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Crazing is a failure mode of bulk polymers and occurs under

predominant uniaxial tensile load when the bulk eventually

forms denser ligaments (or fibrils) while preserving its

continuity.[1–2] The bridging of cracks by such fibrils is an

importantmechanism for energy dissipation and toughening in

thermoplastic polymers. However, craze phenomena are not

observed[3–5] in thermosetting polymers such as epoxies due to

the high crosslinking density of the epoxy chains, which limits

molecular mobility and inhibits craze fibril formation. Such

thermosetting epoxies typically display a brittle failure.[6–7]

We demonstrate here that thermosetting epoxies reinforced

with amido-amine-functionalized multiwalled carbon nano-

tubes (A-MWNTs) exhibit crazing. We show order of

magnitude reduction in fatigue crack growth rates as a result

of the crazing. The fracture toughness and ductility of the

brittle epoxy is also significantly enhanced by the crazing.

Importantly these enhancements in fatigue resistance and

toughness are achieved without any softening of the material.

In fact, the Young’s modulus of the nanocomposite is �30%

greater and the average hardness of the nanocomposite is

�45% higher than the baseline (pristine) epoxy. We show that

this effect is related to heterogeneous curing of the epoxy,

which results in localized pockets of uncrosslinked epoxy that

are trapped (or frozen) at the nanotube–matrix interfaces.

Under mechanical loading, these localized regions of high

molecular mobility can evolve (or coalesce) to generate

conditions that are favorable for crazing. Recently, in a very

interesting study,[8] crazing has been reported for a poly(lactide-

co-glycolide) thermosetting polymer filled with surface-

modified clay nanoparticles. However to the best of our
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knowledge this is the first report of crazing in a thermosetting

epoxy. Given the widespread use of epoxies in structural

applications, the over ten-fold improvement in fatigue

resistance reported here (coupled with enhanced stiffness,

strength, and hardness) is expected to translate into significant

practical applications of these nanocomposite epoxies.

The traditional view of toughening in fiber-reinforced

epoxy composites[9–10] is that the crack interfaces are bridged

by the fiber additives and not by epoxy fibrils (i.e., crazing is

not taking place). This is consistent with our prior experi-

ments[11–12] with pristine (i.e., non-functionalized) MWNTs

dispersed in epoxy matrices. However, the above situation

changes drastically when A-MWNTs are used as the

nanofiller. The procedures that were used to functionalize

the pristine MWNTs with amido-amine (–NHCH2CH2NH2)

groups (Figure 1a) and disperse theA-MWNTs in a bisphenol-

A based epoxy[13] are described later and in the Supporting

Information. The presence of amido-amine groups on the

MWNTswas confirmed using IR spectroscopy (see Supporting

Information). The spatial density of the functional groups was

estimated based on mass loss of various samples in thermo-

gravimetric analysis (TGA) and atomic weights of carbon and

other groups. For the A-MWNTs used in our tests, TGA

analysis revealed the presence of one amido-amine group for

every �560 carbon atoms. An artifact of the functionalization

was a significant shortening of the tube length due to oxidation

in the acid medium; the average length of the A-MWNTs was

�1mm (Figure 1a) in comparison to about 2mm prior to

functionalization. The diameter (Figure 1a) of the A-MWNTs

was �30 nm. The dispersion quality of the MWNTs and A-

MWNTs in the epoxy matrix was quite similar as indicated by

scanning electron microscopy (SEM) characterization of

freeze-fractured samples (see Supporting Information).

Fatigue crack propagation tests showing crack propagation

rate versus stress intensity factor amplitude are shown in

Figure 1b for the baseline epoxy, epoxy with 0.25wt%

MWNTs, and epoxy with 0.25wt% A-MWNTs. The fatigue

tests were conducted using a MTS-858 system following

ASTM standard E647-05 (sample geometry provided in

Supporting Information). From the results we see an over

ten-fold reduction in the crack growth rate for the A-MWNT/

epoxy sample compared to the baseline epoxy over the full

range of stress intensity factor amplitudes. In contrast, the

MWNT/epoxy composite shows good fatigue suppression

performance only at low values of the stress intensity

amplitude and its performance rapidly degrades as the
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Figure 1. Characterization of mechanical and fatigue properties of the nanocomposite and baseline epoxy. a) The left schematic shows a

representation of the functionalization process and the A-MWNT structure. The right SEM image shows that the average length of A-MWNTs is

�1mm; the A-MWNTs were dispersed in acetone and deposited on a silicon wafer for imaging. The TEM image (top) indicates that the A-MWNT

diameter is �30 nm. b) Fatigue crack propagation tests showing crack growth rate (da/dN ) plotted as a function of the stress intensity factor

amplitude (DK ). The inset shows a schematic of the compact tension samples used in the testing. c) Stress–strain response under static tensile

load for the A-MWNT/epoxy, MWNT/epoxy, and baseline (pristine) epoxy samples. The inset shows a schematic of the dog-bone-shaped test

coupons used in the testing. d) Nanoindentation measurements of average hardness for the various samples.

1404
amplitude is increased. This behavior for the MWNT/epoxy

system is expected and corroborates well with existing

models[11–12] for fiber (MWNT) pull-out in the wake of a

propagating crack. These models predict such degradation due

to shrinkage of the fiber-bridging zone in the wake of the crack

tip at the higher stress intensity factors. What is surprising is

that for the A-MWNT/epoxy sample this behavior is not

observed. The ten-fold reduction in crack growth rates are

maintained across the full range of stress intensity factors.

Traditional models based on crack bridging and frictional pull-

out[1,2,14–16] of MWNT fibers cannot explain these observa-

tions.

In addition to the cyclic crack propagation tests, we also

performed static tensile loading tests for dog-bone-shaped

coupons to measure the strain-to-break and static Mode-I

crack opening tests on compact tension samples to measure

the fracture toughness. The A-MWNT samples show �60%

increase in the strain-to-break with respect to the baseline

epoxy compared to only 13% improvement for the MWNT/

epoxy samples (Figure 1c). The measured fracture toughness

(KIc) of the A-MWNT samples was�1.68MPa
ffiffiffiffiffi
m

p
compared
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to 1.19MPa
ffiffiffiffiffi
m

p
for the MWNT-epoxy samples and 1.07MPaffiffiffiffiffi

m
p

for the baseline epoxy (see Supporting Information).

The Young’s modulus (Figure 1c) of the A-MWNT/epoxy

nanocomposite (�3.43GPa) was �30% greater than the

baseline epoxy (�2.64GPa). We also measured the hardness

of the various samples by using a NanoTest 550 Nanoindenter

from Micromaterials Inc. We observed that the average

hardness (Figure 1d) of the A-MWNT/epoxy nanocomposite

(�0.32GPa) was �45% higher than the baseline epoxy

(�0.22GPa); there were significant spatial fluctuations in the

hardness values as indicated by the large error bars. Thus

the addition of A-MWNT fillers has significantly enhanced the

toughness and fatigue resistance of the epoxy, while at the

same time enhancing the stiffness, strength, and hardness of

the baseline epoxy. The MWNT/epoxy and pure epoxy

samples show comparable hardness given the relatively large

fluctuations (Figure 1d) in the hardness response.

The fatigue crack propagation results in Figure 1b indicate

that a fundamental change in the material response has

occurred due to the addition of the A-MWNT fillers. To gain

insight into the reasons for this, SEM analysis of the fracture
bH & Co. KGaA, Weinheim small 2009, 5, No. 12, 1403–1407



Figure 2. Fractography analysis for the A-MWNT/epoxy nanocomposite. a) SEM micrographs

showing crack bridging. The diameter of bridging fibrils is in the 100–1000-nm range. b) SEM

micrograph showing dimples that form on the surface after breakage of the bridging fibrils.

c) SEM image of stretched out fibrils. The inset shows that the fibrils are up to 10-fold longer

than A-MWNTs and are much thicker at the ends compared to the middle portion of the fiber.

d) SEM image of fibril before heating. The inset shows the same fibril imaged after heating to

100 8C. The fibril breaks under the thermal loading.
surface of the A-MWNT/epoxy samples was performed. We

observed that the cracks are bridged by fibers as seen in the

SEM image of Figure 2a. However the diameter of the

bridging fibers ranges from about 100 nm to 1mm. Given that

the diameter of an individual A-MWNT is�30 nm (Figure 1a),

these bridging fibers cannot be A-MWNTs. Moreover the

length of the bridging fibrils is several times larger than the A-

MWNT length (�1mm; Figure 1a). We also observe that for

large crack opening displacement the fibrils break and then

shrink to form dimples (Figure 2b), suggesting that these

bridging fibrils are composed of the epoxy. An interconnected

network of stretched out fibrils is shown in Figure 2c. The inset

shows an individual fibril that is �10mm in length; the

diameter of the fibril is significantly thinner in the middle than

at the ends. Given that the length of an individual A-MWNT is

�1mm, it would not be feasible for the nanotube to stretch to

ten times its original length. It would therefore appear that

these bridging fibers are in fact epoxy fibrils that are drawn out

in uniaxial tension normal to the crack plane, similar to a craze.

To further investigate this we heated the sample to �100 8C
and then reimaged the sample under SEM. Several of the

bridging fibers were observed to break due to the elevated

temperatures (Figure 2d), which is expected if these are epoxy

fibrils. In fact by locally heating individual fibrils using the

electron beam of the SEM (power <3mW) we were able to

rapidly break the fibrils, confirming that the bridging fibers

were not high-melting-point MWNTs but fibrils composed of

the epoxy. Therefore in our system, the A-MWNTs are

initiating the formation of the epoxy craze fibrils and the

energy dissipation is due to the pulling and plastic deformation
small 2009, 5, No. 12, 1403–1407 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
of the fibril. As a consequence, a model

based on frictional pull-out of MWNTs is

not appropriate here. Instead we consider a

force-displacement function for the stretch

of a single fibril (see Supporting Informa-

tion) of the type proposed by Erdogan and

Joseph.[16] Using this model, the crack

growth rate for the nanocomposite (under

steady state conditions) can be expressed as

da

dN
¼ C

DK

q

� �m

(1)

where da/dN is the rate of crack growth, a is

the crack length, N is the number of cycles

of fatigue, m is a constant, C is a constant,

DK is the stress intensity factor amplitude

(for the baseline epoxy), and q is the ratio of

the effective stress intensity factor for the

crack without fibrils to that of the same

crack with fibrils. From Equation 1 it is

clear that the rate of crack growth in the

A-MWNT/epoxy composite is smaller (in a

log10 da=dN vs. DK plot) than in the pure

epoxy by a factor �m log10 q. The experi-

mental data (Figure 1b) suggests that the

difference in log10 da=dN between the neat

epoxy and the A-MWNT/epoxy composite
is �1, so �m log10 q ¼ �1, which gives q¼ 1.93. Using

Erdogan and Joseph’s solution,[16] one can show that

q¼ 1.93, provided that the parameter

A ¼ Kepoxy
Ic

s
ffiffiffiffiffiffiffiffi
pac

p ¼ 0:8 (2)

where s is is the bridging stress generated by crazing, ac is the

length of the bridging zone, and Kepoxy
Ic is the fracture

toughness of the baseline epoxy. The above analysis indicates

that crack bridging models based on crazing can qualitatively

explain the trends for the A-MWNT/epoxy crack growth

observed in our experiments (Figure 1b).

We also considered other possible mechanisms for energy

dissipation such as crack deflection and crack pinning.[1–2] To

investigate whether crack deflection is playing a role, we used a

Dektak Surface Profiler (from VEECO) to obtain the

roughness of the fracture surface for the different samples.

The results of the surface scans indicated that the average

surface roughness of the A-MWNTs is �20% greater than the

baseline epoxy. This suggests that in addition to the crack-

bridging mechanism discussed above, crack deflection also

contributes to the observed toughening. Fractography analysis

however did not reveal any evidence of crack pinning.

Crazing is typically associated[17–18] with the development

of a uniaxial stress state in the material and with sufficient

molecular mobility. Molecular mobility, which would allow

molecules to align in the stretch direction, is favored either by

bond breaking or by the lack of (or reduced) crosslinking.

Heterogeneous epoxy crosslinking near nanofillers could
www.small-journal.com 1405
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Figure 3. Heterogeneity in curing for the nanocomposite. a) DSC scan

showing heat flow versus temperature for the A-MWNT/epoxy, MWNT/

epoxy, and baseline epoxy samples. The data are from the initial DSC

scan; the exothermal peaks in the response indicate the presence of

residual uncured epoxy. b) Subsequent DSC scan on the same samples.

No exothermal peaks are observed for this case.
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generate such regions of high molecular mobility and spatial

fluctuations (variability) in material properties. To investigate

this we performed differential scanning calorimetry (DSC)

characterization of the various samples. The result of the

initial DSC run is shown in Figure 3a. The data indicate a clear

exothermal peak for the A-MWNT/epoxy sample at �70 8C.
No such exothermal peaks are observed for the pure epoxy

and MWNT/epoxy samples. The second exothermal peak

observed at �160 8C is also a curing peak and is observed for

all three samples. The area under this peak is indicative of the

residual uncured epoxy in the samples. This area is measured

as 68.2 J g�1 for the A-MWNT/epoxy compared to only

32.6 J g�1 for the MWNT/epoxy and 42.3 J g�1 for the baseline

epoxy sample. The results of the subsequent DSC run on the

same samples are shown in Figure 3b. No exothermal peaks

are observed in the second DSC run. The measured glass

transition temperatures from the second DSC run for the A-

MWNT/epoxy, MWNT/epoxy, and the pure epoxy samples

are similar (�66 8C).
The exothermal peak (at �70 8C) that is unique to the

A-MWNT/epoxy composite and the increased area under the

curing peak at �160 8C for the A-MWNT/epoxy system

suggests that a significant amount of unreacted epoxy is

kinetically trapped in the crosslinked matrix structure that is

formed at the A-MWNT/epoxy interface. Such local hetero-
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geneity in the curing may be caused by a variety of factors such

as, for example, the fact that the chemistry may be modified

locally due to the presence of amido-amine groups. Epoxy

chain alignment, which is known to influence the crosslinking

density, may also be modified locally[19–20] due to presence of

these functional groups. Heterogeneous crosslinking results in

localized pockets of enhanced molecular mobility; the

correlated evolution of such contiguous mobile regions under

mechanical loading can initiate crazing as observed in our

experiments. It should be noted that the heterogeneities that

we report here are localized to the nanotube–matrix interfaces

since we do not observe any reduction in the global

(macroscale) stiffness, hardness, or strength of the epoxy. In

fact, the measured Young’s modulus of the A-MWNT/epoxy

composite is�30% greater and its averaged hardness is�45%

higher than the baseline epoxy.
Experimental Section

The MWNTs used in this study were prepared in-house by a

conventional chemical vapor deposition method.[21] Raman

spectra for the MWNTs are provided in the Supporting Information.

The procedure used to functionalize the MWNTs (Figure 1a)

consists of two parts. In the first step MWNTs are oxidized and

carboxyl groups (–COOH) are grafted[22] on the surface of the

MWNT. In the second step, thionyl chloride reacts with the

carboxyl groups resulting in –COCl. Then 1,2-ethylenediamine

reacts with –COCl, producing –NHCH2CH2NH2.[23] Additional

details regarding the protocols used for functionalization and

high resolution transmission electron microscopy (HRTEM) images

of the nanotubes are provided in the Supporting Information.

The required amount of functionalized MWNTs for the desired

weight fraction was first weighed and dispersed in acetone (ratio

of 1 mL of acetone to every 20 mg of nanotubes) with the help of a

dispersion surfactant (BYK-9076 obtained from BYK Chemie

Company). The mixture was stirred at 200 rpm for 15 min and

then sonicated using a cup horn sonicator for 30 min. The mixture

was added to Epoxy 2000 (bisphenol-A-based epoxy from

Fibreglast Inc), stirred manually for 2 min, and then sonicated

using a cup horn sonicator for a further 30 min. Degassing was

then performed by heating the sample in a vacuum oven at 70 8C
for 10 h. This step was essential to evaporate and remove the

acetone from the mixture. The sample was then cooled and 75 mg

(0.5 wt%) of an air-releasing agent (BYK A-500) was added to the

mixture. The mixture was stirred manually for 10 min and then

degassed under vacuum at room temperature. Next, low viscosity

curing agent 2120 obtained from Fiberglast Inc. was added and

blended into the epoxy using a high-speed mixer, model ARE-250,

from Thinky Corporation at 2000 rpm for 4 min. The mixture was

then placed in vacuum again for a final degassing stage for

15 min. Then the mixture (nanotubes and epoxy) was poured into

silicon molds. The composite was cured at room temperature and

90 psi pressure for 24 h, followed by 2 h of post cure at 90 8C.

Fatigue crack propagation tests were conducted using a

MTS-858 material testing system following ASTM standard

E647-05. An initial pre-crack was created in the compact tension

samples by gently tapping a fresh razor blade over a molded

starter notch. The radius at the tip of the pre-crack was similar for
bH & Co. KGaA, Weinheim small 2009, 5, No. 12, 1403–1407



all the samples tested, which was confirmed by optical

microscopy prior to testing. All tests were performed under load

control at a constant load ratio R of 0.1 (R¼ Kmin/Kmax) and at a

test frequency of 5 Hz. The crack length was measured using the

compliance method and was confirmed by a high resolution video

monitoring system.

The curing behavior of the epoxy composites was characterized

with a modulated DSC (model Q1000, TA Instruments). A sample

of approximately 5 mg was sealed in a hermetic aluminum pan.

Dynamic scanning experiments were conducted at a ramp rate of

10 8C min�1 from the ambient temperature to 250 8C to obtain the

curing heat-flow diagram of the composite. The cured sample was

left in the DSC cell and cooled to room temperature under a

controlled rate of 10 8C min�1. The sample was reheated to 250 8C
at 10 8C min�1 to obtain the second heat-flow diagram.
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