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Abstract In the present investigation, dynamic mechan-

ical analysis (DMA), thermo gravimetric analysis (TGA),

tensile tests, fatigue tests and the single edge notch tensile

(SENT) tests were performed on unfilled, 1, 2 and 3 wt.%

vapor grown carbon nanofiber (CNF) filled SC-15 epoxy to

identify the loading effect on thermal and mechanical

properties of the composites. DMA studies revealed that

filling the 3% carbon nanofiber into epoxy can produce

65% enhancement in storage modulus at room temperature

and 6 �C increase in Tg. However, TGA results show that

thermal stability of composite is insensitive to the CNF

content. Tensile tests were carried out at the strain rate

range from 0.02 min–1 to 2 min–1. Results show that CNF/

epoxy are strain rate sensitive materials, the modulus and

tensile strength increased with increasing of strain rate.

Experimental results also indicate that modulus of the

nanophased epoxy increases continuously with increasing

CNF content. But the 2% CNF infusion system exhibit

maximum enhancement in tensile strength, fatigue perfor-

mance and fracture toughness as compared with other

system.

Introduction

Epoxy resin has been of significant importance to the

engineering community for many years. Components

made of epoxy based materials have provided outstand-

ing mechanical, thermal, and electrical properties [1].

Using an additional phase (e.g., inorganic fillers) to

strengthen the properties of epoxy resins has become a

common practice [2]. The use of these fillers has been

proven to improve the material properties of epoxy res-

ins. Based on the fact that micro scale fillers have suc-

cessfully been synthesized with epoxy resin [3–6], nano-

scaled materials are now being considered as filler

material to produce high performance composite struc-

tures with further enhanced properties. Improvements in

mechanical, electrical, and chemical properties have re-

sulted in major interests in nanocomposite materials in

numerous automotive, aerospace, electronics and bio-

technology applications [7–8].

Vapor grown carbon nanofibers (CNFs) due to their

high tensile strength, modulus and relatively low cost are

drawing significant attention for its potential applications

in nano-scale polymer reinforcement. It is synthesized

from pyrolysis of hydrocarbons or carbon monoxide in

the gaseous state, in the presence of a catalyst [9–10].

Vapor grown CNFs distinguish themselves from other

types of nanofibers, such as polyacylonitrile or mesophase

pitch-based carbon fiber, in its method of production,

physical properties and structure. Thermoplastic such as

polypropylene [11–16], polycarbonate [17–21], nylon

[22], thermosets such as epoxy [23] as well as thermo-

plastic elastomers such as butadiene-styrene diblock co-

polymer [24] have been reinforced with carbon

nanofibers.

The primary interest of this paper was to characterize

the effect of vapor grown CNF addition on the thermal and

mechanical behavior of epoxy. DMA, TGA, tensile, frac-

ture and fatigue tests will be performed on unfilled, 1, 2 and

3 wt.% CNF filled SC-15 epoxy to identify the optimal the

loading of CNF.
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Experimental

The resin used in this study is a commercially available

SC-15 epoxy obtained from Applied Poleramic, Inc. It is a

low viscosity two phased toughened epoxy resin system

consisting of part-A (resin mixture of Diglycidylether of

Bisphenol-A, Aliphatic Diglycidylether epoxy toughner)

and part-B (hardener mixture of, cycloaliphatic amine and

polyoxylalkylamine). The carbon nano fibers are obtained

from Applied Science Inc (154 W Xenia Ave. Cedarville,

OH). The fiber diameters is in the 200 nm and the fiber

length is range from 20 lm to 100 lm. The weight fraction

of carbon nano fibers are range from 0 wt.% to 3 wt.%

(corresponding to CNF volume fraction of 0, 0.63, 1.27 and

1.90%) to identify an optimal loading giving the best

thermal and mechanical properties.

Pre-calculated amount of carbon nanofiber and part-A

were mixed together in a suitable beaker. The mixing was

carried out through a high intensity ultrasonic irradiation

(Ti-horn, 20 kHz Sonics Vibra Cell, Sonics Mandmaterials,

Inc, USA) for half an hour with pulse mode (50 s on/25 s

off). To avoid a temperature rise during the sonication

process, external cooling was employed by submerging the

beaker containing the mixture in an ice-bath. Once the

irradiation was completed, part-B was added to the modi-

fied part-A then mixed using a high speed mechanical

stirrer for about 10 min. The mix-ratio of part A and part B

of SC-15 is 10:3. The rigorous mixing of part-A and part-B

produced highly reactive volatile vapor bubbles at initial

stages of the reaction, which could detrimentally affect the

properties of the final product by creating voids. A high

vacuum was accordingly applied using Brand Tech Vac-

uum system for about 30 min. After the bubbles were

completely removed, the mixture was transferred into a

plastic and Teflon coated metal molds and kept for 24 h at

room temperature. The cured material was then de-molded

and trimmed. Finally, test samples were machined for

thermal and mechanical characterization. All as-prepared

panels were post-cured at 100 �C for 5 h, in a Lindberg/

Blue Mechanical Convection Oven.

Dynamic Mechanic analysis (DMA) was performed on a

TA Instruments 2,980 operating in the three-point bending

mode at an oscillation frequency of 1 Hz. Data were col-

leted from room temperature to 160 �C at a scanning rate

of 10 �C/min. The sample specimens were cut by a dia-

mond saw in the form of rectangular bars of a nominal

4 mm · 30 mm · 12 mm. Thermo gravimetric Analysis

(TGA) was conducted with a TA Instruments TGA2950 at

a heat rate of 10 �C/min from ambient to 600 �C. The TGA

samples were cut into small pieces using ISOMET Cutter

and were machined using the mechanical grinder to

maintain the sample weight of about 5–20 mg range. The

real time characteristic curves were generated by Universal

Analysis 2000-TA Instruments Inc., data acquisition

system.

Uniaxial tensile tests were performed on an MTS

hydraulic testing machine. The machine was run under

displacement control mode at a crosshead speed of 10, 1

and 0.1 mm/min. Since the gage length was 50 mm, the

average strain rates were assumed to be 2, 0.2 and

0.02 min–1. Three parameters were determined from each

stress–strain curve: elastic modulus (E) from the initial

slope of the stress–strain curve, tensile strength (rb) cor-

responding to the maximum stress, and failure strain (eb).

Stress-controlled tension–tension fatigue tests were

performed at 21.5 �C. The ratio of the minimum cyclic

stress and the maximum cyclic stress, i.e., the R-ratio, was

0.1. A cyclic frequency of 1 Hz was used to reduce the

possibility of thermal failure. The stress concentration ef-

fect was study on 2 wt.% CNF/Epoxy by introducing

central holes in the specimens. The diameters of the hole

are 1/4 width and 1/8 width. The theoretical stress con-

centration factors are 2.43 and 2.64.

The single edge notch tensile (SENT) specimens were

cast in a metal mold without the notch. The specimens

were pre-cracked 8 mm by the diamond saw and crack was

extended to 2 mm by tapping a fresh razor blade, frozen in

the liquid nitrogen, into the notch. The specimen size is

120 mm in length, 20 mm in width and 3.5 mm in thick-

ness. At least four samples for each material were used.

The critical stress intensity factor, Kc was calculated

according to the following equation:

K1 ¼
P

B
ffiffiffiffiffi

W
p f a=wð Þ ð1Þ

where, P = applied load on the specimen; B = specimen

thickness; W = specimen width; a = crack length and

f a=w
� �

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2tan pa
2w

p

cos pa
2w

0:752þ2:02
a

w

� �

þ0:37 1� sin
pa

2w

� �3
� �

Results and discussions

Thermal properties

Figure 1 illustrates the DMA plots of storage modulus

versus temperature as a function of carbon nanofiber

loading. It can be seen that the storage modulus steadily

increased with an increasing fiber weight percent. The

addition of 3 wt.% of carbon nanofiber yielded a 65%

increase of the storage modulus at 30 �C. The loss factor,

tand, curve of the neat epoxy and its CNF/epoxy nano-

composites measured by DMA are shown in Fig. 2. The
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peak height of loss factor decreased with increasing car-

bon nanofiber content, but the Tg, determined from the

peak position of tand, increased with increasing fiber

content. There was a broadening of the peak due to the

unconstrained segments of the polymer molecules re-

tained the Tg. But those segments close to the nanofiller

surface were less mobile, which led to an increase in Tg

(Fig. 3).

The peak factor, G, is defined as the full width at half

maximum of the tand peak divided by its height, and it can

be qualitatively used to assess the homogeneity of epoxy

network. The neat epoxy was observed to have a low peak

factor that indicated the crosslink density and homogeneity

of the epoxy network were high. For the nanophased

epoxy, the peak factor increased with increasing CNF

weight percent, as shown in Fig. 4, and it exhibited a

broadened tand peak on the high temperature side of the

DMA profile. The higher peak factor for the nanophased

epoxy is indicative of lower crosslink density and greater

heterogeneity, which suggests intercalation of CNF into the

epoxy network.
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Figure 4 shows the TGA of all categories of nanocom-

posites considered for this investigation. We define the

50% weight loss as a marker for structural decomposition

of the samples. In this figure, the decomposition tempera-

tures are almost the same, indicating the CNF content had

no effect on the decomposition temperature of epoxy.

Tensile response

Tensile stress–strain curves of neat epoxy and nanophased

epoxy at different strain rate are shown in Fig. 5a–d. All

specimens failed immediately after the tensile stress

reached the maximum value; however, the stress–strain

curves showed considerable non-linearity before reaching

the maximum stress, but no obvious yield point was found

in the curves. Five specimens were tested for each condi-

tion. The average properties obtained from these tests are

listed in Table 1. Figure 5 also show the effect of strain

rate on the stress–strain curves of neat and nanophased

epoxy. Both the modulus and tensile strength increase with

increasing strain rate, but the failure strain decreases with

increasing strain rate.

Figure 6 shows comparison of stress–strain curves of the

composite at the same strain rate (2 min–1). The modulus

of the nanophased epoxy increases continuously with

increasing CNF content. An improvement of about 19.4%

in tensile modulus was observed with an addition of

3 wt.% of CNF. However, Table 1 and Fig. 6 also show

that the system with 2 wt.% infusion is the best system

with 17.4% enhancement in tensile strength. The strength

begins to degrade with 3 wt.% loading, although the gain

in modulus is maintained. The relationship between mod-

ulus, strength, and CNF weight fraction was plotted in

Fig. 7.
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neat and nanophased epoxy at

different strain rate (a: Neat
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2%CNF/epoxy and d: 3%CNF/

epoxy)

Table 1 Tensile properties of neat and nanophased epoxy

CNF contents Strain

rate

(1/min)

Tensile

modulus

(GPa)

Tensile

strength

(MPa)

Failure

strain (%)

Neat 0.02 2.31 ± 0.12 53.01 ± 2.79 4.86 ± 0.34

0.2 2.49 ± 0.17 57.04 ± 2.32 4.18 ± 0.29

2 2.78 ± 0.16 58.78 ± 2.65 3.20 ± 0.17

1% CNF/Epoxy 0.02 2.39 ± 0.20 54.30 ± 2.45 4.06 ± 0.21

0.2 2.64 ± 0.11 60.14 ± 2.73 3.77 ± 0.21

2 2.87 ± 0.21 64.84 ± 2.27 3.61 ± 0.23

2% CNF/Epoxy 0.02 2.63 ± 0.14 56.75 ± 3.13 4.68 ± 0.33

0.2 2.89 ± 0.17 62.49 ± 2.43 4.01 ± 0.29

2 3.17 ± 0.15 68.98 ± 2.35 3.60 ± 0.23

3% CNF/Epoxy 0.02 2.84 ± 0.22 53.82 ± 3.06 3.36 ± 0.27

0.2 3.03 ± 0.19 60.24 ± 2.48 3.18 ± 0.17

2 3.44 ± 0.21 63.96 ± 3.03 2.75 ± 0.20
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Strain rate sensitivity of tensile strength

From Fig. 5 and Table 1, it can be concluded that neat and

nanophased epoxy are strain rate sensitive materials. Fig-

ure 8a and b show the variation of modulus E and tensile

strength rb with ln _e for four kinds of materials. The rela-

tionships between E and ln _e as well as rY and ln _e can be

represented by single straight lines, the slopes of which

give information about the strain rate sensitivities of

modulus and yield strength, respectively. The following

relationships were found to fit the relationship between

modulus, yield strength and strain rate of these three

materials.

E ¼ E0 1þ k1 ln
_e
_e0

� 	

ð2aÞ

rY ¼ rY0 1þ k2 ln
_e
_e0

� 	

ð2bÞ

where, E0, rY0 and _e0 are reference elastic modulus,

reference yield strength and reference strain rate,

respectively. Two other parameters, k1,2 appearing in
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Eqs. (2a) and (2b) are defined as strain rate strengthening

coefficient. Mathematically, they are defined as

k1;2 ¼
o E; ry

� �

o ln _e
ð3Þ

The values of strain rate strength coefficient are calcu-

lated from the experimental results using the least square

method and are given in Table 2. It can be observed that

strain rate strengthening coefficient increase as the CNF

content is increased up to 2%; however, at 3%, strain rate

strengthening coefficient is decreased. The dashed lines in

Fig. 8 are simulated results, which fit the experimental data

well. According to the Eyring equation, the activation

volume of the material can be obtain from the strain rate

strengthening coefficient as follows

V ¼ RT

k2

ð4Þ

where, V is activation volume, R is Gas constant, and T is

the temperature. The activation volume of the neat and

nanophased epoxy were calculated using the tensile

strength data in Table 1. It was observed in Table 2 that

filling CNF can reduce the activation volumes, and a

maximum 53% reduction in the activation volumes was

found in 2% system as compared with neat system. The

higher tensile strength and lower activation volumes of

nanocomposite are attributed to the restricted segmental

motions in the neighborhood of CNF/Epoxy interfaces.

Fatigue performance

Figure 9 shows the fatigue S–N curves of the neat and

nanophased epoxy at ambient temperature. In this figure,

the vertical axis or the S-axis represents the maximum

cyclic stress and the horizontal axis or the N-axis represents

the number of cycles to failure. At the same stress level, the

fatigue life of nanophased epoxy was significantly higher

than that of the neat epoxy. Based on the experimental

data, following equations were established for the S–N

curves of for materials:

r ¼ rf Nfð Þb ð5Þ

The values of fatigue strength coefficient rf and fatigue

strength exponent b with different CNF contents are listed

in the Table 2. In this table, fatigue strength exponent de-

crease with increasing weight fraction of CNF, while the

fatigue strength coefficient increases as the CNF content is

increased up to 2%; however, at 3%, the fatigue strength

coefficient is decreased. Figure 10 shows the fatigue life

vs. CNF weight fraction at different cycling stress levels.

2 wt.% CNF/Epoxy exhibit the highest fatigue

performance.

Table 2 Constitutive parameters of of neat nanophased epoxy

Materials k1 k2 V (nm)3 rf (MPa) b

Neat 0.130 1.26 3.23 55.5 –0.0471

1% CNF/Epoxy 0.119 2.29 1.78 68.3 –0.0676

2% CNF/Epoxy 0.102 2.66 1.53 115.6 –0.0981

3% CNF/Epoxy 0.102 2.20 1.85 103.6 –0.104
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Figure 11a shows the S–N curves of 2 wt.% CNF/Epoxy

specimens containing a central hole. For comparison, the S–

N curve for the unnotched specimen is also shown. In this

figure, the stress for the notched specimens was calculated

based on the gross area of the specimen. The fatigue strength

was lower for specimens containing a central hole. Addi-

tionally, the fatigue strength decreased with increasing hole

diameter. However, when the stress was calculated based on

the net area, the fatigue strengths of samples with central

hole were overlap, which are lower than that of samples

without hole (as shown in Fig. 11b). The theoretical stress

concentration factor for specimens with holes of diameters

of 1.6 mm and 3.2 mm are 2.66 and 2.43. This indicates that

CNF/Epoxy nanocomposite has notch sensitivity, but the

different stress concentration factor has the same effect on

the fatigue life of composite. To investigate the stress con-

centration effect on fatigue life of CNF/Epoxy. The fatigue

stress concentration factor Kf is defined as:

From experimental results, the fatigue stress concen-

tration factor Kf can be simulated as:

Kf ¼ 1:60 Nfð Þ0:00864

The fatigue stress concentration factor Kf increased with

cycle number.

Fracture toughness

Fracture toughness of neat and nanophased epoxy were

determined from static tensile of the SENT specimens.

Each of these specimens was cycled 100 times between 4%

and 40% of the peak load at 1 Hz and then statically tested.

During the static tests, the change in specimen length Dl

was measured during the tests by recording the ram posi-

tions through the displacement transducer of the MTS100 1000 10000 100000 1000000
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machine. Figure 12 shows the load-displacement diagrams

of four materials. Since non-linearity was seldom observed

in load-displacement diagrams, the critical stress intensity

factor (KIc) of materials were calculated from peak load of

each load-displacement curve, and were plotted as function

of CNF weight fraction (as shown in Fig. 13). About

2 wt.% CNF/epoxy exhibited maximum 32% enhancement

in fracture toughness. At the higher content, fracture

toughness decreased with filler loading.

Fracture surface

To investigate the failure mechanism of neat epoxy and

nanophased epoxy, the fracture surfaces of failed speci-

mens were comparatively examined. Fracture surfaces of

the same materials at different strain rates are similar, but

the fracture surfaces of materials with different CNF con-

tent are different. The micrograph of neat epoxy in Fig. 14a

shows a typical fractography feature of brittle fracture

behavior, thus accounting for the low fracture toughness of

the unfilled epoxy. Generally, a much rougher fracture

surface occurs upon adding CNF into the epoxy (Fig. 14b

for 2 wt.% system). The increased surface roughness

implies that the path of the crack tip is distorted because of

the carbon nanofiber, making crack propagation more

difficult.

Figure 15a–d show the fracture surface of neat epoxy at

different locations and magnifications. The surface near the

initial crack is relatively smooth. Obvious cleavage steps

and cleavage planes are shown in the specimen (Fig. 15a).

Far from initial crack, the fracture surface becomes rougher

(Fig. 15b). The rougher surfaces consist of many small

cleavage planes (Fig. 15c). Higher magnifications show

that second-phased particles have changed the propagation

direction of microcracks (Fig. 15d) and the surface is

completely flat and featureless between cleavage steps.

Figure 16a and b show the fracture surface of 2 wt.%

CNF/epoxy at different magnifications. Rougher surfaces

indicate that crack propagation resistance has been en-

hanced by CNFs. No cleavage steps and cleavage planes

were found. Figure 16c clearly shows that in a 2 wt.%

system, nanofibers are well separated and uniformly

embedded in the epoxy resin. CNF/epoxy interface deb-

onding was also found, indicating a weak interface

(Fig. 16c). Figure 16d shows the pulled-out CNF after the

interface debonding.

When the CNF content increased to 3 wt.%, the material

failure initiated at a large particle that appeared to be an

agglomeration of several carbon nanofibers (Fig. 17a). The

crack initiation started from the stress concentration caused

by the agglomerated CNFs. Figure 17b shows a micro-

graph of received carbon nanofibers. Many CNFs had al-

ready agglomerated. In the acoustic cavitation processing,
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Fig. 13 Effect of CNF contents on fracture toughness

Fig. 14 Fracture surface of neat (a) and nanophased (b) epoxy at low magnification
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applying alternating acoustic pressure above the cavitation

threshold creates numerous cavities. Agglomerated CNF

particles in liquid resin should be broken. But when CNF

content is higher than 3 wt.%, ultrasonic mixing can not

avoid agglomeration completely.

Conclusion

1. DMA results show that CNF can significantly increase

the storage modulus and Tg. TGA results show that the

fiber content has no effect on the decomposition tem-

perature.

2. Neat and CNF-modified epoxy are strain rate-depen-

dent materials. The elastic modulus and tensile

strength of the materials both increased with higher

strain rates, and the relationships between E and ln _e as

well as between rb and ln _e can be represented by

linear function.

3. The tensile, fracture and fatigue results indicate that

the 2% CNF infusion system exhibit maximum

enhancement as compared with other system.

Fig. 15 Fracture surface of neat

epoxy at different location and

magnification

Fig. 16 Fracture surface of 2%

CNF/epoxy at different

magnification (a: ·50; b: ·500;

c: ·5,000 and d: ·10,000)
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4. Ultrasonic cavitation is an efficient method of infusing

carbon nanotubes into epoxy resin when CNF weight

fractions are lower than 2 wt.%. Above the 2 wt.%,

CNFs agglomerated.
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