0.25 mm/s 0.002 0.39 0.025 

2.5 m/s 0 0.08 0.026 
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Table 5.8. t-tests for peak debonding forces comparing rate difference (0.25 mm/s and 2.5 m/s) 

S-2 Glass KM2 Tungsten 

0 0 0.27 

 

5.4 Average Interfacial Debonding Crack Geometry 

To analyze the crack geometry, the crack length and crack width were plotted as a function 

of time to study the change in crack geometry as time progressed within the first 2.0 μs. The 

average crack lengths as a function of time for S-2 glass, KM2, and tungsten fiber reinforced 

cruciform specimens at 0.25 mm/s and 2.5 m/s are presented in Figures 5.16-5.18, respectively. 

The crack velocities for both loading rates appeared to be almost linear for the three types of 

specimens. This observation agrees well with previous findings in literature, e.g., Ravi-Chandar 

and Knauss [38], that crack propagation occurs at a constant velocity. Ravi-Chandar and Knauss 

found that the crack velocity is dependent on the stress intensity factor because crack propagation 

occurs when microcracks linked up [38]. The crack lengths as a function of time for both loading 

velocities were similar in the beginning of the crack but as the crack progressed to 2 μs, the average 

crack length for those at 2.5 m/s was higher than those at 0.25 mm/s.  

 

 

Figure 5.16. Average crack length as a function of time for S-2 glass fiber reinforced cruciform 

specimens at 0.25 mm/s and 2.5 m/s.  
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Figure 5.17. Average crack length as a function of time for KM2 fiber reinforced cruciform 

specimens at 0.25 mm/s and 2.5 m/s. 

 

 

Figure 5.18. Average crack length as a function of time for tungsten fiber reinforced cruciform 

specimens at 0.25 mm/s and 2.5 m/s. 
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The crack widths as a function of time for S-2 glass and KM2 fiber reinforced cruciform 

specimens are presented in Figures 5.19 and 5.20. The starting time (initial frame) of the crack 

length was chosen to be t = 0.2 μs (instead of t = 0 μs like those for the crack length) because it 

was difficult to measure the width when the crack first split opened (initial frame) with the current 

spatial resolution for quasi-static setup. Note that the method to calculate the average crack 

opening velocity was similar to the method to calculate the average crack velocity (e.g. taking the 

full crack width divided by the time difference between the initial crack image and the eleventh 

image and then the calculated value was divided by 2). Figures 5.21 and 5.22 present the ideal 

elliptical crack geometry progression obtained from the measured average crack length and width 

from t = 0.2 μs to t = 2 μs for S-2 glass and KM2 reinforced cruciform specimens, respectively.  

 

 

 

Figure 5.19. Average crack width as a function of time for S-2 glass fiber reinforced cruciform 

specimens at 0.25 mm/s and 2.5 m/s. 
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Figure 5.20. Average crack width as a function of time for KM2 fiber reinforced cruciform 

specimens at 0.25 mm/s and 2.5 m/s. 

 

 

Figure 5.21. Ideal elliptical crack geometry progression obtained from the measured average 

crack length and width from t = 0.2 μs to t = 2 μs for S-2 glass reinforced cruciform specimens. 
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Figure 5.22. Ideal elliptical crack geometry progression obtained from the measured average 

crack length and width from t = 0.2 μs to t = 2 μs for KM2 glass reinforced cruciform specimens. 

 

 

For the S-2 glass reinforced cruciform specimens, the average crack opening velocities at 

2.5 m/s and 0.25 mm/s were 35.52 ± 3.49 m/s and 13.65 ± 1.30 m/s, respectively. For the KM2 

reinforced cruciform specimens, the average crack opening velocities at 2.5 m/s and 0.25 mm/s 

were 33.44 ± 3.47 m/s and 10.28 ± 1.25 m/s, respectively. Due to the resolution and the nature of 

the tungsten reinforced cruciform specimens, it was difficult to track the opening width, 

specifically for quasi-static loading condition. However, from the high-speed images of tungsten 

experiments, the crack opening velocity for dynamic loading appeared to be higher than that of 

quasi-static loading too.  

 

The crack opening velocity for dynamic loading was higher than that of quasi-static loading 

for both fiber-reinforced cruciform specimens. Since the crack opening direction was the same as 

the loading direction, with higher loading velocity, the crack opening velocity was also expected 

to be higher. S-2 glass fiber reinforced cruciform specimens revealed a slightly higher average 

crack opening velocity compared to that of KM2 fiber reinforced cruciform specimens.  
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From the high-speed images taken from the experiments under both quasi-static and dynamic 

loadings, the crack profiles were symmetric. Such a phenomenon indicated that the fracture was 

mode I dominated since mode II fracture would distort the symmetric shape. Moreover, the fibers 

debonded on both sides of the matrix which revealed that the matrix crack may have initiated from 

the center along the thickness direction, as shown in Figure 5.23. Such a phenomenon did not 

contradict previous study [27] when they mentioned the debonding initiated on the loading 

direction sides of the specimen. It is important to point out that the damage/crack initiation site 

and debonding initiation site could be different. Note that even though one side of the cruciform 

specimen was loaded, and the other was fixed, there was no specific side where the fiber would 

debond. It is interesting to note that for tungsten specimen under quasi-static loading, the specimen 

only debonded on one side (either left or right).   

 

 

 

Figure 5.23. A schematic of the cross-section view of the cruciform specimen (fixed on the right-

hand side and loaded on the left-hand side).  
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According to Gundel et al. [25], the radial normal stress was maximum at 0° (loading 

direction) and approaches a negative value (compression) as the angle approaches 90°. On the 

other hand, the circumferential (hoop) stress was in compression at 0° and becomes maximum 

(tension) as the angle approaches 90°. Such results from Gundel et al.’s concentric cylinder model 

is aligned with and explains the physical behavior of our transverse failure modes of the single 

fiber reinforced cruciform specimens. From our imaging views, we observed fiber/matrix 

debonding initiation at 0° and matrix crack initiation at 90°. Such a result indicated that the 

maximum radial normal stress occurred at 0° causing the debonding between the fiber and matrix 

and the maximum hoop stress occurred at 90° causing matrix to initiate crack that traveled from 

the fiber/matrix interface to matrix surface.  

5.5 Failure Surface of the Recovered Cruciform Specimens 

The failure surface of the recovered cruciform specimens for all three materials at both 

loading velocities were examined under a SEM (Figures 5.24-5.27). All reinforced specimens at 

both loading velocities revealed directional patterns on the failure surface. Such a directional 

pattern can be referred to as the ‘river mark” that is typically found in epoxy or thermoset polymers 

[62]. The failure surface of the quasi-static specimens appeared to have larger and apparent 

patterns compared to that of dynamic specimens. Such an appearance may be the result of the rate 

dependence of the matrix failure mode. These marks indicated that, to some extent, plastic 

deformation had occurred. Referring to the force-displacement plots from Figures 5.12-1.14, a 

more brittle failure was found for the specimens under the dynamic loading and a slightly more 

ductile failure was found for the specimens under quasi-static loading. For quasi-static loading, the 

larger the ‘river mark’ patterns could indicate the higher level of plastic deformation the matrix 

underwent upon loading, resulting in a more ductile behavior in the force-displacement history. 

Besides the different failure surface of the epoxy matrix, the fiber track, where the fiber was located 

before debonding, was also observed from the SEM. The fiber track and the fiber surface revealed 

smooth surfaces. 

 

As previously discussed from the high-speed images, the matrix crack may have initiated 

from the top and bottom of the cross-section view whereas debonding initiated on the left and right 

sides of the fiber/matrix interface as indicated in Figure 5.23. In other words, the crack propagated 
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in the thickness direction from the fiber/matrix interface to the surface of the matrix. Such a 

phenomenon was also observed through the patterns on the failure surfaces. A recent study on the 

full field measurements of single fiber composite under transverse debonding under quasi-static 

rate via a 3D digital imaging correlation performed by Tabiai et al. [29] has indicated that upon 

fiber/matrix debonding in the loading directions (0° and 180°), the matrix crack initiation occurred 

in the 90° and 270° directions. Even though the reinforcements used in Tabiai et al.’s [29] study 

were macro-fibers, similar results were found in the present study. From the initiation site, 

horizontal patterns were observed, indicating the crack propagating from the interface to the matrix 

surface (in the through-thickness direction). Upon the formation of the crack in the initiation site, 

the crack started to propagate along the fiber direction, both along the interface and the matrix 

surface.  

 

As the crack propagated in the in-plane direction, the crack speed along the interface 

appeared to be slower than the crack speed along the surface of the matrix. Such a difference in 

the crack speed allowed the formation of the angled patterns observed on the failure surface of the 

recovered specimens. Recovered specimens with no embedded fibers (e.g. pure epoxy) under 

transverse loading were examined under the SEM. No such patterns were observed for the 

recovered specimens without embedded fiber. The surface crack speed appeared to exceed the 

interfacial crack speed because the matrix surface crack speed should be near the Rayleigh wave 

speed, which is often the limit a crack can propagate at [39]. Furthermore, the adhesive bond 

between the fiber and matrix tends to be stronger than the cohesive bond of the matrix itself upon 

crack initiation. In other words, the crack travels across an adhesive bond slower than a cohesive 

bond when both bonds have initiation sites. Furthermore, the peel failure mechanism may be 

another cause of the angled ‘river mark’ patterns. Crack or failure initiated as transverse tension 

may progressively change to peel as the crack propagates away from the initiation site [62].  

 

 The failure mechanisms had a direct effect on the fiber/matrix interfacial debonding 

behavior. The failure mechanism for S-2 glass fiber reinforced cruciform specimens were similar 

to that of the tungsten reinforced ones – the fiber material remained intact upon debonding, as 

shown in Figures 5.24, 5.25, and 5.27. For S-2 glass fiber and tungsten reinforcements, the failure 

mechanisms were debonding along the fiber/matrix interface and matrix failure. On the other hand, 
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KM2 fiber reinforced cruciform demonstrated a different failure mechanism which is failure of the 

KM2 fiber material (fibrillation/fiber splitting), as shown in Figure 5.26. Fibrillation is a common 

failure mode for aramid fibers like KM2 [63].  

 

Three failure mechanisms were found for KM2 reinforced cruciform specimens: 

fiber/matrix debonding, matrix failure, and fiber failure. Such failure mechanisms suggest that the 

interfacial strength between the KM2 fiber and the SC-15 epoxy matrix is higher than the 

transverse strength of the KM2 fiber itself. The transverse modulus for KM2, S-2 glass, and 

tungsten fiber materials are 4 GPa, 85 GPa, and ~350 GPa, respectively. Since the transverse 

modulus for KM2 is much lower than those of S-2 glass and tungsten fiber materials, it is 

reasonable that the fiber failure mechanism was observed in KM2 fiber reinforced cruciform 

specimens.  

 

Furthermore, since the KM2 fibers are composed of fibrils bonded together, the results 

revealed that the bonding between the KM2 fiber and the matrix may be stronger than the bonding 

between the fibrils of the KM2 fibers. From the SEM images, the KM2 fiber under quasi-static 

transverse tension remained more intact (only slight fibrillation occurred on the fiber surface) 

compared to those of under dynamic transverse tension. Such a phenomenon could suggest that 

the transverse tensile modulus of the KM2 fiber may be strain-rate dependent which was also 

mentioned in [54].  
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Figure 5.24. SEM imaging of the recovered S-2 glass fiber reinforced cruciform 

specimen at 2.5 m/s. 

 

 

Figure 5.25. SEM imaging of the recovered S-2 glass fiber reinforced cruciform specimen at 

0.25 mm/s. 
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Figure 5.26. SEM imaging of the recovered KM2 fiber reinforced cruciform specimen at 2.5 m/s 

and 0.25 mm/s. 
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Figure 5.27. SEM imaging of the recovered tungsten reinforced cruciform specimen at 2.5 m/s 

and 0.25 mm/s. 
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6.1 Abstract 

To visualize the debonding event in real time for the study of dynamic crack initiation and 

propagation at the fiber-matrix interface, a modified tension Kolsky bar was integrated with a high-

speed synchrotron X-ray phase contrast imaging setup. In the gage section, the pull-out 

configuration was utilized to understand the behavior of interfacial debonding between SC-15 

epoxy matrix and S-2 glass fiber, tungsten wire, steel wire, and carbon fiber composite Z-pin at 

pull-out velocities of 2.5 and 5.0 m s-1. The load history and images of the debonding progression 

were simultaneously recorded. Both S-2 glass fiber and Z-pin experienced catastrophic interfacial 

debonding whereas tungsten and steel wire experienced both catastrophic debonding and stick-slip 

behavior. Even though S-2 glass fiber and Z-pin samples exhibited a slight increase and tungsten 

and steel wire samples exhibited a slight decrease in average peak force; and average interfacial 

shear stress as the pull-out velocities were increased, no statistical difference was found for most 

properties when the velocity was increased. Furthermore, the debonding behavior for each fiber 

material is similar with increasing pull-out velocity. Thus, the debonding mechanism, peak force, 

and interfacial shear stress were rate insensitive as the pull-out velocity doubled from 2.5 to 5.0 m 

s-1. Scanning electron microscope imaging of recovered epoxy beads revealed a snap-back 

behavior around the meniscus region of the bead for S-2 glass, tungsten, and steel fiber materials 

at 5.0 m s-1 whereas those at 2.5 m s-1 exhibited no snap-back behavior. 

 

Keywords: Kolsky bar, pull-out technique, interfacial shear stress, phase contrast imaging, high-

speed synchrotron X-ray  

6.2 Introduction 

Fiber-reinforced composite materials are widely used, specifically under dynamic loading 

conditions, due to their high strength-to-weight ratios and high impact resistance. For an effective 

composite material, the interface between the fiber and matrix must be able to transfer load from 

fiber into the matrix and subsequently to other fibers. The loss of adhesion at the interface can 

greatly reduce the material strength. On the other hand, a sudden failure of a strong interface is not 

desired for applications that require absorption of impact energy. Furthermore, the control of 

interfacial strength between the fiber and the matrix could be used to control the material properties 
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of the composite materials. Thus, various techniques have been developed to study the interfacial 

properties of fiber-reinforced composite materials including the pull-out [1], push-out [2], 

microbond [3], and single fiber fragmentation methods [4]. Detailed comparisons among these 

techniques are discussed elsewhere [5, 6].  

 

While most of the studies reported in literature were conducted at quasi-static rates [5, 6, 

7], a few of them were also performed under dynamic loading conditions. At a quasi-static loading 

level, Yang and his coworkers studied the interfacial strengths and failure modes of E-glass fiber-

polypropylene obtained by using the pull-out and microbond techniques at 0.01 mm min-1 [7]. 

Adhesive interfacial failure, leaving a clean surface with no residual resin around the debonded 

area, was found for the pull-out recovered samples [7]. On the other hand, two failure modes were 

found for the microbond recovered samples: adhesive interfacial failure and cohesive matrix 

failure (2-7 µm thickness of residual resin was observed around the debonded area of the fibers) 

[7]. 

 

At the dynamic loading level, Hudspeth et al. performed pull-out experiments using a 

modified tension Kolsky bar with a high-speed synchrotron X-ray imaging system. The pull-out 

speed was 4 ms-1 to observe the debonding event of high performance, ultrahigh molecular weight 

polyethylene fibers in an epoxy matrix [8]. Tamrakar et al. also used a modified tension Kolsky 

bar to study the rate effects of interfacial shear strength and debonding energy for S-2 glass fiber 

with (3-glycidoxypropyl) trimethoxy silane coupling agent and epoxy resin DER 353 mixed with 

bis (p-aminocyclohexyl) methane curing agent at 1 µm s-1 and 1 m s-1 using the microbond 

technique [9]. The interfacial shear strength and debonding energy increased by factors of 1.7 and 

2.6 respectively when the loading rate was increased by six orders of magnitude [9]. Li. et al. 

conducted dynamic push-out experiments using a compression Kolsky bar at a sliding rate of 6 m 

s-1 and found that the maximum push-out force increased with increasing loading rate [10]. 

Tanoglu et al. also performed dynamic push-out experiments at 3 mm s-1 via a dynamic interphase-

loading apparatus (DILA) to obtain the interfacial shear stress and energy absorption and found 

that the strength and energy absorption of E-glass/epoxy-amine interface are sensitive to loading 

rate [11, 12]. Greenfield developed a high strain-rate single fiber fragmentation technique to study 

the interfacial shear stress at 1.2 m s-1 [13].  
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Even though an extensive number of studies have been done on the interfacial properties 

of fiber reinforced composite materials, it is still uncertain how the crack initiates and propagates 

leading to the complete failure of the interfaces. Furthermore, the effects of loading rate on the 

debonding mechanisms needs to be studied. To develop a physical understanding of the dynamic 

debonding process, the visualization of the interfacial behavior during the debonding event is 

desired in real time. Since the most common epoxy matrix used in fiber-reinforced composites 

(e.g. fill/toughened epoxy) is opaque to visible light, typical high-speed imaging techniques are 

not sufficient to study the sub-surface damage and fracture behavior. Thus, a high-speed 

synchrotron X-ray phase-contrast imaging (PCI) technique was used to observe the interfacial 

behavior during the debonding event. The PCI technique provides high spatial and temporal 

resolutions to capture the failure initiation and progression under dynamic loading [14]. Four 

reinforcement types: S-2 glass fiber, tungsten wire, steel wire, and carbon fiber composite Z-pin, 

with SC-15 epoxy bead were used to study the interfacial behavior under high rate loading.  

6.3 Materials and Methods 

Materials 

The interfacial behavior under various loading rates was investigated for an epoxy bead 

(SC-15, Applied Poleramic, Benicia CA, U.S.) bonded to four types of fiber materials: S-2 glass 

fiber (Owens Corning, Toledo OH, U.S.), tungsten wire (McMaster-Carr, Elmhurst IL, U.S.) 

phosphate-coated 1080 carbon steel wire (McMaster-Carr, Elmhurst IL, U.S.), and carbon 

composite Z-pin. The Z-pins are made from pultruded carbon/epoxy rod stock (DPP Pultrusion, 

Tilburg, Netherlands). The S-2 glass fiber consists of numerous G-filament continuous glass 

strands and has a linear density of 675 TEX. Tungsten and steel wires were used because of their 

high electron densities compared to the SC-15 epoxy bead, which led to high contrast between 

epoxy bead and the reinforcements. S-2 glass fiber is a common fiber used in fiber reinforced 

composite materials and Z-pins are commonly used in composite materials in the through-the-

thickness direction to reduce delamination [15, 16]. Furthermore, the Z-pins used in this study 

have a larger diameter as compared to S-2 glass which improved the visibility of the interface. The 

diameters for S-2 glass fibers, tungsten wire, steel wire, and Z-pins were 11 µm, 50 µm, 150 µm, 

and 500 µm respectively.  
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The surfaces of the four types of studied fiber material were cleaned with isopropyl prior 

to sample preparation to remove impurities from handling. The as-received S-2 glass was treated 

with an amino-silane and steel wire was treated with phosphate by the manufacturers. No 

additional surface modifiers or treatments were used on the as-received fiber surface in the current 

study. The SC-15 epoxy was mixed with a resin to hardener ratio of 100:30 by mass. The epoxy 

resin was placed in a vacuum chamber at 300 torr for five hours prior to sample preparation to 

remove trapped gases. After the epoxy was removed from the vacuum chamber, the epoxy was 

doped with 5% by mass of 1-22 µm-diameter stainless steel microspheres (Cospheric, Santa 

Barbara CA, U.S.).  

 

For S-2 glass fiber, tungsten and steel wires, the fiber material was placed on a cardboard 

strip with a 6.35 mm hole punched in the middle and the fiber material running across a slotted 

aluminum bar. The slot prevented the fiber material from contacting the work surface. The fiber 

material was fixed to the cardboard strip by placing epoxy adhesive ((DP-190, 3M Inc., St. Paul, 

MN for S-2; JB Weld, J-B Weld Co., Sulphur Springs, TX for tungsten and steel wires) on both 

ends of the fiber (Figure 6.1). Then, SC-15 epoxy beads were placed on the middle section of fiber 

using a steel pin with a diameter of 150 µm. Once the epoxy was cured (48 hours) at room 

temperature and in normal atmosphere, a set screw was placed on one end of the cardboard for 

mounting to the Kolsky bar apparatus. Furthermore, the right-hand side of the sample was snipped 

away along the dashed lines prior to each experiment as indicated in Figure 6.1. Since the right-

hand side of the sample was snipped away, the prestress of laxation of fibers during sample 

preparation was avoided. Furthermore, prior to each experiment, the load signal was checked to 

ensure the starting point was from 0 to avoid pre-stressing the fiber material. 

 

A different method was used for Z-pin sample preparation due to its larger diameter. First, 

a silicone rubber mold, made from pourable silicone rubber (OOMOO® 30, Smooth-On, Macungie 

PA, U.S.), was produced using an aluminum form (Figure 6.2). Then, SC-15 epoxy was filled in 

the circular cavity (as indicated in Fig. 2), and the Z-pin was placed in the filled epoxy cavity 

which was held in place by a Teflon cylinder. The bead size was 1.0 mm in height (embedded 

length) and 1.2 mm in diameter. The SC-15 epoxy was then cured for 48 hours at room temperature 

and in normal atmosphere before removing the Z-pin samples from the silicone rubber mold. 
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Figure 6.1. A schematic of S-2 glass, tungsten, and steel sample preparation. The two ends of the 

fiber were fixed in place by epoxy adhesives (DP 190 for S-2 glass and tungsten samples and JB 

Weld for steel samples) and SC-15 epoxy bead was formed on the center of the fiber. Prior to 

every experiment, the right-hand side of the sample was snipped away along the dashed lines. (b) 

Fiber material (with epoxy bead on the fiber) placed across a cardboard strip on top of a slotted 

aluminum bar. 

 

 

Figure 6.2. (a) Sample preparation for Z-pin. OOMOO® 30 pourable silicone rubber was poured 

in the aluminum mold. Once cured, the silicone rubber was used to prepare the Z-pin samples. 

(b) The Z-pin was held in place by machined Teflon cylinders. 

High Speed Synchrotron X-Ray Imaging  

The high-speed synchrotron X-ray PCI technique was adapted to visualize the in-situ 

debonding initiation and progression along the fiber/matrix interface. X-ray PCI was performed at 
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beamline 32-ID-B of the Advanced Photon Source (APS) in Argonne National Laboratory, IL, 

USA. The high-speed X-ray PCI technique has been utilized to study different material behaviors 

(e.g. energetic materials, high performance fibers, sand particles, bovine bones, and S-2 glass 

cruciform composite materials) under dynamic loading conditions [8, 14-21]. The high-energy 

(~25 keV) X-ray allows imaging through opaque materials with high spatial and temporal 

resolutions. High intensity synchrotron X-rays penetrate through the polymer materials studied 

here and hence can be used to observe the behavior at the fiber-matrix interface.  

 

At beamline 32-ID-B, X-rays are generated using an undulator (1.8 cm period), where 24 

bunches of electrons are maintained in a circular ring (circumference = 1140 m). Two sets of 

shutters, one slow and one fast, were used at the beamline to define a short time window for the 

intense white X-ray beam to pass through in order to prevent damage of the experimental apparatus 

and sample. The X-ray beam is collimated using an adjustable slit (1-2 mm2). A single crystal 

scintillator (Lu3Al5O12:Ce, thickness: 100 µm) was used to convert the transmitted X-rays into 

visible light which was then captured using a high-speed camera (Shimadzu HPV-X2, Kyoto, 

Japan) via a 45-degree mirror and an objective lens 5, 10, or 20 magnification (depending on 

desired field-of-view and spatial resolution). The pixel resolutions were 6, 3, and 1.5 µm/pixel for 

the 5, 10, and 20 lenses, respectively.  

 

Experimental Setup 

A modified tension Kolsky bar was used because of space limitations inside the beam line 

hutch [18]. The transmission bar from a traditional Kolsky bar setup was replaced by a load cell 

to record the load history.  The incident bar had a diameter of 12.7 mm and a length of 2200 mm 

and was fabricated from Aluminum 7075-T6. The coaxial brass striker tube used to generate tensile 

loading had an outer diameter of 19 mm and an inner diameter of 17 mm with a length of 900 mm 

and was accelerated by air (a gas gun). A two-layer annular shape masking tape (~0.3 mm) was 

used as the pulse shaper. A 5-lbf quartz load cell (Model 9712B5, Kistler, Amherst NY, U.S.) was 

used for S-2 glass fiber, tungsten wire, and steel wire experiments, while a 5000-lbf quartz load 

cell (Model 9212B, Kistler, Amherst NY, U.S.) was used for the Z-pin experiments. The load cell 

was fixed on a rigid three-dimensional adjustable stage to record the loading history in the sample. 

The schematic of the experimental setup is presented in Figure 6.3.  
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The experimental setups for the S-2 glass, tungsten and steel samples and Z-pin samples 

were slightly different due to the difference in sample preparation. For S-2 glass fiber, tungsten, 

and steel samples, the set screw was previously fixed on the cardboard which was then mounted 

to the incident bar (Figure 6.4). The epoxy bead was held in place by a stainless steel bead holder 

(a slotted, hollow stainless steel pin). The bead holder was then mounted on a slotted screw which 

was fixed on the load cell. For Z-pin samples, the Z-pin was clamped between the jaws of a custom 

grip that was mounted on the incident bar (Figure 6.5). The epoxy bead was held in place by a 

machined thumb screw which was then mounted on the load cell. The squares around the epoxy 

beads shown in Figs. 4 and 5 indicate the X-ray window.  

 

 

Figure 6.3. A schematic of the experimental setup in APS Beam line 32 ID-B. The section 

circled indicates the sample section which is further illustrated in Figs. 4 and 5.   
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Figure 6.4. Schematic of S-2 glass fiber, tungsten, and steel sample setup. The square around the 

epoxy bead indicates the X-ray window.  

 

 

 

Figure 6.5. Schematic of Z-pin sample setup. The square around the epoxy bead indicates the X-

ray window. 

 

6.4 Results 

The interfacial behaviors for S-2 glass, tungsten, steel, and Z-pin fiber materials with SC-

15 epoxy were studied at pull-out velocities of 2.5 and 5.0 m s-1. At least ten experiments were 

performed for each fiber material at each velocity. Two interfacial debonding mechanisms were 

observed from the four fiber materials studied: catastrophic and stick-slip debonding. The average 

peak debonding forces and interfacial shear stresses (IFSS) of the four fiber materials at 2.5 and 

5.0 m s-1 are listed in Table 1. With the known diameters and the obtained peak forces, the 

interfacial shear stress (IFSS) was calculated via equation (1) [9] where F is the peak debonding 

force, d is the diameter of the fiber, and l is the embedded length. Due to the large variation of the 
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bead size for S-2 glass, tungsten, and steel fiber materials, the embedded lengths (listed in Table 

1) were measured for each sample prior to every experiment using the image processing software 

ImageJ [22]. 

 

                                                                    τ  =  F/(πdl)                                                                (1) 

 

From Table 6.1, the S-2 glass fiber samples exhibited the lowest and Z-pin samples the 

highest average peak forces. However, S-2 glass fiber at 5.0 m s-1 exhibited the highest average 

interfacial shear stress. Furthermore, for S-2 glass fiber and Z-pin samples, an increase in average 

peak force and average interfacial shear stress was observed as the pull-out velocity doubled. In 

contrast, the peak force and interfacial shear stress were observed to decrease as the pull-out 

velocity was doubled for tungsten and steel samples.  
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Table 6.1. Peak forces and interfacial shear stresses for the four studied fiber materials at 2.5 and 

5.0 m s-1 averaged across all experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S-2 Glass Fiber 

S-2 glass fiber samples exhibited catastrophic debonding with both pull-out rates (2.5 and 

5.0 m s-1) which can be clearly seen from the sudden drop in the force history after the peak force 

was reached (Figures 6.6 and 6.7). The high-speed X-ray images and the corresponding force-time 

history for a representative S-2 glass fiber sample at the tensile velocity of 2.5 m s-1 are presented 

in Figure 6.6. The epoxy bead started to align itself upon loading which caused a change in slope 

in the force history (Figure 6.6a). Then, the fiber started to pull out, causing a minor drop in the 

Material Pull-out 

Velocity 

 (m s-1) 

Average  

Peak Force  

(N) 

Average  

IFSS 

 (MPa) 

Embedded 

Length 

(μm) 

S-2 glass 2.5 0.22 ± 0.07 15.73 ± 6.84  421 ± 58 

S-2 glass 5.0 0.33 ± 0.10 22.08 ± 9.48  451 ± 85 

Tungsten 2.5 2.39 ± 1.10  7.26 ± 3.68  694 ± 52 

Tungsten 5.0 1.49 ± 0.73 4.34 ± 2.45    759 ± 103 

Tungsten  

(no 

particles) 

2.5 1.28 ± 0.75 9.77 ± 5.56  827 ± 43 

Steel 2.5 7.02 ± 4.32       16.50 ± 9.86  914 ± 75 

Steel 5.0 5.32 ± 2.24       11.35 ± 4.88  998 ± 79 

Steel 

(no 

particles) 

2.5       10.61 ± 2.23       22.40 ± 4.95 1009 ± 70 

Z-pin 2.5       28.79 ± 8.43      19.12 ± 5.60 1000 

Z-pin 5.0       29.94 ± 12.13      19.89 ± 8.06 1000 
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load (Figure 6.6b). However, the pull-out load further increased until the peak force was reached 

(Figure 6.6c and 6.6d). The increasing load after Figure 6.6b may have been caused by the epoxy 

forming a shell behind the epoxy bead which, in turn, required higher force for the fiber to be 

pulled out. However, this phenomenon was not observed in every S-2 glass experiment. By 

observing the epoxy residue bead in front of the epoxy bead (pointed with an arrow in Figure 6.6a-

d), the movement of glass fiber pull-out initiation and progression could be observed.  

 

The high-speed X-ray images and the corresponding force-time history for S-2 glass fiber 

at 5.0 m s-1 (Figure 6.7) did not reveal the intermediate peaks that were observed in Figure 6.6. In 

the high-speed X-ray images in Figure 6.7, two small residual epoxy beads were observed in front 

of the epoxy bead (pointed with an arrow in Figure 6.7). Observing these two beads revealed that 

the fiber started to pull out after reaching the peak debonding force (Figure 6.7d). Furthermore, 

the dark particles (dots) observed in the beads were the stainless-steel particles added during 

sample preparation. These particles were also observed in the beads in tungsten, steel, and Z-pin 

samples.  

  

 

 

Figure 6.6. Force-time response and the corresponding pull-out image sequence of S-2 glass 

fiber at 2.5 m s-1 with 1 million frames per second recording speed with 200 ns exposure time per 

frame and a 20 lens. Epoxy bead residues were observed in front of and behind the bead which 

could be the cause of slope changes in the force history. The bead pointed to by the arrows 

allows us to track the debonding initiation and progression. 
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Figure 6.7. Force-time response and the corresponding pull-out image sequence of S-2 glass 

fiber at 5.0 m s-1 with 2 million frames per second recording speed with 200 ns exposure time per 

frame and a 20 lens. The bead pointed by the arrows allows us to track the debonding initiation 

and progression. 

 

Tungsten Wire 

Tungsten wire pull-out experiments exhibited both catastrophic and stick-slip interfacial 

debonding at both 2.5 and 5.0 m s-1. A sudden drop after the peak force indicated a catastrophic 

debonding mechanism, whereas an oscillation back to zero after the peak force indicated a stick-

slip debonding mechanism. The high-speed X-ray images and the corresponding force-time history 

for representative tungsten wire samples at tensile pull-out velocities of 2.5 and 5.0 m s-1 are 

presented in Figures 6.8 and 6.10, respectively.  

 

At the pull-out velocity of 2.5 m s-1, the bead first came into contact with the bead holder 

(Figure 6.8a). Then, the bead aligned itself and the tungsten wire started to pull out upon loading 

(Figure 6.8b). The tungsten wire continued to pull out (Figure 6.8c) and the tail of the wire was 

observed near the end of the pull-out event (Figure 6.8d). The pre-crack (as indicated with an arrow) 

in Figure 6.8 opened up as the load progressed. A typical stick-slip debonding mechanism is shown 

in Figure 6.8. However, catastrophic debonding was also observed at this velocity as shown in 

Figure 6.9a.  
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At the pull-out velocity of 5.0 m s-1, the meniscus started to stretch as loading progressed 

(as indicated with an arrow in Figure 6.10a). Then, upon reaching the first peak of the force history, 

the meniscus and the fiber surface debonded causing a snapback behavior in the meniscus region 

(as indicated with an arrow in Figure 6.10b). The tungsten wire continued to pull out and crack 

initiation was observed near the interface between the meniscus and the fiber surface (as indicated 

with an arrow in Figures 6.10c and 6.10d).  Again, Figure 6.10 depicts a typical stick-slip 

debonding force history whereas Fig. 9b depicts a typical catastrophic debonding force history at 

5.0 m s-1.  

 

 

Figure 6.8. Force-time response and the corresponding pull-out image sequence of tungsten wire 

at 2.5 m s-1 with 1 million frames per second recording speed with 200 ns exposure time per 

frame and a 20 lens. The regions pointed by an arrow indicate the appearance of cracks. 
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Figure 6.9. (a) A typical force-time response of catastrophic debonding mechanism of tungsten 

wire at 2.5 m s-1 and (b) 5.0 m s-1. 

 

 

 

Figure 6.10. Force-time response and the corresponding pull-out image sequence of tungsten 

wire at 5.0 m s-1 with 1 million frames per second recording speed with 200 ns exposure time per 

frame and a 20 lens. The regions pointed by an arrow indicate the appearance of cracks. 

 

 

Steel Wire 

Steel wire samples also displayed both catastrophic and stick-slip interfacial debonding 

mechanisms under both 2.5 and 5.0 m s-1. From Figure 6.11 (2.5 m s-1), catastrophic debonding 

was observed from the force history. The bead came into contact with the bead holder (Figure 
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6.11a). Then, the interface between the meniscus and fiber surface started to debond (pointed with 

an arrow in Figures 6.11b and 6.11c) and finally reached the peak force (Figure 6.11d). A typical 

stick-slip debonding at 2.5 m s-1 is shown in Figure 6.11a.  

 

Stick-slip debonding was observed at 5.0 ms-1 (Figure 6.13). After the bead came into 

contact with the bead holder (Figure 6.13a), slight debonding was first observed on the top 

interface between the meniscus and fiber surface (pointed with an arrow in Figure 6.13b), followed 

by debonding on the bottom interface between the meniscus and fiber surface (pointed with an 

arrow Figure 6.13c). As the steel wire continued to pull out, the crack on the interface became 

more apparent (Figure 6.13d). A typical catastrophic debonding at 5.0 m s-1 is shown in Figure 

6.12b.  

 

Figure 6.11. Force-time response and the corresponding pull-out image sequence of steel wire at 

2.5 m s-1 with 1 million frames per second recording speed with 200 ns exposure time per frame 

and a 20 lens. The regions pointed by an arrow indicate the appearance of cracks. 
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Figure 6.12. A typical force-time response of stick-slip debonding mechanism of tungsten wire at 

2.5 m s-1 and (b) a typical force-time response of catastrophic debonding mechanism of tungsten 

wire at 5.0 m s-1.  

 

 

Figure 6.13. Force-time response and the corresponding pull-out image sequence of steel wire at 

5.0 m s-1 with 1 million frames per second recording speed with 200 ns exposure time per frame 

and a 20 lens. The regions pointed by an arrow indicate the appearance of cracks. 

 

 

Z-pin 

The debonding mechanism for Z-pin samples was catastrophic, similar to those obtained 

for the S-2 glass fiber samples. Due to the larger diameter of the Z-pin samples, the interface 

between the fiber and matrix was more apparent compared to those of the other fiber materials. 

Upon loading at 2.5 m s-1, the epoxy bead fully contacted the bead holder (Figure 6.14a). Then, 
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cracks began to initiate at the contacting area between the epoxy bead and the bead holder (pointed 

with an arrow in Figures 6.14b and 6.14c). Finally, the peak debonding force occurred where the 

entire pin started to slide through the epoxy bead (Figure 6.14d). A similar debonding mechanism 

was observed for Z-pin samples pulled at a tensile velocity of 5.0 m s-1 (Figure 6.15). In Figures 

6.15c and 6.15d, cracks were observed to propagate across the region pointed with an arrow. These 

were caused by a thin layer of epoxy that was formed around the neck of the pin during sample 

preparation.  

 

 

Figure 6.14. Force-time response and the corresponding pull-out image sequence of Z-pin at 2.5 

m s-1 with 1 million frames per second recording speed with 200 ns exposure time per frame and 

a 10 lens. The regions pointed by an arrow indicate the appearance of cracks. The diameter of 

the pin is also indicated in (a). 
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Figure 6.15. Force-time response and the corresponding pull-out image sequence of Z-pin at 5.0 

m s-1 with 1 million frames per second recording speed with 200 ns exposure time per frame and 

a 10 lens. The regions pointed by an arrow indicate the appearance of cracks. The diameter of 

the pin is also indicated in (a). 

 

Effect of stainless steel microsphere inclusions on tungsten and steel samples 

As mentioned previously, tungsten and steel samples exhibited both catastrophic and stick-

slip debonding behaviors. Such phenomenon may be caused by the inclusion of stainless steel 

microspheres in the epoxy beads of tungsten and steel samples. Thus, 10 experiments were 

performed for tungsten and steel samples each at 2.5 m s-1 to observe the debonding behavior. 

Instead of mixing the stainless steel microspheres, the epoxy was doped with 0.1% by mass of <5 

µm-diameter Iron (III) oxide (Sigma-Aldrich, St. Louis, MO, U.S.) to improve its contrast. The 

peak debonding forces and interfacial shear stresses for both fiber materials with no embedded 

stainless steel microspheres are shown in Table 1 (indicated as ‘no particles’). The average 

interfacial shear stresses for tungsten and steel are both higher for the samples without stainless 

steel particles embedded.  

 

  Furthermore, only stick-slip debonding behavior was found for both tungsten and steel 

samples from the force-time history (Figures 6.16 and 6.17). From the high-speed X-ray images 

for tungsten, the tungsten wire first came into contact with the bead holder (Figure 6.16a). Then, 

the wire started to pull out of the epoxy bead after reaching the peak debonding force (Figure 

6.16b). The wire continued to pull out of the epoxy bead (Figures 6.16c and 6.16d). For steel wire, 

the load started to build (Figure 6.17a) and reached the peak debonding force (Figure 6.17b). Then, 
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the steel wire started to slide through the epoxy bead (Figures 6.17c and 6.17d). Since only stick-

slip debonding was observed in both fiber materials, the catastrophic debonding behavior found in 

tungsten and steel samples with stainless steel microspheres was speculated to be caused by the 

inclusion of stainless steel microspheres. These particles act as defects along the interface. 

 

 

Figure 6.16. Force-time response and the corresponding pull-out image sequence of tungsten 

wire at 2.5 m s-1 with 1 million frames per second recording speed with 200 ns exposure time per 

frame and a 5 lens. 

 

 

Figure 6.17. Force-time response and the corresponding pull-out image sequence of steel wire at 

2.5 m s-1 with 1 million frames per second recording speed with 200 ns exposure time per frame 

and a 5 lens. 
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Failure Surface of Recovered Epoxy Beads and Fiber Materials 

 

Failure surface of recovered epoxy beads and the four fiber materials were examined using 

a NovaNano Scanning Electron Microscope (SEM). Two images (fiber surface and epoxy bead) 

per fiber material at each pull-out rate are shown in Figure 6.18. A meniscus was observed in front 

and behind on the epoxy beads for S-2 glass, tungsten, steel, and some Z-pin fiber materials. 

During sample preparation when epoxy beads are formed on the fiber surface, they conform to a 

cylindrical shape. Depending on the volume of the bead and the contact angle, a meniscus is 

unavoidable at the contact point of fiber and matrix [6, 23].  

 

The SEM images revealed little to no damage on the bead surface caused by the bead holder 

and minor epoxy residue on the fiber surface for S-2 glass samples. The images of the epoxy bead 

from the tungsten samples indicated minor damage on the bead surface caused by the bead holder 

and no epoxy residue on the tungsten wire surface. On the other hand, the surface of the epoxy 

bead for the steel samples had apparent damage caused by the bead holder. This may be caused by 

the differences in the peak debonding forces obtained for tungsten (lower peak force) and steel 

wire (higher peak force). The damage caused by the bead holder on the bead surface may also 

affect the force history since the epoxy bead was deformed by the holder upon loading.  

 

A similarity in failure behavior was discovered for S-2 glass fiber, tungsten, and steel wire 

samples at 5.0 m s-1: a snap-back appearance of the meniscus. Snap-back behavior is defined in 

the following manner: the meniscus was stretched upon loading (before debonding). Then, when 

the debonding occurred, the stretched meniscus shrunk back (snap-back) as the fiber started to pull 

out of the epoxy bead. This phenomenon was also observed in the high-speed X-ray images for 

tungsten and steel samples (Figures 6.10 and 6.13).  

 

The images for Z-pin samples with meniscus displayed apparent damage on the bead 

surface whereas those without meniscus revealed little to no apparent damage on the bead surface 

since the bead holder and the cylindrical bead shares a flat contacting area. Little to no epoxy 

residue was found on the Z-pin surface. 
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Figure 6.18. Failure surface of recovered epoxy beads and fiber materials examined via a 

NovaNano SEM. 

 

6.5 Discussion 

The scatter of the average peak forces and average interfacial shear stresses found in the 

four studied materials was speculated to be caused by: (1) non-uniform contacting angle for each 

experiment, (2) differences in embedded length, (3) meniscus forming around the fiber surface, (4) 

variation in the bead geometry and size, and (5) the non-uniformity of the fiber surface and 

embedded stainless steel particles [24-27]. Although the bead size for Z-pin should be more 

uniform compared to the other three studied fiber materials, the meniscus forming around the pin 

in some samples could be the cause of the large scatter in the average peak force and average 
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interfacial shear stress. Furthermore, even though Z-pin samples revealed the highest average peak 

debonding force among the four materials, the interfacial shear stress was similar to that of S-2 

glass fiber samples. The maximum and minimum coefficients of variation of average peak force 

and average interfacial shear stress among the studied reinforcement were 60% in steel samples 

and 30% in Z-pin samples at 2.5 m s-1.  

 

Two debonding mechanisms were observed in the current study: catastrophic and stick-

slip debonding. The difference in debonding mechanisms could be caused by: (1) the texture of 

the fiber surface, (2) the size of the fiber material, (3) and the size of the epoxy bead. There is an 

order of magnitude difference observed between samples sizes, thus, it is likely that different 

mechanisms may be operative at different fiber sizes. Furthermore, a smaller size of the fiber could 

also be less likely to have critical defects on the fiber surface and thus be stronger. Further 

investigation would need to be performed to justify the listed reasons for the difference in 

debonding mechanisms.  

 

To rigorously analyze rate dependency of the peak debonding force and interfacial shear 

stress, statistical hypothesis tests (t-tests) were performed. The Anderson-Darling normality test 

was first performed to examine the normality of the experimental results in order to proceed with 

the t-test. At the 0.05 level, it was concluded that the majority of the results was significantly drawn 

from a normally distributed population (Table 6.2). In other words, if the p-value was greater than 

0.05, the result was normally distributed. Thus, t-tests were conducted for the peak debonding 

forces and interfacial shear stresses for all studied fiber materials at 2.5 and 5.0 m s-1. At the 0.05 

level, it was concluded that except for the peak debonding force of S-2 glass, the other properties 

of all studied fiber materials resulted in no significant difference with increasing pull-out velocities. 

Thus, the peak debonding forces and interfacial shear stresses for tungsten, steel, and Z-pin fiber 

materials are rate insensitive when increasing the velocity from 2.5 to 5.0 m s-1. Only the peak 

force for S-2 glass fiber revealed a statistical difference when increasing the velocity. Such a 

phenomenon could be due to the variation in embedded length of S-2 glass samples. 

 

The Anderson-Darling normality test and t-tests were also performed to examine the 

statistical significance of the inclusion of stainless steel microspheres for tungsten and steel 
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samples (at 2.5 m s-1). The results showed that there is no statistical difference in both the peak 

debonding force and interfacial shear stress for tungsten samples between epoxy beads with and 

without stainless steel microspheres. However, there is statistical difference in the peak debonding 

force and no statistical difference in interfacial shear stress for steel samples. Thus, even though 

different debonding mechanisms were observed between the tungsten and steel samples with and 

without embedded stainless steel particles, the interfacial shear stresses reveal no significant 

difference.   

Table 6.2. P-values from the Anderson-Darling normality test. 

 Peak 

Force 

IFSS 

S-2 glass  (2.5 m s-1) 0.59 0.11 

S-2 glass  (5.0 m s-1) 0.46 0.05 

Tungsten  (2.5 m s-1) 0.94 0.97 

Tungsten  (5.0 m s-1) 0.85 0.23 

Tungsten  (2.5 m s-1-no particle) 0.54 0.58 

Steel         (2.5 m s-1) 0.21 0.15 

Steel         (5.0 m s-1) 0.02 0.12 

Steel         (2.5 m s-1-no particle) 0.52 0.45 

Z-pin        (2.5 m s-1) 0.39 0.39 

Z-pin        (5.0 m s-1) 0.01 0.01 

 

Even though the force history obtained in the current study was similar to those obtained 

by Tamrakar et al., the interfacial shear stress was far lower than the reported values [9]. Tamrakar 

et al. obtained an interfacial shear stress of 80.6 MPa at 1 m s-1 with the embedded length ranging 

from 80 to 120 µm and determined that the interfacial shear stress of S-2 glass fiber was rate 

sensitive [9].  Thus, such a difference in the interfacial shear stress may be caused by the 

differences in embedded length, coating on the fiber surface, bead holder contacting angle, the 

type of the epoxy resin used, and the size of the epoxy bead. This indicates that the interfacial 

strength in a composite can be very different even though the materials involved are nominally the 

same. In the current study, even though a wide range of diameters of reinforcements was studied, 
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the pull-out behavior of individual reinforcements was observed. Thus, size effect was not 

considered in this study.  

 

Furthermore, even though the average interfacial shear stress increased with increasing 

pull-out velocity, there is no statistical difference in interfacial shear stress for all studied materials, 

thus displaying rate insensitivity in the velocity range studied. However, if the range of the velocity 

widens, rate effects may be more apparent [9]. A stick-slip debonding mechanism was also 

observed in the study of on stainless steel wire of 150 µm diameter with epoxy resin MY 750 and 

hardener HY 951 conducted by Takaku et al. [28].  

6.6 Conclusions 

S-2 glass, tungsten, steel, and carbon composite Z-pin reinforcements with SC-15 epoxy 

beads were used to study the interfacial debonding behavior in shear under fiber pull-out velocities 

of 2.5 and 5.0 m s-1. S-2 glass fibers and Z-pins displayed catastrophic debonding whereas tungsten 

and steel wires displayed both catastrophic and stick-slip debonding.  

 

Due to the larger diameter for tungsten wire, steel wire, and Z-pin samples, crack initiation 

and propagation were more apparent in high-speed images compared to the S-2 glass fiber samples. 

High-speed images of the Z-pin debonding event revealed that the crack initiated from the 

contacting area between the bead and the bead holder leading to more crack formation around the 

neck of the pin. High-speed X-ray images of the tungsten and steel debonding event demonstrated 

that the crack initiated from the interface on the front end of the epoxy bead (the meniscus region).  

Even though the average peak debonding forces and interfacial shear stresses (IFSS) increased for 

S-2 glass fiber and Z-pin samples and decreased for tungsten and steel wire samples with 

increasing pull-out velocity, there is no statistical difference in both properties with increasing 

pull-out velocity for all studied fiber materials except for the peak debonding force for S-2 glass 

fiber samples. Moreover, from the high-speed X-ray images, the interfacial debonding 

mechanisms for all studied fiber materials at both 2.5 and 5.0 m s-1 were similar. Thus, the 

interfacial debonding behavior was concluded to be rate insensitive as the pull-out velocity 

doubled from 2.5 to 5.0 m s-1.  
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From the SEM images, the surface of the epoxy beads for steel and Z-pin samples revealed 

apparent damage caused by the bead holders whereas those of the S-2 glass and tungsten reveal 

little to no damage on the epoxy bead surface.  Furthermore, the recovered beads for S-2 glass 

fiber, tungsten, and steel wire samples at 5.0 m s-1 revealed a snap-back behavior around the 

meniscus region. 
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 CONCLUSIONS 

The rate effects on the fiber/matrix interfacial transverse debonding behavior was studied at 

loading velocities of 0.25 mm/s and 2.5 m/s. Cruciform shaped specimens were manufactured with 

SC-15 epoxy matrix system and various single fiber reinforcements including, S-2 glass fiber, 

KM2 fiber, and tungsten wire. A high-speed synchrotron X-ray phase contrast imaging technique 

along with a high-speed camera was used for dynamic loading condition. On the other hand, a 

high-speed camera with a laser back-light was used for both quasi-static experiments and dynamic 

experiments. Two imaging views were used to observe the debonding/failure mechanisms: high-

speed imaging and SEM imaging. 

 

The average peak debonding force, the average debonding crack velocity, and the crack 

geometry were measured and tracked. The average debonding force increased by 81% and the 

average crack velocity increased by 16% with increasing velocity for S-2 glass fiber reinforced 

cruciform specimens. The average debonding force increased by 119% and the average crack 

velocity increased by 11% with increasing velocity for KM2 fiber reinforced cruciform specimens. 

Finally, the average debonding force increased by 66% and the average crack velocity increased 

by 8% with increasing velocity for tungsten fiber reinforced cruciform specimens. For the peak 

debonding force, significant differences were found for all three types of fiber reinforced 

specimens with increasing loading velocity. For the crack velocity, significant differences were 

found for S-2 glass and KM2 fiber reinforced cruciform specimens and no significant difference 

for tungsten fiber reinforced specimens.  

  

The force-displacement histories for all three types of reinforced cruciform specimens 

revealed different slopes for the quasi-static and dynamic loading conditions. For quasi-static 

loading, the force-displacement response for the cruciform specimens revealed to be more ductile 

compared to those of the dynamic loading condition. The rate dependence of epoxy failure patterns 

was observed through the SEM imaging of the recovered cruciform specimens.   

 

The crack length increased linearly with time. In other words, the crack velocity remained 

constant within the first 2.0 μs. The crack length for both quasi-static and dynamic loading 
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conditions started with similar crack length. However, as time progressed, the crack length for 

dynamic loading condition exceeded that of the quasi-static loading condition resulting the minor 

increase in the crack velocities between the two loading conditions. The crack opening velocities 

at dynamic loading was higher than those at quasi-static loading. 

 

Besides the rate dependence of matrix failure patterns, the SEM images of the failure surface 

of recovered cruciform specimens also revealed horizontal patterns on the debonding crack 

initiation region whereas angled patterns were observed as the crack developed indicating the 

difference in crack velocity along the fiber/matrix interface and the free surface of the matrix. It 

was observed that the interfacial crack velocity is lower than the matrix surface crack velocity.  

 

For the pull-out experiments, S-2 glass, tungsten, steel, and carbon composite Z-pin 

reinforcements with SC-15 epoxy beads were used to study the interfacial shear debonding 

behavior at loading velocities of 2.5 and 5.0 m/s. S-2 glass fibers and Z-pins revealed catastrophic 

debonding whereas tungsten and steel wires displayed both catastrophic and stick-slip debonding.  

 

Both metal wires and carbon composite Z-pin specimens revealed apparent debonding 

initiation (around the contacting area between the epoxy bead and the bead holder) and progression 

in high-speed images compared to the S-2 glass fiber samples due to their larger in diameters. Even 

though the average peak debonding forces and interfacial shear stresses (IFSS) increased for S-2 

glass fiber and carbon composite Z-pin samples and decreased for tungsten and steel wire 

specimens with increasing pull-out velocity, there is no statistical difference in both properties 

with increasing pull-out velocity for all studied fiber materials except for the peak debonding force 

for S-2 glass fiber specimens. Thus, the interfacial debonding behavior was concluded to be rate 

insensitive as the pull-out velocity increased from 2.5 to 5.0 m/s.  

 

Lastly, from the SEM images, the surface of the epoxy beads for steel and carbon 

composite Z-pin specimens revealed damage caused by the bead holders upon loading whereas 

those of the S-2 glass and tungsten reveal little to no damage on the epoxy bead surface.  

Furthermore, the recovered beads for S-2 glass fiber, tungsten, and steel wire samples at 5.0 m s-1 

revealed a snap-back behavior around the meniscus region. 



111 

 

 FUTURE WORK 

In the current study, we investigated the fiber/matrix interfacial transverse debonding behavior 

under both quasi-static and dynamic loading conditions in two view-points (Figure 8.1): the high-

speed imaging view and the SEM imaging view. From the high-speed imaging view, we observed 

debonding crack initiation and progression leading to material failure. Using the high-speed 

synchrotron X-ray, we were able to see through the opaque matrix system to observe the embedded 

fiber/matrix debonding. For the SEM imaging view, we observed the cross-section view along the 

fiber length and discovered the crack velocity difference along the fiber/matrix interface and the 

matrix surface. With the observations discovered in the current study, we found that the potential 

for future studies and analysis of the topic include: 1. The cross-section view across the fiber 

diameter, 2. Interfacial stress analysis and fracture mechanics, 3. Curing and post-curing effect of 

the debonding mechanisms, and 4. Mixed-mode/multi-fiber/toughened epoxy cruciform 

experiments. The following subsections discuss the preliminary ideas for these potential future 

studies. 

8.1 Cross-Section View of the Cruciform Specimen Across the Fiber Diameter 

 The cruciform specimen can be better analyzed if it can be presented in an additional view-

point: cross-section across the fiber diameter view. The cross-section across the fiber diameter 

view is desired to observe the sequence of the failure modes (e.g. crack initiation at 90- and 270-

degree points or debonding initiation at 0- and 180-degree points). A challenge to observe the 

cross-section view across the fiber diameter would be the specimen preparation. To observe a 10-

μm diameter fiber embedded in epoxy, the surfaces of the cross-section must be polished to a 

mirrored finish or must have a clean and precise cut. Furthermore, determining the specimen 

thickness is another concern. The specimen thickness must be able to represent the debonding 

behavior of the cross-section of the fiber diameter of the actual cruciform specimen. If not, the 

observation would not resemble that of the behavior in the actual cruciform specimen.  

 

After overcoming the specimen preparation challenges, the experiments can be performed 

in the SEM chamber using a tensile loading device under quasi-static incremental loading. To 
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perform dynamic loading experiments, higher resolution of the high-speed imaging is desired to 

capture the failure mode sequence. With all the views available, we have the potential to precisely 

characterize the transverse debonding and failure mechanisms of the single fiber reinforced 

cruciform specimen.  

 

 



 

 

 

1
1
3

 

 

 

Figure 8.1. Three view-points of the cruciform specimen: (a) high-speed imaging view, (b) SEM imaging view, and (c) cross-section 

across the fiber diameter view 
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8.2 Interfacial Stress Analysis and Fracture Mechanics 

With the cross-section view across the fiber diameter, interfacial stress field obtained by 

using a simple plate-filled hole model may be verified. Modeling the cross-section view across the 

fiber diameter of the cruciform specimen using a plate with a filled hole model in the elastic regime, 

we can derive the stress field using the Airy Function with the assumed boundary conditions. Using 

the boundary conditions, we can obtain the constants to obtain the Airy functions for the matrix 

and fiber materials. With the Airy functions, we can then derive the stress field around the 

fiber/matrix interface. 

 

It is more difficult to obtain the stress intensity factor for SC-15 epoxy with various 

reinforcements because the SC-15 epoxy is not transparent. Thus, typical photoelasticity and 

caustic methods are not sufficient to measure the stress intensity factor. Digital imaging correlation 

has been used in the literature to obtain the displacement field and thus, the stress intensity factor, 

of cracks through high-speed imaging. In the transverse debonding cruciform experiments, the 

DIC method may be utilized to obtain the displacement field of the cruciform specimen as a whole. 

However, the fiber/matrix interfacial displacement may be very difficult to measure with the 

current cruciform experiments via the DIC method. However, if the cross-section across the fiber 

diameter specimens (as mentioned in the Chapter 8.1) can be manufactured, perhaps the DIC could 

be used in that set of experiments to obtain the displacement field around the fiber/matrix interface. 

From the measured displacement field, we can calculate the stress intensity factor and the strain 

energy release rate.  

8.3 Curing and Post-Curing Effect of The Debonding Mechanisms 

specimen curing and post-curing would greatly affect the result. Levine et al. [28] performed 

experiments using the specimens that were cured in room temperature for 48 hours. The 

experiments performed in the current study used the specimens that were cured in room 

temperature for 48 hours and post-cured in the furnace at 125 ºC for 2 hours. The peak debonding 

forces obtained from both studies differed. Levine et al. [28] obtained an average peak debonding 

forces of 7.67 ± 2.97 N and 7.31 ± 2.86 N at 2.6 m/s and 0.01 mm/s, respectively. Only a 4.6% 
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increase was found [28]. However, for the current study, the average peak debonding forces of 

12.89 ± 2.51 N and 7.11 ± 0.83 N at 2.5 m/s and 0.25 mm/s, respectively [28].  

 

The quasi-static loadings remained a similar peak debonding force whereas the dynamic 

loading experienced a major increase between the post-cured specimens and non-post-cured 

specimens. Such a different may also affect the crack velocities and the failure mechanisms. Thus, 

further curing and post-curing investigations can be performed to see how they affect the 

debonding behaviors since the curing process is an important parameter that can alter the results 

significantly.  

8.4 Mixed-Mode/Multi-Fiber/Toughened Epoxy Cruciform Experiments 

From the literature review, researchers have utilized the cruciform geometry specimen for 

different study purposes such as the mix-mode experiments and the multi-fiber experiments [17, 

26]. Both types of the experiments are of interest to perform under dynamic loading with in-situ 

visualization since the studies from the literature were performed under quasi-static loading 

conditions. By performing the dynamic mix-mode (tensile and shear), we can observe how the 

modes affect the peak debonding force, crack velocity, and crack geometry.  

 

The multi-fiber experiments under dynamic loading conditions can also allow us to see how 

the fibers would interact with each other and with the surrounding matrix. Perhaps different failure 

modes including, fiber/matrix debonding, matrix failure, or fiber failure, can be observed with 

different fiber arrangements in the epoxy matrix system. The results would greatly help to 

construct more accurate models to predict the dynamic debonding behavior of fiber reinforced 

polymer composites.  

 

Besides specimen curing, another parameter that would affect the result is the epoxy used. 

Drexel University has provided a toughened epoxy for us to perform experiments to study the 

effect of the debonding behavior between the toughened epoxy and the SC-15 epoxy. However, 

due to the nature of the curing process of the provided toughened epoxy, specimen preparation is 

a major challenge. The epoxy used was Tetraglycidyl of Diaminodiphenymethane (TGDDM), 

curing agent Jeffamine Diamines D-230, and toughening additives mPRS [64]. The epoxy requires 
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to be cured at 80 °C for 24 hours and post-cured at 160 °C for 3 hours. Using the silicone rubber 

mold as described in the specimen preparation section, the toughened epoxy would diffuse out 

from the cruciform cavities after removing from the furnace which prohibited the cruciform 

specimens from being produced. Thus, a modified specimen preparation procedure should be 

developed to successfully produce cruciform specimens from the toughened epoxy system. Then, 

comparison of the interfacial transverse debonding behaviors of the single fiber reinforced 

cruciform specimens manufactured from a toughened epoxy and the SC-15 epoxy matrix system 

can be performed.   
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APPENDIX 

High-Speed Imaging 

 

 

A 1. High-speed images sequence of S-2 glass reinforced specimen at 2.5 m/s. 
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A 2. High-speed images sequence of S-2 glass reinforced specimen at 0.25 m/s. 

 



119 

 

 

A 3. High-speed images sequence of KM2 reinforced specimen at 2.5 m/s. 
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A 4. High-speed images sequence of KM2 reinforced specimen at 0.25 mm/s. 
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A 5. High-speed images sequence of tungsten reinforced specimen at 2.5 m/s. 
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A 6. High-speed images sequence of tungsten reinforced specimen at 0.25 mm/s. 
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• Participated in the maintenance organization, including line maintenance, engine 

maintenance, fleet management, and inventory management
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