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a b s t r a c t

Carbon nanotubes (CNT) in their various forms have great potential for use in the development of mul-

tifunctional multiscale laminated composites due to their unique geometry and properties. Recent

advancements in the development of CNT hierarchical composites have mostly focused on multi-walled

carbon nanotubes (MWCNT). In this work, single-walled carbon nanotubes (SWCNT) were used to

develop nano-modified carbon fiber/epoxy laminates. A functionalization technique based on reduced

SWCNT was employed to improve dispersion and epoxy resin-nanotube interaction. A commercial pre-

pregging unit was then used to impregnate unidirectional carbon fiber tape with a modified epoxy sys-

tem containing 0.1 wt% functionalized SWCNT. Impact and compression-after-impact (CAI) tests, Mode I

interlaminar fracture toughness and Mode II interlaminar fracture toughness tests were performed on

laminates with and without SWCNT. It was found that incorporation of 0.1 wt% of SWCNT resulted in

a 5% reduction of the area of impact damage, a 3.5% increase in CAI strength, a 13% increase in Mode I

fracture toughness, and 28% increase in Mode II interlaminar fracture toughness. A comparison between

the results of this work and literature results on MWCNT-modified laminated composites suggests that

SWCNT, at similar loadings, are more effective in enhancing the mechanical performance of traditional

laminated composites.

Crown Copyright � 2011 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Carbon nanotubes (CNT) have shown great promise for use in

development of multifunctional multiscale laminated composites.

CNT can be incorporated within a fiber reinforced plastic structure

through integration with the matrix [1], fiber [2] or both [3]. The

main advantage of CNT in such applications is their potential to ad-

dress several weaknesses of conventional laminated composites

including delamination problems, low impact damage resistance,

weak fiber–matrix interface, and low transverse mechanical prop-

erties. Integration of CNT within the resin matrix mainly addresses

resin-dominated properties such as delamination, impact resis-

tance and transverse properties. On the other hand, incorporating

CNT into the sizing of conventional fiber reinforcements has the

potential to improve fiber/matrix adhesion, mainly via a large in-

crease in the effective surface area of the fiber. Whether they are

integrated into the fiber or the matrix resin, CNT-modified com-

posite laminates have usually been fabricated using liquid molding

methods such as vacuum-assisted resin transfer molding, or

VARTM [1,4,5]. However, a key challenge with using this method

is the very large increase in resin viscosity that accompanies CNT

introduction. To address this issue and to support commercializa-

tion of CNT-modified hierarchical composites, prepregging has also

been examined for the integration of modified resins with the rein-

forcing fibers [6–8].

Epoxies are widely used as the polymer matrix for high-

performance laminated composites due to their good mechanical

performance, processability, compatibility with most fibers, chem-

ical resistance, wear resistance and cost. However, these materials

are relatively brittle, which is detrimental to the interlaminar

properties. The addition of soft nano-particles (SNP) has demon-

strated great potential to improve the mechanical performance of

thermosets and their laminates. While several mechanisms have

been proposed to explain such improvements, crack-pinning is fre-

quently cited as one of the key enhancement mechanisms [9]. In

recent years, rigid nano-particles such as CNT have shown the po-

tential to act as toughening agents for a range of epoxies due to

their high aspect ratios and excellent mechanical properties. CNT

toughening mechanisms are mainly based on fiber bridging (fiber

pull-out and fracture) and are thus different from those of SNP. It
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is therefore reasonable to hypothesize that a combination of the

two types of nanoparticles could result in synergistic enhance-

ments of fracture toughness.

Of the two main categories of CNT, single-walled CNT (SWCNT)

and multi-walled CNT (MWCNT), the latter have been more widely

utilized for the development of enhanced hierarchical laminated

composites (readers can refer to a recent review paper on the sub-

ject by Qian et al. [10]), due to their low cost, commercial availabil-

ity in large quantities and ease of dispersion. As a result, the

potential of SWCNT for use in hierarchical composites is largely

unknown. Some studies, however, have shown that SWCNT offer

superior performance due to their smaller diameter (or higher sur-

face areas), higher aspect ratios, more efficient load transfer and

better mechanical properties due to higher crystallinity [11,12].

On the other hand, SWCNT are known to pose challenges in terms

of dispersion, requiring the development of suitable functionaliza-

tion techniques which address these issues while not damaging the

SWNCT molecular structure.

This work focuses on production and characterization of

SWCNT-modified (hierarchical) carbon fiber/epoxy laminated

composites. An epoxy system already optimized for toughness

through incorporation of conventional modifiers was chosen as

the baseline material. To develop a SWCNT-modified version of

this epoxy, a functionalization scheme based on reduced SWCNT

was utilized since it provided both uniform SWCNT dispersion

within the epoxy and covalent bonding between the SWCNT and

the epoxy matrix. The end-notch fracture toughness (ENF) of dif-

ferent batches of modified epoxy containing 0.1 wt% or 0.2 wt%

of SWCNT were compared with the baseline epoxy resin. Based

on these results, unidirectional carbon fiber prepreg sheets made

of 0.1 wt% functionalized SWCNT-modified epoxy resin were man-

ufactured for further mechanical testing, including impact and

compression-after impact tests and fracture toughness tests (both

Mode I and Mode II). Non-destructive techniques (ultrasonic C-

scan and scanning electron microscopy) were also used to evaluate

effects of SWCNT on the performance of the laminated composites.

2. Materials

SWCNT were produced in-house using a double-laser method

reported previously [13]. The produced pristine SWCNT were puri-

fied using an NRC-developed purification procedure known as

WCPP (Wet Chemistry Purification Protocol), mentioned in other

recent publications [14,15]. Tube purity after purification is greater

than 90% by weight (Fig. 1). An epoxy resin system (Bisphenol A-

(epichlorohydrin) provided by Newport), already optimized for

toughness using a plasticizer, was used in this work. To functional-

ize the tubes, SWCNT in the form of dry powder were ground in a

small amount of dry Tetrahydrofuran (THF) within an agate mor-

tar, and then the wet paste was transferred into a Schlenk flask.

After adding more THF, the mixture was bath-sonicated until a

well-dispersed suspension was formed. The suspension was

purged with nitrogen and mixed with small pieces of sodium to

dry the mixture. After stirring for 20 min, a previously-prepared

dark green sodium–naphthalene–THF solution was added to the

mixture. The mixture immediately became dark green and was

stirred at room temperature for roughly 24 h, then centrifuged at

5000 RPM for 30 min. The liquid phase was discarded and the pre-

cipitate was washed twice with dry THF, then again suspended in

dry THF for next step. A THF-based solution of the epoxy system

(pre-mixed with plasticizers) was heated to 65 �C in a 4 L beaker

and sparged with nitrogen for 30 min while being subjected to

strong mechanical stirring. Under continuous nitrogen flow and

at constant temperature, the reduced SWCNT suspension in THF

was quickly poured into the hot resin solution over a 10-minute

period. The chemical strategy utilized for the integration of re-

duced SWCNT and the epoxy system is presented in Fig. 2. After

all the SWCNT suspension was added, the mixture was strongly

stirred for an additional 2 h, while being maintained at 65 �C, while

a strong flow of nitrogen was blown onto the surface. The nitrogen

gas was then replaced by compressed air and sparging continued

for another 2 h at the same temperature. Finally, the remaining re-

sin mixture was placed in a vacuum oven at 100–120 �C and a

pressure of about 1 torr overnight until no solvent smell was de-

tected. Details about the method used to functionalize the SWCNT

are provided elsewhere [16].

Two batches of SWCNT-integrated epoxy system with loadings

of 0.1 wt% and 0.2 wt% were prepared according to this functional-

ization scheme. Two other samples of nano-modified epoxy system

with similar loadings of SWCNT were also prepared using a surfac-

tant (BYK-67A) in order to reduce air bubble formation. A small

amount of surfactant (0.2 wt%) was added to the resin by hand stir-

ring for 5 min. Based on results from characterization of small

batches of the SWCNT-modified epoxy system (See Section 4.1), re-

sin using 0.1 wt% reduced SWCNT with the surfactant was chosen

for fabrication of SWCNT-modified carbon fiber laminates. After

preparing 20 kg of this SWCNT-modified epoxy system, using the

methods described above, a prepreg tow processing technique

was used to impregnate unidirectional carbon fiber tape (Newport

Graphite Unitape G150 NASS) using a commercial-scale solvent-

free prepregging technique based on hot melt processing. To re-

duce impregnation time and minimize potential resin degradation

due to extended heating, the compact fiber tows were first ex-

panded transversely before resin was applied to both sides [17].

Prepreg sheets 92 mm wide by 0.155 mm thick were made from

both non-modified (baseline) and SWCNT-modified resins using a

commercial prepregger machine at 60 �C. In order to compensate

Fig. 1. SEM images of (a) as-produced SWCNT and (b) purified SWCNT.

1570 B. Ashrafi et al. / Composites Science and Technology 71 (2011) 1569–1578



for the viscosity change arising from the addition of SWCNT, pre-

pregging speed was adjusted to obtain comparable impregnation

quality for both baseline and SWCNT-modified prepreg. After pre-

pregging, the material was stored in a freezer at �22 �C. Composite

panels were manufactured using an autoclave after typical manual

hand layup and vacuum bagging of prepreg plies.

3. Methods

3.1. Resin fracture toughness tests

Plane-strain fracture toughness (KIC) was measured on samples

of neat resin (no CNT), and four nanocomposite batches made

using SWCNT with loadings of 0.1 and 0.2 wt% (with and without

surfactant). All neat and SWCNT-modified epoxy resins were cured

at 130 �C for 2 h. For each resin batch, six coupons of dimensions

40 � 9.5 � 4.75 mm3 were cut from cast blocks using a diamond

saw. Coupons were lightly sanded with 400-grit sandpaper to

smooth rough edges and improve the surface finish. A sharp notch

0.9 mm wide was machined into the specimen using a milling ma-

chine with a Dremel rotary disk which generated a flat bottom

notch. A sharp natural crack was then generated by sliding a new

razor blade across the root notch to create a total crack length

(a) of 0:45 <
a
b
< 0:55 (b: specimen width), in accordance with

ASTM D 5045 [18].

3.2. Mode I and Mode II interlaminar fracture toughness

In order to evaluate effects of SWCNT on the ability of the lami-

nate to resist interply delamination under a normal force perpendic-

ular to the crack plane (Mode I) and a shear force (Mode II), both

Mode I and Mode II interlaminar fracture toughness tests were per-

formed on the laminates. Panels with dimensions of 280 � 165 � 3.

8 mm3 were manufactured from each of the two batches of prepreg

(i.e.with andwithout SWCNT). Panelsweremadeof 24 layers of uni-

directional prepreg plies with a Teflon film of 280 � 63.5 � 0.

012 mm3 inserted between the 12th and 13th plies along one edge

of the layup. Both laminates were cured at 130 �C for 70 min with

a temperature ramp rate of 2 �C min for heating and cooling. Double

cantilever beam (DCB) specimens for both Mode I and Mode II frac-

ture tests were cut from each panel using a water-cooled diamond

table saw in accordance with ASTM D5528 [19]. Mode I tests were

performed in displacement control at a loading rate of 0.5 mm/

min and unloading rate of 25 mm/min. Load frame crosshead dis-

placement and load were captured in 2 s intervals. Load and dis-

placement were then related to delamination length as measured

with a ruler on the specimen edge. For each of thematerial systems,

five specimens were tested to obtain average value of initiation and

propagation GIC Mode II fracture tests were performed using the

end-notch flexure test (ENF) [20]. TwoMode II interlaminar fracture

toughness values, non-precracked (NPC) toughness and precracked

(PC) toughness,were calculated for each sample. TheNPC toughness

was calculated at the initial onset of delamination growth, starting

at the edge of the embedded Teflon insert, while the PC toughness

was calculated after delamination had already advanced beyond

the implanted Teflon insert. Delamination growth was found to be

highly unstable in Mode II, so only initiation values for fracture

toughnesswere ultimately obtained. The fracture tests and required

compliance calibration were done using a three-point bending fix-

ture with an MTS Insight� Electromechanical Testing System at a

displacement rate of 0.5 mm/min in loading, 1.6 mm/min inunload-

ing, and a sampling rate of 30 data/min.

3.3. Impact and post impact tests

Impact damage resistance and compression-after-impact (CAI)

strength of composite laminates were determined using the stan-

dard test methods described in ASTM D7136 and ASTM D7137

[21,22]. For each of retained material systems (unmodified resin

and resin with 0.1 wt% functionalized SWCNT), a 5 mm thick lam-

inate panel with a stacking sequence of [45/0/�45/90]4S, which is a

quasi-isotropic, mid-plane symmetric, was manufactured using an

autoclave. Both laminates were cured at 130 �C for 70 min with a

temperature ramp rate of 2 �C min for heating and cooling. From

each panel, six coupons with dimensions 152 � 102 � 5.0 mm3 in

thickness were cut using a diamond saw. The 0� ply was aligned

with the long dimension of the panel according to the ASTM stan-

dard. All specimens were impacted using a Dynatup� Model 8200

drop weight impact machine. Specimens were placed on a support

fixture over a 76.2 mm � 127.0 mm rectangular cut-out in the

impactor base and held in place by four rubber-tipped clamps to

exert clamping pressure. A hardened steel 15.9 mm diameter

hemispherical striker (impact tip) with an overall impactor weight

of 6.3 kg was used. All impact tests and subsequent compression-

after-impact (CAI) strength tests were conducted at laboratory

ambient conditions. Impact damage was assessed via ultrasonic

C-scan using a TecScan seven axis automated ultrasonic system

including an Utex pulser/receiver, Tecscan data acquisition soft-

ware and a 2.25 MHz, 12.7 mm diameter immersion probe [23].
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Fig. 2. Functionalization scheme based on negative charging for the integration of SWCNT and epoxy.

Fig. 3. Effect of SWCNT on resin fracture toughness.
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Measurements of damage extent were conducted based on digital

C-Scan images using Matlab software by estimating the maximum

extend of delamination damage. To evaluate the CAI strength of

coupons, compressive load was applied at a rate of 1.27 mm/min

under cross-head displacement control using a 450 kN load capac-

ity MTS 880 hydraulic load frame according to ASTM D7136. The

Fig. 4. Schematic of the effects of SWCNT and plasticizers on fracture toughness. (a) Crack-pinning mechanism arising from SNP inclusion within the resin. (b) The conflicting

influence of CNT on the crack propagation: both bridging cracks (for CNT numbered as 3 and 4) and diverting crack around SNP due to a weaker CNT-epoxy interface (for CNT

numbered as 1 and 2).

(a) Fracture 
ridges 

(b) 

(d)(c)

(e) 

Fracture 
ridges 

Bundles lying on 
fracture surface 

Fig. 5. SEM images taken from fractured surfaces of a SWCNT-modified epoxy resin specimen (a, c and e) and a neat epoxy specimen (b and f); a comparison of the fractured

surfaces at a low magnification (a and b) and a high magnification (c and d) suggests a rougher surface for neat fractured surface; The existence of individual bundles of

SWCNT lying on the fracture surface of the nanocomposite sample (e).
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CAI test fixture provides supports to the vertical edges of the spec-

imen to prevent buckling, and the top and bottom edges are

clamped to suppress edge delamination.

4. Results and discussion

4.1. End-notch fracture toughness tests

Fig. 3 shows the measured fracture toughness for five different

resin batches: neat epoxy; 0.1 wt% and 0.2 wt% SWCNT (without

surfactant); 0.1 wt% and 0.2 wt% SWCNT (with surfactant). All

thirty test results (six per each batch) were deemed valid since

the loading relationship was linear in each case, with an abrupt

drop to zero at the instant of crack growth initiation. Fracture sur-

faces were examined using microscopy to identify any voids on the

fracture surface. Only one out of 30 tested specimens was found to

contain voids on the fracture surface (it was eliminated from the

data). The average and standard deviation of the calculated

plane-strain fracture toughnesses for each batch are shown in

Fig. 3. For all four batches of nanocomposites, the addition of

SWCNT resulted in a reduction in fracture toughness (12–20%) as

compared to the neat epoxy system. One possible explanation for

this reduction is illustrated in Fig. 4. As discussed previously, the

addition of plasticizers causes an increase of fracture toughness

versus unmodified epoxy through a crack pinning mechanism

(Fig. 4a). Optimization of the plasticizer content therefore results

in maximizing crack-pinning effectiveness. Although the addition

of SWCNT can also potentially enhance the fracture toughness of

an epoxy system via various mechanisms such as fiber bridging,

they can also reduce the effectiveness of the SNP additives by devi-

ating cracks away from these plasticizers through the weaker re-

sin-SWCNT interface (see Fig. 4b). Hence, although SWCNT can

substantially enhance resin toughness in some resins, the net re-

sult of their introduction can be a toughness reduction in others

(as in this work).

As shown in Fig. 3, increasing SWCNT content from 0.1 wt% to

0.2 wt% results in a further reduction of fracture toughness for both

with and without surfactant cases (from 12% to 19% for cases with

surfactant and from 19% to 21% for cases without surfactant). This

reduction may be attributed to the increasingly negative impact of

SWCNT crack path deviation from the SNP. However, other possi-

bilities may explain the observation such as increased resin viscos-

ity during processing [24], modifications to the cure rate and

molecular network formation [25]. In any case, the data suggest

that the addition of surfactant reduces the negative effect of

SWCNT on resin toughness for both CNT loading levels, perhaps

by reducing air bubbles.

Fig. 5 shows SEM images taken from bulk samples of epoxy

nanocomposite with 0.1 wt% SWCNT (with surfactant) and neat

epoxy. At magnifications of both 400� and 3000�, the fracture sur-

face of the neat epoxy (Fig. 5b and d) seems to be rougher (more

ridges) than that of the nanocomposite (Fig. 5a and c), suggesting

that more energy was required for crack propagation in the neat

epoxy specimens. This is in agreement with the results presented

in Fig. 3 and the hypothesis presented in Fig. 4. Fig. 5e shows the

higher magnification image of the nanocomposite fracture surface,

demonstrating the existence of individual SWCNT bundles lying on

the fracture surface. This is a possible reason for the smoother

nanocomposite fracture surface as compared with the neat epoxy,

in agreement with the assumptions for crack deviation presented

in Fig. 4.

4.2. Modes I and II interlaminar fracture toughness

Due to the marginally better end-notch fracture toughness re-

sults obtained, resin formulations with 0.1 wt% SWCNT (with sur-

factant) were chosen for fabrication of composite laminates, along

with the baseline resin containing no CNT.

Load–displacement curves comparing neat and SWCNT-modi-

fied Mode I DCB specimens show a linear load–displacementFig. 6. Load–displacement curves of neat and SWNT modified DCB samples.

Fig. 7. Fracture resistance curve values comparing neat versus SWNT modified DCB

samples.

Table 1

Comparison summary of mechanical testing of neat and nano-modified laminates.

Properties Unmodified

laminate

SWCNT-

modified

laminate

Percentage

increase/decrease

(%)

GIc Initiation 314 ± 18 J/m2 323 ± 41 J/m2 +3.0

GIc Propagation 343 ± 7 J/m2 387 ± 6 J/m2 13.0

GIIc Non precracked 1.79 ± 0.24

KJ/m2

2.01 ± 0.13 KJ/

m2

12.4

GIIc Precracked 1.10 ± 0.13

KJ/m2

1.41 ± 0.08 KJ/

m2

27.4

Area of impacted

zone (mm2)

57.8 ± 4.8 54.8 ± 4.0 �5.2

Residual

compression

strength (rc)

228 ± 11 MPa 235 ± 3 MPa +3.5
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relationship up to the point of crack initiation (Fig. 6). However,

SWCNT-modified samples sustained a higher crack-initiation load.

The load–displacement data were used to generate fracture resis-

tance curves as shown in Fig. 7. As can be seen, the fracture tough-

ness values were nearly independent of crack length for all six

specimens shown in Fig. 7. This compares to other published re-

sults based on MWCNT [26,27] in which the fracture toughness

values vary considerably as crack length increases. It seems rea-

sonable that this may be attributable to a more uniform dispersion

of SWCNT within epoxy due to a lower loading of SWCNT and the

effective functionalization to maintain the dispersion. GIc initiation

and propagation measurements for all specimens were averaged

and reported in Table 1. As shown in the table, Mode I interlaminar

initiation toughness values were found to be lower than propaga-

tion values. This is believed to be caused by the fact that the first

incremental delamination starts from the end of the Teflon insert

(crack initiator) and it is only after the crack begins to propagate

that toughening mechanisms such as fiber bridging begin to act,

increasing the energy required to grow the crack further [28–30].

Fig. 81 shows an SEM image of a fractured DCB coupon failed under

Mode I loading. This figure shows evidence of bridging by larger

bundles of SWCNT, contributing to the observed increase of frac-

ture toughness failure via two different mechanisms: pull-out of

SWCNT bundles that were near-perpendicular to the fracture sur-

face (shown by red arrows in the figure), and a peeling or com-

bined peeling/pull-out mechanism for nanotubes more parallel to

the fracture surface, shown by dotted yellow arrows.

It is interesting to note that the initiation GIc for the SWCNT-

modified laminates was 3% higher than for the neat DCB samples

while the average propagation value increased by 13%. Since the

SWCNT toughening mechanisms postulated above are expected

to be more ‘‘active’’ during propagation, this supports the idea that

these are indeed the source of the increased toughnesses observed.

A similar increase of 13% in Mode I fracture toughness was re-

ported by Romhany and Szebenyi [27] for a MWCNT loading of

0.3 wt%, suggesting that SWCNT may be more effective than

MWCNT for a given loading. In another work, Karapappas et al.

[31] demonstrated that 1 wt% loading of MWCNT can result in a

60% improvement in Mode I fracture toughness; however, for small

loading of 0.1 wt% (similar to this work) slight reductions in both

Mode I and Mode II fracture toughness values were reported.

Fig. 9 shows an example of load–displacement measurements

during Mode II fracture toughness tests for both baseline and nano-

composite samples. The percentage change in the Mode II inter-

laminar fracture toughness values after addition of SWCNT is

listed in Table 1. Increases of 12% and 27% were measured for pre-

cracked (PC) and non-precracked (NPC) coupons, respectively,

upon addition of SWCNT. Fig. 10 shows SEM images of the fracture

surfaces of a baseline and a nano-modified specimen. Two domi-

nant toughening mechanisms involved with Mode II fracture tests

are micro-cracks and hackles, which are both related to micro-

scale matrix failure modes [22–37]. A comparison between the

two SEM images shows that the hackles are larger for the nano-

composites. Unlike the Mode I DCB specimens, which exhibit con-

tinuous crack growth along the fiber/matrix interface, Mode II ENF

specimens show discontinuous crack growth by micro-crack coa-

lescence, leading to the development of hackles at the fracture sur-

face. In Mode II loading, fiber bridging is a less important

toughening mechanism than in Mode I failure [30,38]. It is postu-

lated that in Mode II nanotube bundles act as rigid fillers which

arrest the crack, preventing or delaying the expansion of micro-

cracking within the matrix-rich interface area. That would explain

the larger hackles present at the fracture surface of the CNT mod-

ified composite laminates as compared to that of the base compos-

ite laminates. Fig. 10c and d shows higher magnification SEM

images of fractured specimens. Some level of fiber bridging by lar-

ger CNT bundles can be seen in the nano-modified laminates.

Fig. 8. SEM images of DCB coupons failed under Mode I loading for (a) baseline laminate and (b) SWCNT-modified laminate. Evidence of two types of crack bridging can be

seen for larger bundles of SWCNT: CNT pull-out for bundles more perpendicular to the fracture surface, shown by red arrows, and CNT peeling-out for bundles more parallel

to the fracture surface, shown by dotted yellow arrows.

Fig. 9. A representative graph showing the Mode II fracture tests for the nano-

enhanced and baseline samples.

1 For interpretation of color in Figs. 8 and 13, the reader is referred to the web

version of this article.
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As summarized in Table 1, the addition of a small quantity of

SWCNT resulted in considerable improvements in both Mode I

and Mode II fracture toughness values. It has been previously

shown that an increase of interlaminar layer thickness can result

in an increase of interlaminar fracture toughness [39,40]. Due to

the increase in resin viscosity that accompanies the addition of

CNT, is has been suggested (e.g. by Quan et al. [10]) that this

may be the source of previously observed toughness increases

rather than any direct effects of the CNT themselves. In order to

rule out this possibility for the current case, optical microscopy

of cross-sections of both baseline and SWCNT-modified laminates

was conducted (an example shown in Fig. 11). This study revealed

no difference in the overall thickness of the resin-rich layer be-

tween plies, nor were any significant differences found in the total

thicknesses of the two different types of laminates (i.e. with and

without SWCNT).

The measured improvements in ModeS I and II interlaminar

fracture toughness with the addition of SWCNT are contrasted with

the 12% reduction observed in resin fracture toughness for the same

case. Two sources for this contradiction are hypothesized. First,

during resin end-notch fracture toughness tests, the crack front

has the freedom to propagate in any directions (locally). As a result,

cracks can progress along the length of a SWCNT (or bundle of

SWCNT), which is likely the lowest energy mode for crack growth.

For the case of laminate Mode I and Mode II interlaminar fracture

toughness tests, however, crack growth is limited to the 7 lm-

thick interlaminar layer (Fig. 11). As a result, SWCNT that pass

through this region can effectively bridge the crack front, as shown

in Fig. 8.

(a) (b)

(c) (d)

Hackles

Hackles

Fig. 10. SEM of fractured Mode II DCB coupons at different magnifications for (a and c) baseline laminate and (b and d) SWCNT-modified laminate. The existence of larger

hackles can be seen for SWCNT-modified laminate.

µ

µ

Fig. 11. A microscopic image of the interlaminar region between two adjacent

layers of the nano-modified laminates. A small void of a few micrometers is also

visible near the interface.

Fig. 12. Load and absorbed energy versus time for three baseline and three nano-

modified coupons.
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A second factor may relate to the fact that while resin end-

notch fracture toughness tests were performed on specimens cut

from bulk resin, in which SWCNT dispersion is more-or-less

random, the process of prepreg manufacturing likely results in

Table 2

Impact response parameters and compression-after-impact strength of baseline and nano-modified laminates.

F1 (KN) Fmax (KN) EJ (J) Ea (J) Damage area (cm2) Strength (MPa)

Baseline specimens

Coupon 1 8.94 12.3 32.4 13.6 58.9 236

Coupon 2 9.23 12.7 32.9 14.2 54.6 240

Coupon 3 8.71 12.8 32.5 14.0 51.6 224

Coupon 4 9.27 12.8 32.5 14.8 59.2 219

Coupon 5 9.50 12.2 32.4 14.2 65.5 212

Coupon 6 9.06 12.9 32.4 12.6 56.9 238

9.12 ± 0.28 12.6 ± 0.3 32.5 ± 0.2 13.9 ± 0.7 57.8 ± 4.8 228 ± 11

SWCNT-modified specimens

Coupon 1 9.16 12.5 32.8 14.7 57.4 —

Coupon 2 9.46 13.2 32.5 14.7 53.8 240

Coupon 3 9.12 13.0 32.3 12.6 61.5 232

Coupon 4 9.21 12.7 32.2 13.1 53.1 234

Coupon 5 9.45 12.6 32.5 14.5 52.1 237

Coupon 6 9.17 12.8 32.7 13.6 50.8 237

9.26 ± 0.15 12.8 ± 0.3 32.5 ± 0.2 13.9 ± 0.9 54.8 ± 4.0 236 ± 3

Difference +1.57% +1.33% +0.08% +0.36% �5.2% +3.5%

(a)

(b)

(c)

Fig. 13. A representative C-scan image of an impacted panel; (a) B-scan through the thickness; (b) internal damage extent; and (c) calculation of delamination area using a

MATLAB code.
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changing both the orientation and dispersion of SWCNT. It is likely

that thickness-through impregnation of carbon fiber tapes results

in a partial alignment of SWCNT, perpendicular to the crack growth

direction. In this scenario, SWCNT are to be more effective to

bridge the crack and increase the fracture toughness as compared

to the randomly-oriented SWCNT in bulk specimens as shown in

Fig. 4. Factors other than those mentioned above, can also explain

this discrepancy between bulk samples and their composites. As an

example, it has been previously shown that a slight reduction in

epoxy molecular network density can cause an increase in resin

fracture toughness [41]. It is possible that the presence of both

SWCNT and carbon fibers in the nano-modified laminate can result

in a further reduction of epoxy network density as compared to the

baseline epoxy/carbon fiber laminate, resulting in the enhance-

ment of the fracture toughness of the nano-modified laminate.

4.3. Impact resistance and CAI strength

Fig. 12 plots the impact force and the absorbed energy (calcu-

lated through the numerical load–time curve integration) versus

time for baseline and nano-modified specimens. Only three repre-

sentative curves for each laminate (out of six specimens tested) are

shown for clarity. These graphs show that the tests were very

repeatable. As can be seen, an abrupt change in load is evident at

about 9 kN, followed by a series of notable load reversals which

are most likely caused by progressive failures in individual plies

and accompanying load redistributions. The load at which the first

evidence of failure is observed is designated as F1. The maximum

load (Fmax) level is about 13 kN for both types of laminates. As

shown in Fig. 12, about 5 ms after the start of impact, the impact

force drops to near zero, implying that the impactor is no longer

in contact with the specimen and the impact process is complete.

The absorbed energy at this instant is thus an indication of the total

energy transferred to the specimen. This value is designated as the

absorbed energy, Ea, as shown in Fig. 12. The measured loads F1 and

Fmax (as shown in Fig. 12), the impact energy Ei, and the absorbed

energy Ea (also shown in Fig. 12) of all 12 specimens from the two

material systems are summarized in Table 2.

The difference in the average values of F1 and Fmax for the base-

line and nano-modified laminates are 1.6% and 1.3%, respectively,

while the difference in the absorbed energy Ea is less than 0.5%.

Hence, it is clear that the difference in impact damage response

of the two composite systems is, at best, very small. Fig. 13 shows

a typical ultrasonic C-scan image of an impacted laminate

(showing a baseline specimen). Fig. 13a shows a B-scan image ta-

ken a through-thickness ‘‘slice’’ of specimen passing through the

centre of the damage area. The delaminated areas, indicated with

arrows in the figure, can be seen to increase in size moving from

the impact location (top surface) toward the bottom surface of

the laminate. Fig. 13b, with the blue background, shows a top view

of the internal damage extent. This C-scan image shows all damage

throughout the specimen from the top surface to the bottom sur-

face. Hence, this image shows the maximum extent of damage

throughout the laminate thickness. Fig. 13c shows a modified ver-

sion of the C-scan image from Fig. 13b, which was used to calculate

the ‘‘damage area’’ of each coupon. After comparing the calculated

damage areas of each coupon, it was found out that nano-modified

panels have a damage area that is smaller than the baseline panels

by an average of 5.2% (Table 2). Given the very similar levels of en-

ergy absorption for both types of panels, it is believed that the

reduction in damage area can directly be attributed to the contri-

bution of SWCNT to dissipating energy. A similar effect was also

observed by Kostopoulos et al. [42] who found that the incorpora-

tion of 0.5 wt% MWCNT resulted in a 3% reduction of damage area

versus baseline panels. The evidence of greater effectiveness of

SWCNT as compared to the MWCNT used in [42] may attributable

to their higher aspect ratios (>1000 versus 30–50) and their better

mechanical properties. Yokozeki et al. [43] found a similar reduc-

tion of 7% in damage area for 10 wt% loading of cup-stacked CNT.

Again, the greater effectiveness of SWCNT in this case may be

attributable to their much better mechanical properties.

The CAI strength was also obtained for each impacted specimen.

Fig. 14 plots compression load versus crosshead displacement for

three representative impacted panels from each batch (baseline

and nano-modified). The measured CAI strength of all 12 speci-

mens from the two material systems is summarized in Table 2. A

3.5% increase in the compression strength was measured for the

nano-enhanced laminates as compared to the baseline panels.

However, this result must be used with caution since the results

for the baseline specimens have a variance greater than this differ-

ence. Comparing these results with others found in the literature,

Kostopoulos et al. [42] reported a 12–15% increase in CAI strength

for nano-enhanced laminates containing 0.5 wt% MWCNT. Yoko-

zeki et al. [43] measured 0% and 7% in improvements in CAI

strength for laminates with 5 wt% and 10 wt% of cup-stacked

CNT, respectively.

5. Conclusions

Due to their unique characteristics, CNT have recently attracted

significant attention for their potential to be used in development

of multifunctional multiscale laminated composites. The primary

focus to date has been on MWCNT. In this work, SWCNT were uti-

lized for the development of nano-modified hierarchical carbon fi-

ber/epoxy laminates fabricated using a commercial prepregging

technique. Direct integration of CNT within the laminate matrix

through prepregging has advantages over methods based on local

modification of fibers or interlaminar regions. First, integration

can be readily performed on a large scale by minimizing necessary

changes in conventional prepreg production methods. Secondly,

concerns such as thicknesses increases of interlaminar layers or

inhomogeneous laminate reinforcement can be avoided.

In this work, incorporation of 0.1 wt% of SWCNT resulted in a 5%

reduction in impact damage area, a 3.5% increase in compression-

after-impact strength, 13% increase in Mode I fracture toughness,

and 28% increase in Mode II interlaminar fracture toughness. As

shown by SEM, SWCNT contribute to increased fracture toughness

by crack bridging (pull-out and peeling) in Mode I and the forma-

tion of larger hackles in Mode II. A comparison between the results

Fig. 14. Compression-after-impact test results for three representative laminates.
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of this work and literature results on MWCNT-modified laminated

composites suggests that SWCNT are more effective in enhancing

the mechanical performance of traditional laminated composites.

This can be attributed to such factors as their higher aspect ratios,

lower levels of impurities, better mechanical properties, and more

effective SWCNT-resin interaction through use of an efficient func-

tionalization scheme. However, the optimization of functionaliza-

tion schemes is necessary to guarantee that higher loadings of

nanotubes can be incorporated to the structures to the levels cur-

rently achieved by MWCNT (>1 wt%).
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