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Abstract 

This study investigates the monotonic and dynamic fracture characteristics of a 

discontinuous fiber reinforced polymer matrix. Specifically, small amounts (0-1 wt%) of 

a helical-ribbon carbon nanofiber (CNF) were added to an amine cured epoxy system. 

The resulting nanocomposites were tested to failure in two modes of testing; Mode I 

fracture toughness and constant amplitude of stress tension-tension fatigue. Fracture 

toughness testing revealed that adding 0.5 and 1.0 wt% CNFs to the epoxy matrix 

enhanced the resistance to fracture by 66 and 78%, respectively. Fatigue testing at 20 

MPa peak stress showed a median increase in fatigue life of 180 and 365% over the 

control by the addition of 0.5 and 1.0 wt% CNF, respectively. These results clearly 

demonstrate the addition of small weight fractions of CNFs to significantly enhance the 

monotonic fracture behavior and long-term fatigue performance of this polymer. A 

discussion is presented linking the two behaviors indicating their interdependence and 

reliance upon the stress intensity factor, K. 

http://ees.elsevier.com/cste/viewRCResults.aspx?pdf=1&docID=8691&rev=1&fileID=221233&msid={2BF894D9-F33F-4D58-93CB-DE531C926862}
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1. Introduction  

Epoxy systems are widely used to bind laminates of glass or carbon fiber or to 

suspend particulate or fibrous fillers to create advanced multifunctional composite 

materials in which a high specific strength is required. Carbon nanomaterials offer 

remarkable properties and discontinuous carbon nanotube (CNT) and carbon nanofiber 

(CNF) reinforcement of epoxy matrices has shown potential to augment a variety of 

physical and mechanical properties resulting in truly multifunctional composite materials. 

Recent reviews by Spitalsky et al. [1] and Ma et al. [2] highlight the latest advancements. 

Understanding the monotonic and dynamic mechanical properties of structural epoxy 

reinforced with CNTs and CNFs will lend itself to the engineering of these advanced 

materials. In regard to the mechanical performance of these composites, interfacial 

adhesion between the matrix and reinforcing phase is essential [3, 4]. From a 

micromechanics of materials point of view, in which the matrix and reinforcing phase act 

as heterogeneous entities acting upon each other, shear stress build-up along the length of 

the interface is the mechanism responsible for stress transfer from the matrix to the fiber 

[5]. Inadequate fiber-matrix bonding is often cited as the explanation for unsatisfactory 

mechanical results. 

When the stress intensity associated with an applied load exceeds the critical level 

needed to propagate a crack (KIc), energy is dissipated through fracture. Fracture 

toughness enhancements (and the mechanisms which govern them) through the addition 

of various micro and nano-sized particles in epoxy polymers are well cited in the 

literature [6-15]. Specifically, Gojny et al. [7] have demonstrated low concentrations of 

CNTs to increase the fracture resistance of an epoxy resin by approximately 25%. More 

recently, Palmeri et al. [15] have used the same CNF used in this work to demonstrate 
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fracture toughness enhancements of 45-80% in epoxy blends. Other work [10] though, 

has shown CNT reinforcement to negatively impact the fracture toughness of epoxy. It 

was shown that fracture resistance was only improved through surface functionalization 

with 3-glycidoxypropyltrimethoxysilane. 

The fatigue failure of epoxy is the result of an initial reduction in stiffness due to 

the initiation of microscopic cracks at stress concentrating defects such as pores or 

material inhomogenities. Repeated loading causes these cracks to grow and accumulate 

until ultimately, a runaway crack leads to rapid, catastrophic failure. The literature has 

indicated that the addition of rubber [16], metal [13], silica [17] and more recently CNTs 

[18-21] and graphene [12, 21] positively influence fatigue life and fatigue crack 

propagation rates when dispersed in epoxy matrices. Grimmer and Dharan [18] suggested 

that the addition of CNTs to a glass fiber epoxy composite resulted in the adsorption of 

strain energy through the creation of nanoscale cracks in tension-tension fatigue testing. 

It was observed that CNTs had a marked effect in high-cycle fatigue testing 

corresponding to low applied stress amplitudes. In this region, fatigue life was enhanced 

by 2.5 times over the non CNT-modified sample. Although the phenomena of crazing is 

not typically observed in epoxies due to its high crosslink density, Zhang et al. [20] 

provided SEM evidence of amido-amine-functionalized multiwall carbon nanotube 

(MWCNT) induced craze zones in fatigue crack propagation testing. It was argued that 

reinforcement was due in part, to the energy dissipative plastic deformation of the craze 

fibrils. In another report [22], the same group suggested that geometrical considerations 

and quality of dispersion are directly linked to fatigue improvements in MWCNT 

composite epoxy. It was maintained that reducing diameter, increasing length and 
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bettering the dispersion of MWCNTs significantly reduced the rate of fatigue crack 

propagation. Rotary bending fatigue tests at low stress magnitudes also suggested 

MWCNTs to improve fatigue life in epoxy [23]. Other reports have linked MWCNTs to 

significant increases in the fatigue life of thermoplastics such as PMMA [24-26]. To this 

regard, it was the aim of this study to test the effect of the addition of small amounts (≤ 

1.0 wt%) of CNFs on the fracture resistance and fatigue performance of a structural 

epoxy system. 

2. Experimental 

2.1. Materials 

Resoltech 1800/1805 (Resoltech, Eguilles, France), a low viscosity liquid epoxy 

system was used as the matrix. The epoxy resin, a reaction product of epichlorhydine 

with bisphenol A and bisphenol F, was cured with an amine hardener, 1,2-

diaminocyclohexane. The mixing ratio was 100:17 parts by weight. 

GANF, a commercial grade, helical-ribbon CNF was supplied by Grupo Antolín 

Ingeniería (Burgos, Spain) and used as provided [27-30]. GANF is synthesized by the 

continuous floating catalyst method using natural gas and sulfur as feedstock and a nickel 

compound as catalyst at approximately 1100 °C. The resulting CNFs are highly graphitic 

with no presence of an amorphous carbon coating. Outer diameters are heterogeneous, 

with an average of approximately 60 nm and a pre-processing aspect ratio 

(length/diameter) above 100. Structurally, GANF is comprised of a continuous graphitic 

ribbon helically rolled about the axis of the fiber (Fig. 1). Earlier TEM evidence [28] of 

unraveled fibers has confirmed their continuity and differentiates them from the 

discontinuous cones of the more common stacked-cup CNF morphology. Ribbons are 
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arranged ~25° oblique to the axis of the fiber and composed of approximately 5 

individual layers of graphene [28, 31]. 

 

Fig. 1. A typical helical-ribbon carbon nanofiber viewed in high-resolution transmission 

electron microscopy. Note the ordered graphene layers oblique (~25°) to the axis of the 

fiber. 

2.2. Sample preparation 

After hand mixing, CNFs were dispersed in the epoxy resin using a high shear 

laboratory mixer (Silverson L4RT) at 7000 rpm for 15 minutes. The hardener was 

subsequently added and further mixed at 5000 rpm for 5 minutes. Dispersions were 

processed with 0.5 and 1.0 wt% CNF. A neat epoxy sample was similarly processed and 

used as a control. After mixing, the dispersions were poured into a silicone mold and 

degassed for 30 minutes at a vacuum approaching -1 bar. Individually cast test coupons, 

measuring 250 × 25 × 2.5 mm for tension-tension fatigue testing, 63.5 × 12.7 × 4 mm for 

Mode I fracture toughness testing and 30 × 12.7 × 3.2 mm for DMA characterization, 

5 nm 
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were released from the mold after 12 hours at 40 °C. Additional heating in air for 15 

hours at 60 °C and 6 hours at 110 °C completed the cure cycle. Specimen surfaces were 

smoothed on a rotary polishing machine using 320 grit followed by 600 grit silicone 

carbide grinding paper. Transmitted light (100×, Nikon Eclipse E200) and high-

resolution transmission electron microscopy (TEM, JEOL 1020) verified dispersion. 

Testing was conducted 7 days after curing. 

For fracture toughness testing, a 1 mm wide sharpened notch was machined at the 

mid-specimen point in the single edge notched bend (SENB) coupons. A pre-crack was 

subsequently introduced by tapping a fresh razor blade placed normal to the machined 

notch (Fig. 2). As per the standard, the ratio between the length of the notch plus the pre-

crack (a) and the width (W) was between 0.45 and 0.55 for each specimen. 

 

Fig. 2. Machined notch and pre-crack generated by tapping a fresh razor blade. 

2.3. Dynamic mechanical analysis 

Dynamic mechanical analysis (DMA) was performed in single cantilever mode 

using a TA Instruments 2980. Temperature ramps were carried out from 20 to 175 °C at a 

scan rate of 2 °C/min. The specimens were subjected to 20 µm amplitude of deflection at 
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1 Hz. This provided a strain of approximately 0.03% and was well within the linear 

elastic region. The glass transition temperature, Tg, was taken as the peak of the ratio of 

the storage modulus to the loss modulus (tan δ). 

2.4. Fracture toughness testing 

Mode I fracture toughness tests by the 3-point bending method (ASTM D 5045 

[32]) were performed using an Instron 3344 (Instron Corporation, Canton, MA, U.S.A.) 

equipped with a 2 kN load cell. Three SENB specimens from each group were loaded to 

failure at a crosshead rate of 10 mm/min. Load-deformation curves were recorded and the 

pre-crack length was measured post mortem by optical microscopy. Testing was 

conducted at room temperature (25 °C). The critical-stress-intensity (KIc) needed to 

propagate the crack was calculated by 

  
KIc

P

BW1 2
f x ,     (1) 

where P is max applied load, B and W are specimen thickness and width and x is the ratio 

of the previously described crack length a and specimen width W. The function f(x) is the 

second order polynomial found here [32]. The critical strain energy release rate (GIc) was 

computed by integration of the load-deformation curve used in the determination of KIc. 

2.5. Fatigue testing and statistical analysis 

Constant amplitude of stress tension-tension fatigue testing (ASTM D 3479M 

[33]) was performed at room temperature (25 °C) using an Instron 8516 100 kN servo-

hydraulic materials testing system (Instron Corporation, Canton, MA, U.S.A.). No 

bonded tabs were used, instead an emery cloth interface functioned to prevent slippage 

and introduce the load to the specimen. Each test coupon was sinusoidally cycled 

between minimum and maximum in-plane axial load until failure at a frequency, f = 5 
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Hz. The ratio of the minimum to maximum applied load was R = 0.1. The number of 

cycles to failure (N) was recorded for each test coupon. Static tensile tests were carried 

out at a displacement rate of 2 mm/min using identical specimen geometry. 

It was assumed that the fatigue life was normally distributed and the variance of 

log (N) was constant over the entire range of testing. In addition, the data contained no 

run-outs or suspended tests. Therefore, the cycles to failure were analyzed by 

constructing log-normally distributed S-N curves transformed into linear form according 

to ASTM [34, 35] and expressed as 

Y A BX ,      (2) 

where Y is equal to log (N), X is the maximum value of constant-amplitude cyclic stress 

and A and B are constants for each sample and estimated by 

ˆ A Y ˆ B X       (3) 

and 

ˆ B 

X i X Yi Y 
i 1

k

X i X 
2

i 1

k .    (4) 

Each test program involved two specimens tested at each of five stress amplitudes 

resulting in a replication of 50%. The variance in log (N) data was calculated by 

2

Yi
ˆ Y i

i 1

k

k 2
,     (5) 

 where ˆ Y i  is the estimated fatigue life from the median S-N curve from Eq. (2) and k is the 

total number of test specimens from each test program (in this case, k = 10). Hyperbolic 
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confidence bands taking into account all points on the median S-N curve were computed 

using 

ˆ A ˆ B X 2Fp

1

k

X X i
2

X X i
2

i 1

k

1
2

,  (6) 

where Fp = 4.4590 and corresponds to P = 95%. The confidence intervals are not 

designed to predict the inclusion of individual data points. Rather, it is expected that 95% 

of the computed hyperbolic confidence bands will include Eq. (2) over the entire range of 

X used in the testing program. 

2.6. Scanning electron microscopy 

Fracture surfaces from randomly selected failed specimens in both modes of 

testing were sectioned, sputter coated with gold and examined using high-resolution 

scanning electron microscopy (SEM, JEOL JSM-840). Qualitative conclusions were 

drawn from the micrographs on the fracture characteristics, reinforcement mechanisms 

and interactions between the CNFs and matrix. 

3. Results and discussion 

3.1. Dispersion of CNFs and degree of cure 

A qualitative analysis indicated that the high-shear mixing protocol provided a 

respectable CNF dispersion throughout the epoxy matrix (Fig. 3). Though some 

agglomerations were observed, TEM exploration illustrated that the filaments were 

typically isolated and well wet by the matrix. Examination also revealed that the pre-

processing aspect ratio of the CNFs was lessened to some extent. Filament shortening due 
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to high-shear mixing processes has been reported in other work and is often unavoidable 

in the dispersion process [36]. 

DMA results indicate no significant affect to the final degree of cure by CNF 

inclusion. The mean (standard deviation) Tg taken from the tan δ peak for the neat, 0.5 

and 1.0 wt% CNF materials were shown to be 126.3 (0.1), 126.9 (0.5) and 126.8 (0.3) °C, 

respectively. These values agree well with the manufacture’s [37] figure of 130 °C for the 

given cure times and temperatures used here. 

 

Fig. 3. (a) Transmitted light micrograph of 1.0 wt% CNF modified epoxy and (b) high-

resolution TEM image of 1.0 wt% CNF/epoxy nanocomposite on a copper TEM grid. 

3.2. Fracture toughness testing results 

Results of fracture toughness testing for the neat epoxy matrix and two CNF 

composites (0.5 and 1.0 wt%) are shown in Fig. 4. Both toughness parameters indicative 

of resistance to fracture (KIc) and rate at which energy is absorbed by crack growth (GIc) 

were shown to significantly improve with increasing CNF concentration (Fig. 4a). The 

1.0 wt% CNF loading resulted in the largest increase in KIc, i.e., from 0.74   MPa m
1
2  in 

the control group to 1.32   MPa m
1
2 , a 78% improvement. The corresponding 

enhancement in GIc over the neat sample at 1.0 wt% CNF was 144%. The 0.5 wt% CNF 

100 μm 0.5 μm 

 

a b 
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loading resulted in smaller gains, yet the improvements in KIc and GIc were still 66 and 

121% greater than the control group. 

  

 

Fig. 4. (a) Mode I fracture toughness (KIc) and fracture energy (GIc) for neat, 0.5 and 1.0 

wt% CNF modified epoxy groups and, (b) load-deformation curves of typical specimens 

from each sample. 

Examination of fracture surfaces by SEM revealed the neat epoxy group to have 

the classic smooth fracture surface (Fig. 5a) observed in highly crosslinked polymer 

systems [38]. River marks leading to the initial site of crack growth were detected but 

substantial indications of plastic deformation in the control group were not noted. 

Quantitatively speaking, the lack of observed plastic deformation and a smooth fracture 
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surface agree well with the relatively low measured toughness of the material (KIc = 0.74 

  MPa m
1
2 ). Inspection of the 1.0 wt% CNF modified epoxy confirmed the group to 

display a much rougher fracture surface (Fig 5b). The formation of such additional 

surfaces during fracture is common to matrices reinforced with micrometer-sized 

particles and indicative of crack deflection [39]. 

 

Fig. 5. Low-resolution SEM images of (a) a neat epoxy specimen illustrating the 

machined notch (bottom), pre-crack (middle) and mirror-like fracture surface (top) and 

(b) a 1.0 wt% CNF specimen exhibiting a rougher texture in the crack propagation zone. 

Crack growth is from bottom to top in both images.  

3.3. Fatigue testing results 

Raw loading and life data from the constant stress amplitude, tension-tension 

fatigue testing are listed in Table 1. Cyclic stress vs. lifetime (S-N) curves are shown in 

Fig. 6 and a summary of the log-normal fitting parameters is given in Table 2. Indicative 

of superior fatigue performance, the composites present much flatter S-N curves and 

although fatigue life is augmented along the entire range of cyclic stress used in the 

testing, the addition of CNFs more significantly enhanced the fatigue life in the high-

cycle, low-stress amplitude regime. Testing at the 20 MPa peak stress amplitude showed 

a b 

  100 μm 100 μm 
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the median fatigue life, as computed by Eq. (2), to increase by approximately 180 and 

365% over the control with the addition of 0.5 and 1.0 wt% CNF respectively. The 

smallest improvement in median fatigue life was observed at the highest stress amplitude, 

40 MPa. Here, a decrease of 15% in fatigue life was observed at 0.5 wt% CNF and an 

improvement of approximately 10% over the control was realized at 1.0 wt% CNF. 

Estimated variance in the log-normal distribution of each population was shown to be 

reasonably consistent across the control ( ˆ 2 0.020) and CNF modified samples (

  ̂  
2
0.5 wt% 0.035 and   ̂  

2
1.0 wt% 0.013). Hyperbolic confidence bands corresponding to P = 

95% were calculated by Eq. (6). Ultimately, these bands are expected to include the 

straight line from Eq. (2) 95 times out of 100. The inclusion of the confidence intervals 

illustrates the significance in the improvement of fatigue life at low applied stress 

amplitudes. At 20 MPa peak stress, the percent increase between the lower confidence 

band of the 1.0 wt% CNF modified epoxy and the upper band of the control still stands at 

approximately 105%. Beginning at approximately 33 MPa, the intervals overlap 

throughout the remainder of the higher applied peak stress amplitudes. 

Table 1. Fatigue loading and life data for all test programs. 

Table 1a 

Neat matrix 

Table 1b 

0.5 wt% CNF 

Table 1c 

1.0 wt% CNF 

N ζmax (MPa) N ζmax (MPa) N ζmax (MPa) 

810 40.0 552 40.0 1 360 40.0 

1 774 40.0 1 077 40.0 1 466 39.9 

1 773 35.0 3 713 35.0 3 976 35.0 

3 272 35.0 7 233 35.0 4 830 34.9 

7 891 30.1 6 745 30.0 9 596 30.0 

12 141 30.0 15 553 29.9 27 821 29.9 

16 921 25.0 30 054 24.9 53 028 25.0 

17 455 25.2 35 248 24.9 65 001 25.0 

44 567 20.0 117 248 20.0 217 943 20.0 

46 724 20.0 178 170 19.9 253 109 20.0 
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Table 2. Fatigue mean fit parameters (log values given for A and B). 

Material A B Coefficient of 

determination, R
2 

Estimated normal 

population variance, ˆ  

Neat matrix 6.285 -0.080 0.986 0.141 

0.5 wt% CNF 7.247 -0.106 0.930 0.188 

1.0 wt% CNF 7.579 -0.112 0.983 0.114 

 

 

  Fig. 6. Cyclic stress verses logarithmic scale of cycles to failure (S-N curves) for neat 

and 1.0 wt% CNF reinforced epoxy. Results from the 0.5 wt% CNF loading were 

between the neat and 1.0 wt% data but were omitted to avoid confusion. Hyperbolic 

confidence bands are as computed by Eq. (6). 

 

Examination of fracture surfaces by SEM echoed the observations made from the 

fracture toughness specimens. A smooth, glasslike surface devoid of observable signs of 

plastic deformation was detected in the neat sample (Fig. 7a). River marks immediately 

surrounding and tracing back to the crack initiation site were common. The CNF 
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reinforced groups presented many more irregularities in their fracture surfaces. The 

jagged, multi-plane features observed in the 1.0 wt% CNF sample (Fig. 7b) appear to be 

evidence of the crack front being defected and changing orientation during growth. 

 

Fig. 7. A series of SEM images documenting (a) the typically smooth fracture surface of 

a neat specimen, (b) rough, multi-plane surface of a 1.0 wt% CNF loaded specimen, (c) a 

large diameter, isolated CNF protruding from the surface of a crack in a specimen 

stressed to 25 MPa and, (d) a CNF agglomerate. Crack propagation is from top to bottom 

in all images. 

3.4. Toughening mechanisms 

The quantitative KIc and GIc data presented here clearly show CNFs to enhance 

the fracture toughness of epoxy. Well-documented claims regarding the mechanisms for 

fracture energy dissipation in particulate reinforced thermosetting polymers include crack 

a b 

c d 
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pinning [13, 40-43], pullout and void nucleation [38, 44, 45] and crack deflection [46, 

47]. Crack pinning has by and large been dismissed as an operating toughening 

mechanism in nanocomposites due to the matter of size compatibility [8]. Typical crack 

tip radii are dimensionally much larger than the nanometer-sized reinforcing phase. 

Nevertheless, reports of such occurrences have surfaced [13]. Fiber pullout, resulting 

from de-bonding of the fiber from the matrix causes fibers to bridge cracks in the wake 

zone behind the advancing crack tip. This mechanism has been characterized as the 

predominate mode of  “overload failure” in fibrous nanocomposites [26]. The 

phenomenon, illustrated in Fig. 7c, is to be expected owing to the fact that the interfacial 

shear strength between the matrix and fiber has been shown to be less than the tensile 

strength of the fiber [48]. In some instances, crack bridging has been cited a dominant 

toughening channel [21]. In other reports though, it has been modeled to provide little 

overall reinforcement value [6]. Faber and Evans [46, 47] concluded that if the plane of a 

propagating crack could be altered in three dimensional space by the inclusion of a 

reinforcing particulate then a mixed-mode loading condition could result. The continual 

twisting and turning action of the crack front during fracture leads to mixed-Mode I, II 

and III loading and results in an increase in total fracture surface area (Fig. 7b). The 

energy absorbed by the creation of additional fracture surface area necessitates additional 

energy to be input to the system to continually drive crack growth (i.e., higher GIc values) 

[38, 46, 47]. The qualitative observation of increased fracture surface area and 

quantitative increase in GIc in this study appear to agree with the crack deflection theory 

proposed by Faber and Evans. Despite the inherit interdependence of the toughening 

mechanisms described above, it appears that the role of CNFs during crack propagation 
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are to aid in deflecting the advancing crack and force growth to deviate from the existing 

fracture plane. 

Palmeri et al. [15] have reported a potentially new type of toughening mechanism 

for this variety of CNF. It was claimed, via supporting SEM and TEM evidence, that 

through the severing of the graphitic π-π interactions of the oblique graphene layers the 

fibers can either “discretely splay” or “continuously unravel.” The authors maintained the 

sacrificial bonding during unraveling could then lead to the fiber’s spanning of cracks 

and ultimately result in an increase in toughness. It is interesting to note the ability of the 

fiber to unravel it’s graphene layers has been previously demonstrated, albeit not in a 

composite [28]. The present study can neither confirm nor deny the phenomena’s 

manifestation in the matrix. 

3.5. Effect of stress intensity and agglomerations 

Results from fatigue testing indicate substantial and significant enhancement to 

the fatigue life of epoxy by the inclusion of a CNF reinforcing phase. Despite the 

reported positive effects of CNF addition in the high-cycle, low-stress amplitude fatigue 

testing regime, results from high-stress amplitudes (30-40 MPa peak stress) showed less 

than ideal results. The nonuniformity of the fatigue life increase at high applied stress 

levels is believed to be the result of two effects: (1) breakdown of the CNF/matrix 

interface and (2) CNF agglomerations (Fig. 7d) detracting from the positive reinforcing 

effect of individually dispersed fibers. Both conditions have a significant dependence on 

the stress intensity factor, K. At low applied stress levels, the interfacial strength of the 

CNF/matrix bond is believed to dominate localized stresses surrounding the crack tip. 

These stresses are effectively transferred from the weaker matrix and distributed in the 
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form of small-scale straining of the stiffer CNFs, preserving the elastic deformation of the 

bulk composite. This enables the fibers to actively interface with the matrix, shielding it 

from the buildup of stress and slowing the rate of fatigue crack propagation. Other studies 

have shown a strong dependence of stress intensity range (ΔK) in fatigue crack 

propagation rate testing [19, 21, 49]. An order of magnitude reduction in fatigue crack 

growth rate was observed at low applied ΔK with the addition of 0.5 wt% MWCNTs to 

an epoxy matrix [19]. At much higher ΔK values, a growth rate nearly identical to the 

neat matrix was evident. In this instance, the stress intensity surrounding the crack tip 

causes the CNF/matrix interface to break down. Ensuing crack propagation is ultimately 

the result of the localized stress intensity reaching the critical state, Kc. Thus, at smaller K 

values the CNFs more readily accept the transfer of stress. As K increases, the probability 

of crack growth due to interfacial failure heightens. For example, if we assume a fatigue 

crack has been naturally initiated at a single edge of a test coupon through repeated 

cycling, the Mode I stress intensity at the crack tip is given as 

  
KI aF a

W
,     (7) 

where σ is applied stress, a is crack length and W is coupon width [50]. Using Eq. (7) and 

assuming a reasonable crack length, a table containing applied stresses and corresponding 

stress intensity factors can be constructed (Table 3). In this instance the stress intensity at 

the crack tip in the low applied stress regime is much less than the critical value needed 

to propagate a crack (as indicated in fracture toughness testing). Beginning at 

approximately 30 MPa and continuing into the higher applied stress levels, K becomes 

exceedingly greater than the measured critical value. This example suggests that once a 

fatigue crack initiates in high stress amplitude fatigue testing, little can be done to delay 
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crack growth on the account of K being much higher than the measured critical value. 

Here, catastrophic failure immediately follows crack initiation. Conversely, it is 

suspected that the CNFs play a greater role in the suppression of fatigue related damage 

in lower applied stress regimes.  

 

Table 3. Maximum cyclic stress and corresponding Mode I stress intensity at the crack 

tip, as computed by Eq. (7). A crack length of 500 μm was assumed for this example. 

ζmax (MPa) KI (  MPa m
1
2 ) 

10 0.45 

20 0.89 

30 1.34 

40 1.79 

50 2.23 

 

4. Conclusions 

The addition of helical-ribbon carbon nanofibers has been shown to significantly 

improve the fracture resistance and fatigue performance of a thermosetting epoxy system. 

The present results suggest that the influence of CNFs and their underlying mechanism of 

reinforcement are strongly K-dependent. In low applied stress amplitude fatigue testing, 

strain energy is interfacilly transferred to the stronger CNFs due to the dominance of the 

interfacial strength over localized stresses. In high-stress amplitude fatigue and fracture 

toughness testing, interfacial strength is considered to be much less than the local stresses 

induced by increasing K near the crack tip. In this higher stress regime it is suspected that 

the CNFs function mainly to deflect propagating cracks. When the strain energy 

associated with loading overpowers interfacial strength, cracks form and propagate along 

the interface. The de-bonding action dissipates energy and ultimately incites deflection of 

the crack front. Ensuing mixed-mode loading (Modes I, II and III) from the deflecting 
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crack results in the observed increase in fracture surface area. Ultimately, the energy 

absorbed through these actions detracts from the available energy needed for crack 

growth. Together, these mechanisms lead to the enhancements in critical-stress-intensity 

factor and the energy per unit area of crack surface at the initiation of fracture. However, 

the expectation of reinforcement at stress intensities beyond KIc, as hypothesized to exist 

just after crack initiation in high-stress amplitude fatigue testing, is futile. Future work 

should examine more dispersive methods of incorporating CNFs to the matrix since the 

tendency of agglomerates in the high-applied stress regime is to incite crack initiation and 

accelerate propagation rates.  

To summarize, the current results indicate the reinforcement of a structural epoxy 

system with CNFs has markedly heightened the materials resistance to fracture and 

significantly increased fatigue performance. Additionally, it has been shown that these 

conditions are strongly contingent on stress intensity.  
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