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ABSTRACT 

Though fiber reinforced polymer (FRP) composites are widely utilized in structural components 

due to their favorable mechanical properties, delamination between reinforcing plies remains a 

problematic, limiting more widespread applications of FRPs. Carbon nanotubes (CNTs) carry the 

promise of enhancing this poor out-of-plane mechanical performance. In this work, macroscopic CNT 

veils with controlled nano-meso structure were drawn directly from the gas-phase using a semi-

industrial process and then integrated into woven and unidirectional carbon fiber (CF)/epoxy matrix 

composites utilizing vacuum assisted resin transfer moulding (VARTM) and hot press approaches, 

respectively. Interlaminar fracture toughness (ILFT) of the resultant composites was determined in 

Mode-I (opening mode) and Mode-II (shearing mode) conditions. Crack propagation and interlaminar 

toughening mechanisms were systematically analyzed by means of optical microscope, SEM, and 

Raman analysis. The mechanical testing results showed that mode I ILFT of woven fabric/epoxy 

laminate was improved as much as 60% when interleaving as-received fluffy CNT veils. Fracture 

analysis revealed that interlaminar crossing plays a dominant role amongst toughening mechanisms. In 

comparison, interleaving as-received CNT veils into unidirectional CFRP system led to an increase of 

Mode II ILFT (22%) but a significant decrease of Mode I ILFT (-64%).  

 

1 INTRODUCTION 

The mechanical performance of FRP composites arises from the synergistic effect of its constituent 

materials. This has been the motivation for incorporating nanomaterials with tensile strength and 

modulus beyond current macrofiber reinforcements in order to impart these impressive properties. For 

example, nano-scale reinforcement using nanofillers like CNTs in between the plies of a composite 

offers the opportunity to reinforce the interlaminar bonding with minimal weight penalty and 

effectively avoids reductions in in-plane properties. The presence of CNTs can provide reinforcement 

in the z-direction (perpendicular to the ply thickness), and arrest crack growth by “bridging” the crack 

between the plies. These hierarchical composites can further bear high electrical conductivity or 

piezoresistivity if proper structural and interfacial organization are achieved [1].  

Several approaches for integrating CNTs into FRP structural composites have been studied [2]. 

Among them, dispersing CNTs entirely throughout the composite matrix seems to be the most 

economically compatible and facile route. The main problem of this approach is that the viscosity of a 

CNT-modified matrix increases dramatically with increasing CNT mass/volume fracture, leading to 

incomplete matrix infusion [3]. Also, it is difficult to get a homogeneous dispersion of CNTs into final 

laminate by means of infusion [4]. 

Assembling micro CNTs into macro fiber veils [5] could solve the abovementioned problems of 

increased viscosity and inhomogeneous dispersion, as these veils can be easily and readily deposited in 

between the reinforcing fiber plies before infusion. Thus, the viscosity of the resin is not influenced 

during the infusion process. What is more, CNT fibers have an unusual yarn-like structure with an 

accessible surface area several orders of magnitude higher than that of a traditional fiber. The free 
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space between bundles in the CNT is then able to be taken up by non cross-linked resins via capillary 

force [8].  

In this work, continuous macroscopic fibers of CNTs were drawn from the gas-phase during their 

growth by chemical vapor deposition, and then integrated into unidirectional and woven CFRP 

composites using a facile and scalable approach. Thus, a hierarchical structure was manufactured, as 

shown in Figure 1. The critical energy release rate of mode I and II delamination (GIC and GIIC) of the 

CNT toughened CFRP composites were then compared with that of conventional CFRPs combined 

with a deep analysis of their toughening mechanisms. 

 

 
Figure1: The hierarchical structure of woven CF/epoxy composites interleaved with CNT veils. 

 

 

2 EXPERIMENTAL 

2.1 Materials 

CNT fibers were synthesized by the direct spinning process from the gas-phase during growth of 

CNTs by floating catalyst chemical vapor deposition (FFCVD [5]), utilizing ferrocene as iron catalyst, 

thiophene and butanol as sulfur catalyst promoter and carbon source, respectively. The reaction was 

carried out in the hydrogen atmosphere at 1250 °C with precursor feed rate of 5 mL h-1 and a winding 

rate of 20 m min-1. The carbon fabrics used in this study was provided by HEXCEL with a weave style 

of 5H satin. The CNT fibers were continuously drawn out at the exit of the furnace and directly 

deposited onto the surface of a piece of carbon fabric/prepreg which was wrapped on a rotating spindle 

(D = 10 mm). Winding time of CNT fibers was set as 0.5 h, which gave an areal density of 0.8 g/m2. 

DERAKANE 8084 was chosen as matrix which is an elastomer-modified bisphenol-A epoxy vinyl 

ester resin for structural applications and provided by Ashland Inc. Both the MEKP hardener and 

Cobalt octoate catalyst were available from Plastiform S.A. By using the recommended concentration 

of precursors (100:1.5:0.3), the matrix will reach its gel point after 30–60 min. Unidirectional carbon 

fiber prepregs (HexPly® 8552/34%/UD 194/AS4/1219MM) were also purchased from HEXCEL. 

 

2.2 Laminate manufacturing 

Both VARTM and hot press methods were employed to integrate CNT veils into CFRP structural 

composites, as schematically illustrated in Figure 2. For the former, 8 woven fabrics were used. Two 

layers of infusion media were placed onto the upper and bottom surfaces to promote the resin flow, to 

guarantee complete wet-out of the preform and to eliminate dry spots and voids. The length of infusion 



media was designed to be 30 mm shorter than that of fabric in order to slow down the speed of flow 

front before it reaches the outlet and leave enough time to complete infiltration of z-direction. After 

completing the infusion process, the inlet and outlet of the system was closed off and cured at room 

temperature (RT) for 24 hours, followed by a post curing step at 60°C for 2 hours. For the latter, 1 

panels of 20 plies unidirectional carbon fiber prepreg (280 mm × 280 mm) were laid up with a 

nominal thickness of 3.65 mm. A 25 mm-thick Teflon film was inserted as a crack starter in the 

middle of the panel, serving as the delamination plane for Mode I test. Hot-Plate Press machine 

(LabPro 400, Fontijne Presses) was then used to consolidate laminate panel from pre-impregnated 

sheets of fibre-reinforced composites by simultaneous application of pressure (up to 7 bar) and heat 

(up to 180 ºC). 

 

 
Figure 2: Schematic illustrations of (a) optimized VARTM method and (b) hot press method. 

 

2.3 Mechanical characterization 

For Mode I, a Double Cantilever Beam (DCB) test was chosen, whereas for Mode II a 4-point End-

Notched Flexure (4ENF) setup was adopted. Specifically, the DCB tests were carried out in 

accordance with ASTM Standard D5528-01 [6]. Measurements were conducted in a standard testing 

machine (Instron 3384) at loading rate of 1 mm/min. Force was detected by utilizing a 500 N load cell 

and the displacement recorded by load frame, both of which were digitally stored by the machine. 

Modified Beam Theory (MBT) method was employed to calculate the Mode I fracture toughness (GIC) 

and the strain energy release rate (GI) can be obtained by the following equation: 

       (1) 

where F is the load; δ is the load point displacement; w is the sample width, and a is the crack length 

from the load point. The coefficient  could be determined by plotting the cube root of the compliance 

(displacement divided by force) against the crack length.  

 

For the 4ENF tests, an initial crack in the specimens were first generated by subjecting the 

specimen to Mode I opening loading. 4-point bending tests were then carried out on Instron 3384 with 

a 10 kN load cell, at a displacement rate of 0.25 mm/min. The acquisition rate was set as 10 data 

points per second. As in Mode I test, crack growth was visually observed and listed in an experimental 



sheet. Evaluation of the fracture toughness (GIIC) of the 4ENF specimens is based on the compliance 

calibration method [7], as given by equation below: 

      (2) 

where m is the slope calculated by a plot of compliance (C) against delamination length (a), After 

fracture, F = Fc, and GII = GIIC. 

 

2.4 Other characterizations 

Scanning electron microscope (SEM) and optical microscope were used to investigate the 

morphology of CNT fiber veils as well as the fracture surfaces of the laminates. Raman spectroscopy 

(530 nm wavelength) analysis was also performed to identify constitutents at the fracture surface. 

 

 

3 RESULTS AND DISCUSSION 

3.1 CNT veil/woven fabric/epoxy (VARTM) 

3.1.1 Mode I testing and fracture surface analysis  

Pristine and CNT veil-interleaved woven composites were produced with the 5H Satin weave 

fabrics. Though the load-extension curves of woven composites always display stick-slip crack 

propagation behavior, as shown in Figure 3a, the data can still be utilized to generate R-curves [8].  

There is moderate fiber bridging in the pure woven laminates, resulting in a relatively flat R-curve, 

which is in line with similar systems [9]. For the control samples without CNT veils, the difference 

between GIC,ini and GIC,prop is marginal, especially when compared with the differences observed in 

unidirectional fiber reinforced composites [9, 10]. Incorporation of the low-density, as-produced CNT 

veils, produces a sharp rise in the R-curve, with the propagation value of fracture toughness (GIC, prop) 

increasing up to ~50% compared with the initiation value (GIC, ini) due to a hierarchical fiber-bridging 

toughening mechanism). Remarkably, the average values of GIC, prop for as-produced CNT samples are 

60% higher compared with the corresponding value of the baseline material. In contrast, the densified 

veils produced a 28.4% decrease of GIC, prop.  

The fracture surfaces of tested specimen were examined by SEM as displayed in Figure 3d, e and f. 

Typical features of brittle Mode-I fracture were observed in the reference specimen (Figure 3d), 

showing a very smooth matrix fracture surface and no fiber-bridging, in line with its flat R-curve 

(Figure 3b). When integrating fluffy as-received CNT veils into resin-rich layer, the case is totally 

different. Overall the interlayer is modified by the addition of CNTs, which participate in delaying the 

crack initiation or hindering the crack propagation by deflection, blocking or crack bridging. These 

mechanisms help increase the absorption of the applied energy. The extensive CNT breaking and pull-

out, as shown in micrographs of Figure 3e, are well in agreement with the prior explained toughening 

mechanisms. In comparison, the fracture surface of laminates interleaved with densified CNT veils 

(Figure 3f) shows peeling of the CNT interleaf layer. No carbon fiber was easily detected at fracture 

surface, which indicates that the densified CNT layer guided the crack and hindered the formation of 

carbon fiber bridging. The fracture energy obtained in this case can be endorsed to the intrinsic 

fracture energy of the CNT layer in the absence of other superior toughening mechanisms. 

 



 
Figure 3: Representative (a) Load-extension curves and (b) R-curves of specimens with and without 

CNT veils; (c) comparison of Mode I interlaminar fracture toughness for CNT-interleaved composites 

(as-produced and pre-densified CNT veils) and baseline (without CNT veils). Comparison of fracture 

surfaces: (d) Control sample without CNT veils; (e) sample interleaved with as-produced CNT veils 

and (f) sample containing pre-densified CNT veils. 

 

3.1.2 Crack propagation 

Toughening effect, to a considerable degree, depends on crack behavior. Several surface analysis 

technologies were used in order to get a deep insight into the crack initiation and propagation 

behaviors as well as the toughening logics. As represented in Figure 4a, three distinct regions were 

observed on the whole fracture surface, named as shiny, grey and dark part respectively. By means of 

Raman spectroscopy analysis, main ingredient of each part could be readily determined, and then how 

cracks initiate and propagate can be easily imaged.  

Specifically, dark and grey part can be readily recognized as CNT regions when comparing their 

Raman spectra with that of CNT veils, while shiny part display a typical Raman spectra of carbon 

fiber [11]. This relationship between color and material was further confirmed by High resolution 

SEM pictures. As shown in Figure 4b (T2), shiny region actually consists of pure carbon fibers. 

Those fibers debonded from CNT-rich Resin, left substantial dents on the counterpart (B2, grey 

region). Thus it is of confidence to speculate that crack move forwards in the interface of carbon fabric 

layer and CNT layer (see Figure 4b (II)). In addition, the dark part in one piece of sample always 

corresponds to a dark region in its counterpart, and the SEM pictures proved that both part shared the 

similar fracture morphologies with massive breakage/pullouts of CNTs (see Figure 4b (T1&B1)). 

Crack, in this case, exclusively passes though the CNT layer, as depicted in Figure 4b (I). Following 

this logic, the propagation routes of cracks in whole area of interest (AOI) could be unveiled, simply 

based on the apparent color of fracture surfaces.  

Figure 5 presents the fracture surfaces of two different samples and schematics of the different crack 

propagation paths. It manifested that delaminations in CNT-toughened sample with poor fracture 

toughness progress almost exclusively within nano-toughened interlayer. The energy required for such 

failure will depend on the adhesion of the CNT with the matrix resin, however, this kind of bonding in 

this sample was proved to be weak due to the poor infiltration of resin among CNTs. In comparison, 

the delaminations in sample with excellent energy-consuming behavior show regular crossings of the 

interlaminar region through the nano-toughened interlayer. This saw-like interlaminar crossings result 

in a crack not only through the nanotoughened epoxy (causing nano-scale bridgings), but also 



entangled with woven fabric (triggering carbon fiber bridgings), which significantly enhances the 

interlaminar fracture toughness. 

 

 
Figure 4: (a) Three different morphologies (i.e. grey, dark and shiny) identified on the fracture surface 

of laminates reinforced with as-produced CNT veils and their respective Raman spectra. (b) Cross-

sectional image of this laminate with a crack propagating either within CNT-toughened interlayer (I) 

or along the interface between CNT layer and carbon fiber layer (II). T1 and B1 display the typical 

fracture surfaces at the position (I), which share remarkable similarities with massive breakage or 

pullouts of CNTs; T2 and B2 show the representative morphologies at the position (II), detecting 

substantial debondings of macro carbon fibers and pullouts of CNTs. 

 



 
Figure 5: Fracture surfaces of the two types of composites with CNT veil interleaves. Increases in 

Mode I fracture toughness correspond to a saw-like crack path alternating between cohesive and 

adhesive failure in samples with low-density as-produced veils. Pre-densified veils reduced fracture 

toughness and failed exclusively cohesively. 

 

3.2 CNT veil/unidirectional fabric/epoxy (Hot press) 

3.2.1 Mode I testing and fracture surface analysis  

In this section, baseline and CNT veils interleaved composite laminates were manufactured with 

AS4/8552 unidirectional prepregs. All the samples exhibited a stable crack propagation, which 

advanced smoothly without jumps after onset of failure. This is visible from the load-displacement 

curves, as shown in Figure 6a. In comparison, the load-displacement curves of woven fabric (such as 

twill [9, 12], plain weave[13] or Satin[14]) laminates often show stick-slip crack growth behavior. 

Also, there is a relatively large increase in GI with increasing crack growth, leading to a remarkable 

difference between GIC,ini and GIC,prop, which is mainly due to carbon fibers bridging the DCB 

specimen halves. This is confirmed by the visual observation during the test and the high resolution 

SEM images of the fracture surfaces of baseline samples, as shown in Figure 7 a and b. For samples 

with CNT veils, the load-displacement curves are quite divergent (Figure 6a), which could be 

attributed to the intrinsic anisotropy and randomness of CNT veils. In addition, the rising R-curve 

behavior was not observed among those samples (Figure 6b), Apparently, the presence of the CNT 

fiber veils in the interlayer region between UD plies blocked the formation of a carbon fiber bridging 

zone resulting in relatively flat R-curves. It is noteworthy that the GIC, prop value of samples interleaved 

with as-produced CNT veils on average decreased by as high as 64% compared with the baseline. 

Figure 7c and d showed typical fracture surfaces of samples with CNT veils, noting that there was no 

micro carbon fiber bridging triggered. The crack almost exclusively propagated along the CNT-rich 

interlayer, corresponding to a cohesive failure. A similar behavior is observed in composites produced 

with CNT veils produced semi-industrially, which are supplied as densified free-standing sheets [14]. 



 
Figure 6: Representative (a) load-extension curves and (b) R-curves of specimens with and without 

CNT veils in Mode I test; (c) comparison of Mode I ILFT for CNT-interleaved composites and 

baseline (without CNT veils). 

 

 

 
Figure 7: Comparison of fracture surfaces under Mode I loading case: (a) Control sample without CNT 

veils; (c) sample interleaved with as-produced CNT veils. (b) and (d) are enlarged pictures of marked 

regions within dashed boxes. 

 

 



3.2.2 Mode II testing and fracture surface analysis  

The three-point bend end-notched flexure (ENF) test is perhaps the most commonly used test for 

determining the mode II delamination toughness of laminated composites[15, 16]. However, under this 

test condition, the crack growth is not stable and therefore only one data point per sample can be 

obtained. Then, a modified loading condition, an end-notched sample subjected to four-point bending 

(4ENF), was proposed [17]. It was reported that crack growth in 4ENF test was stable and it is 

possible to get several data points from each single test [17, 18]. In view of this, 4ENF test protocol 

was adopted here in order to obtain a complete resistance curve (R-curve). To our surprise, the crack 

growth was still observed to be unstable (see Figure 8a). Furthermore, the baseline and samples 

interleaved with CNT veils both achieved surprisingly high Mode II fracture toughness, i.e. 1560±69 

and 1912±115 J/m2, respectively, much larger than respective Mode I values. The unstable cracking 

behavior, therefore, might be ascribed to the ultrahigh accumulated energy under 4-point bending 

condition. Interestingly, the GIIC value of as-produced CNT samples on average increased by as high as 

22% compared with the baseline (Figure 8b). By scrutinizing the fracture surfaces as displayed in 

Figure 9, we can find that, for baseline, there existed massive debonding between carbon fibers and 

resin. The ILFT in this case strongly depends on the bond strength between carbon fiber and resin. For 

CNT interleaved samples, a large amount of CNTs were highly aligned and stretched (Figure 9d①), 

participating in the energy dissipation under mode II fracture process. Surprisingly, unlike Mode I 

case, some carbon fibers were also observed in the fracture surface (Figure 9d②), indicating that the 

crack in this case propagates not only within the CNT layer, but also crosses through the CNT rich 

region, propagates along the interface of CNT layer and CF layer. Thus sufficient regions were 

involved into energy dissipation process, leading to a higher ILFT. 

 
Figure 8: (a) Representative Load-displacement curves of specimens with and without CNT veils in 

Mode II test and (b) Comparison of Mode II ILFT for CNT-interleaved composites and baseline 

(without CNT veils). 

 



 
Figure 9: Comparison of fracture surfaces under Mode II loading case: (a) Control sample without 

CNT veils; (c) sample interleaved with as-produced CNT veils. (b) and (d) are enlarged pictures of 

marked regions within dashed boxes. 

 

 

4 CONCLUSIONS 

Facile and scalable protocols were successfully built to make CNT/CF/epoxy hybrids, by which 

void-free laminates can be manufactured. The ILFT under Mode I and Mode II loading cases were 

investigated and discussed comparatively, followed by a systematic analysis of failure and toughening 

mechanisms. The following conclusions can be reached: 

Assembling micro CNTs to macro fiber veils is a promising way to fully explore the excellent 

properties of CNTs on a macroscopic scale. Since there is no need to disperse them into the matrix, 

there exists no disadvantages such as an increased viscosity or inhomogeneous dispersion which 

makes them suited candidates for most laminate manufacturing routes. 

The results also demonstrated that the degree of densification of the CNT veil exerts a profound 

influence on the resulting interlaminar properties. Low-density “fluffy” CNT veils consistently led to 

CFRP laminates with as much as 60% enhancement of Mode I ILFT. In contrast, integrating densified 

CNT veils deteriorated their interlaminar mechanical performances. This layer functioned essentially 

as a defect that weakened the interlaminar region and did not produce any fiber-bridging, thus 

effectively reducing the fracture toughness of resulting laminate.  

Interleaving as-produced fluffy CNT veils into unidirectional CFRP system led to an increase of 

Mode II ILFT (22%) but a significant decrease of Mode I ILFT (-64%). It is common for a same 

interleaving system varies dramatically in Mode I and Mode II toughening effects because of totally 

different stress state under respective mode, with Mode I being dominated by peel forces and Mode II 

being dominated by shear forces. 
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