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Abstract 

The present study aims to the development of Out of Autoclave (OoA) Car-
bon Fiber Reinforced Polymers (CFRPs) with increased interlaminar fracture 
toughness by using MWCNTs. The introduction of MWCNTs into the 
structure of CFRPs has been succeeded by using carbon nanotube-enriched 
sizing agent for the pretreatment of the fiber preform using an in-house de-
veloped methodology that can be easily scaled up. The positive effect of the 
proposed methodology on the interlaminar fracture toughness of the CFRP 
laminate was assessed by the increase of Mode I and Mode II interlaminar 
fracture toughness of the composites. Different wt% MWCNTs concentra-
tions were used (namely 0.5%, 1%, 1.5% and 2.5%). It was found that the na-
nomodified composites exhibit a significant increase of the interlaminar crit-
ical strain energy release rate GIC and GIIC of the order of 103% and 62% re-
spectively, in the case of 1.5 wt% MWCNTs weight content. Scanning Elec-
tron Microscopy (SEM) of the fracture surfaces of CFRP samples revealed the 
contribution and the associated synergistic mechanisms of MWCNTs to the 
increase of the crack propagation resistance in the case of nano-modified 
CFRPs compared to the reference material.  
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1. Introduction 

Carbon Fiber Reinforced Polymers (CFRPs) are increasingly used as advanced 
structural materials in various fields of applications such as aerospace, automo-
tive, sports, energy and military industries. This tendency is clearly driven by 
their high specific strength and stiffness as well as their corrosion resistance 
compared to the conventional metals. Carbon fibers (CFs) are the most ideal 
reinforcement candidates because of their attractive properties such as high 
strength and modulus, high electrical conductivity, high thermal conductivity 
and low density. On the other hand, epoxy resins are the mostly used thermoset-
ting matrices in FRPs due to their good mechanical properties, excellent corro-
sion resistance, high thermal stability and high compatibility with carbon, glass 
and aramid fiber reinforcements. However, poor out-of-plane properties of 
composites are observed due to the absence of the through-thickness reinforce-
ment in order to sustain transverse loads. 

Therefore, the weak fiber-matrix interface and the brittle nature of epoxy ma-
trix in composite laminates make them prompt to interlaminar failures, such as 
delamination. Hence, it is imperative to find an effective way to satisfy multi-
functional requirements and through-thickness reinforcements without com-
promising the in-plane properties. To this direction, there have been a number 
of attempts where many researchers have successfully developed through the 
thickness reinforcement methods to improve the fracture toughness of FRPs by 
using different methods, such as z-pinning [1] [2] [3], 3-D weaving, stitching [4] 
[5] [6] knitting, interleaving and toughening the matrix using micro-phase par-
ticles including rubbery or thermoplastics polymers [7]. However, the major 
disadvantage of these approaches is the development of large resin rich areas 
within the composite structure and therefore the deterioration of their in-plane 
properties. In view of this, a new field of research has been evolved improving 
the thermosetting matrices with the incorporation of nano-sized fillers [8] [9] 
[10]. The nano-phase introduces additional energy dissipation mechanisms during 
failure and therefore contributes to the improvement of interlaminar fracture 
toughness of the composite. Thus, the multi-scale reinforcement approach has 
resulted in the enhancement of damage tolerance and multi-functionality of 
conventional composites. 

Towards this direction, Multi Wall Carbon Nanotubes (MWCNTs) is highly 
potential filler due to the superior mechanical, electrical and thermal properties 
[11]. Furthermore, their high aspect ratio and specific surface area provides a 
solid background for increasing the fracture characteristics of a resin system, 
where MWCNTs have been homogeneously dispersed [12] [13] [14] [15]. In the 
case of nano-modified with MWCNTs epoxy matrix, which has been used for 
composite manufacturing, then a significant increase of the interlaminar fracture 
toughness has been reported by Kostopoulos et al. [12]. More precisely, in the 
case where 1%wt. MWCNTs has been homogeneously dispersed into the epoxy 
matrix the interlaminar fracture toughness GIC and GIIC of the composite was in-
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creased by 60% and 75% respectively. Gojny et al. has demonstrated an increase 
of fracture toughness of epoxy resin by 23%, in the case 1wt% amino-functionalized 
Double Wall CNTs has been homogeneously dispersed into the epoxy via three 
roll calander [16]. Davis et al. in [17] demonstrated that fluorine functionalized 
carbon nanotubes (f-CNTs) can be used in the midplane of a fiber reinforced 
epoxy composite laminate for increasing the Mode II interlaminar fracture 
toughness. The highest improvement of 27% in the average propagation GIIC was 
observed with 0.5 wt% f-CNTs. 

Although the introduction of CNTs into composite laminates provide signifi-
cant performance benefits dealing mainly with the interlaminar fracture charac-
teristics and the resulted multi-functionality, many problems appear during the 
incorporation of CNTs into these materials, especially in the OoA manufactur-
ing processes. A direct introduction of CNTs into epoxy matrix leads to increase 
of resin viscosity and an uneven nanofiller distribution into the manufactured 
component and/or filtering effects that block the resin close to the inlet gates. 
This difficulty makes almost impossible the direct introduction of CNTs during 
Out-of-Autoclave (OoA) processes such as resin infusion or resin transfer 
molding (RTM). Despite this problem, many attempts have been made to infuse 
nano-modified epoxy resin through the fiber preform for enhancing out-of-plane 
properties and are based on the significant decrease on the amount of CNTs into 
the resin and their functionalization to minimize agglomerates. More precisely, 
Zhou et al. [18] proposed the implementation of nanocomposites with 0.3 wt% 
CNTs by VARTM method and an improvement of 2% in flexural strength was 
reported. They found that MWCNT/epoxy suspension higher than 0.5 wt% 
could not penetrate the fabrics preform thus blocking the resin flow. Advani et 
al. [19] has studied the filtering effect of acid-oxidized MWCNTs on the fabric 
surface. Zhang et al. [20] reported the increase of 14% in tensile strength and 
20% in modulus by infusing 1%wt. loading of functionalized MWCNTs into 
glass fabrics. Regarding the interlaminar fracture toughness, Tanoglu et al. [21] 
observed an enhancement of 8% in GIIC with 0.1% wt. amino functionalized 
CNTs composites whereas no significant improvement for GIC value was re-
ported. K.T. Hsiao et al. [22] introduced CNFs into polyester matrix to manu-
facture a multiscale glass fiber reinforced composites by resin infusion process at 
various concentrations (0.5, 1, 1.5 wt%). In the case of 1.5 wt% noticeable CNF 
filtration effect in the thickness direction was shown and the presence of mi-
cro-void formation in the specimens was observed. 

Due to the existence of the resin filtering problem in VARTM processes, sev-
eral studies have focused on the developing of a hybridization method for the 
introduction of CNT/CF into the final OoA product. The chemical vapor depo-
sition (CVD) and chemically grafting methods to grow directly CNTs on the 
carbon fabric surface, are effective techniques for improving the interfacial 
bonding between fiber and matrix [23] [24] [25] [26]. The CVD approach, how-
ever, can cause a reduction in the strength of the carbon fibers due to the ex-
treme conditions (high operational temperature over 700˚C and large time of 
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process stabilization) [27] and, therefore, compromise the tensile properties. 
Additionally, in light of this issue, many attempts have developed in order to 
well vertically align the carbon nanotubes on the carbon fiber surface [28]. Fur-
thermore, this technique is difficult to implement on an industrial scale. As an 
alternate method, the spraying technique and electrophoretic deposition (EPD) 
of CNT fillers are industrial-coating and low-energy use techniques that offer the 
capacity of homogeneous coating of complex shapes with well adhered films of 
controlled thickness, thus improving out-of-plane properties such as interlami-
nar fracture toughness in case they are applied in each layer of the fiber preform. 
For the implementation of spraying technique, an airbrush system is used to 
spray the CNTs solution onto the fabric surface and then the solvent is removed 
remaining the CNTs-modified fabrics [29]. 

The objective of the present study is the introduction of the CNTs in to the fi-
ber preform through an alternative methodology that includes its modification 
by the integration of MWCNTs in a form of CNTs-enriched sizing agent. A wa-
ter-based solution with a given wt% CNTs content was prepared and the carbon 
fiber woven reinforcement was passed through it at a given rate. Then the fabric 
was dried, and the dry fabric used to prepare the fiber preform and the final 
preform was placed in to the mold. Then all preparation for steps for the appli-
cation of OoA process was applied. During the nano-modification treatment of 
the woven fabric up to the application of infusion process all the steps have been 
performed in a closed hood equipped with the appropriate nano-filter under 
slight under-pressure. After the manufacturing of the CNT modified plates the 
effect on the influence of MWCNTs on the interlaminar fracture toughness of 
CFRPs was assessed. The goal of this work is to study the ability of MWCNTs to 
provide increased resistance against interlaminar cracking and delamination. In 
this work, five CFRP laminated plates were manufactured using liquid resin in-
fusion (LRI) process, with different weight content of CNTs (0, 0.5, 1, 1.5 and 2.5 
wt%). Mode I and Mode II tests were carried out and the fracture energy as a 
function of the MWCNT content was measured. Finally, energy dissipation me-
chanisms, where the nano fillers contribute, were demonstrated by detail obser-
vation of fracture surfaces using scanning electron microscope (SEM). 

2. Manufacturing Processes 
2.1. Materials 

The matrix material used in this study was a three-part epoxy system provided 
by Resoltech Advanced Technology Resin (France). This resin system consists of 
an epoxy resin (Resolcoat 1400), an anhydride hardener (Resolcoat 1407) and an 
imidazole accelerator (AC140), which are typically mixed in ratios of 100:90:0.5 
by weight, as recommended by the manufacturer [30]. The hardener and the ac-
celerator were premixed, and the epoxy resin was preheated at 40˚C before add-
ing the cold hardener. The resulting epoxy system has a low viscosity, good me-
chanical adhesion and is very versatile for fabricating composite parts using re-
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sin transfer molding technique.  
The main reinforcement phase was a twill weave carbon fabric with a density 

per unit area of 194 g/m2, having 3 K filaments in the fiber bundle and a dry ply 
thickness of approximately 0.35 mm. The carbon fabric reinforcement (having 
fiber type TR30S) was supplied by Fibermax Composites (Greece). The Pyrofil 
TR30S fiber type is a high strength and high modulus aerospace fiber with a re-
ported tensile strength up to 4410 MPa, an elastic modulus close to 235 GPa and 
density of 1.79 g/cm3 [31]. 

Regarding the nano-phase, a liquid CNT-enriched sizing agent (SIZICYL XC 
R2G) was purchased from Nanocyl SA, Belgium. It is a sizing agent modified 
with 6.2% maximum solid content of MWCNTs (NC7000, Nanocyl) to size fa-
brics before impregnation by the resin matrix [32]. It has excellent compatibility 
with glass and carbon fibers to improve mechanical properties of a composite 
structure, without affecting the viscosity of the resin used to impregnate the fi-
ber. 

2.2. Preparation of MWCNTs Suspension 

The MWCNT-enriched sizing agent solution was prepared by mixing an amount 
of sizing agent into a suitable quantity of distilled water, obtaining a water solution 
with certain content of CNTs. Different solutions with different CNT content 
was used for the pretreatment of the carbon fabric to conclude to different CNTs 
wt% content. Then, ultrasonic processing with a tip sonication device (Bandelin) 
was employed to homogeneous disperse the MWCNTs in the suspension for 3 h, 
operated at an output power of 60 W. To avoid temperature increases in the 
bulk solution during ultrasonication, the mixing pot was placed into a temper-
ature control bath with continuous feed of fresh water. The quality control of 
the mixture was performed using a grindometer to confirm the absence of ag-
glomerates. Finally, prior to pretreatment of carbon fabric reinforcement, the 
prepared water-based solution was degassed in a vacuum chamber for about 5 
min. 

2.3. Nano-Reinforced CFRP Laminates 

Composite plates with various CNTs concentrations (0, 0.5, 1, 1.5 and 2.5 wt%) 
were manufactured using an in-house developed process. Carbon fiber rein-
forced composite laminated plates (CFRPs) of 200 × 300 mm2 were produced by 
Vacuum Assisted Resin Infusion process (VARI). 

The prepared water based MWCNTs suspension, described earlier was used 
for the nano-modification of dry carbon fabrics in a closed hood equipped with 
the appropriate nano-filters under slight under-pressure. The fabric reinforce-
ment was passed through the solution at a given rate and slightly compressed at 
the output of the solution bath. Then, the nano-modified wet fabrics were left to 
dry using a thermal plate. To calculate the final amount of MWCNTs depo-
sited/infiltrated in the carbon fabrics, the mass of a given carbon fabric surface 
was measured before and after deposition. 
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Each laminate was composed of sixteen carbon fabric layers and a 13 μm thick 
PTFE (polytetrafluoroethylene) film of 70 mm wide and 250 mm long was placed 
in the middle plane (between 8th and 9th ply) of each plate to generate the starter 
crack, which is required to perform the interlaminar fracture tests. In the case of 
nano-doped laminates, four nano-modified CF layers for each filler content were 
placed in the middle of the laminates. Then, the carbon fabrics of each laminate 
were stacked on a mold, covered by a highly permeable medium and sealed with 
vacuum bag. The epoxy resin was infused through the fabrics and the laminates 
were cured in a conventional oven at 80˚C for 4 h followed by post-cure profile 
at 140˚C for 4 h according to manufacturer instructions. The step by step prepa-
ration of doped CFRP laminates is schematically depicted in Figure 1. Reference 
and unmodified CFRP plates, were also manufactured. The thickness and the fi-
ber volume fraction of all produced plates were measured around 3.1 mm and 
58% respectively, while the exact figures are shown in Table 1. Ultrasonic in-
spection was carried out utilizing the C-scan equipment (pulse-eco technique 
with 5 kHz transducer) and the results showed very good and fully acceptable 
quality of the manufactured plates, without major defects (thickness variations, 
inhomogeneities and porosity). 

2.4. Mode I and Mode II Fracture Tests 

The resistance to interlaminar crack propagation of the produced laminates was 
defined by performing two types of fracture toughness experiments both for ref-
erence and MWCNT-modified specimens to quantify the interlaminar tough-
ening effect resulted by the nano-modification of woven fabric with MWCNTs. 
A hydraulic universal testing machine (Instron, 8872) equipped with a 25kN 
loadcell was used for Mode I and Mode II tests. Five samples were tested for 
each type of material and for each type of experiment. The energy release rate 
under Mode I (GIC) was determined by using the double cantilever beam (DCB) 
method and was carried out according to ASTM standard D5528 [33]. DCB spe-
cimens were cut with the length of 250 mm, width of 25mm and an initial crack 
length of 25 mm. Crack propagation was visually observed from the specimens 
marked side surface using a CCD camera equipped with a magnification lens 
(×10). The crosshead speed used was 5 mm/min. 
 
Table 1. Thickness and fiber volume fraction of produced laminates. 

Laminate 
MWCNTs content  

(wt%) 
Thickness  

(mm) 
Fiber volume  

fraction Vf (%) 

Plate 1-Ref. 0 3.06 ± 0.02 58 

Plate 2-P05 0.5 3.13 ± 0.03 57 

Plate 3-P10 1 3.11 ± 0.06 58 

Plate 4-P15 1.5 3.07 ± 0.03 58 

Plate 5-P25 2.5 3.2 ± 0.02 55 
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(a) 

 
(b) 

Figure 1. Illustration ofstep by step preparation process of nano-modified CFRP lami-
nates. (a) The pretreatment process of dry carbon fiber to produce nano-modified rein-
forcement; and (b) The manufacturing production of CFRP laminates using infusion 
process. 
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The Mode II interlaminar fracture toughness (GIIC) was measured by using the 
three-point end notched-flexure (3ENF) method in accordance to ASTM D7905 
[34]. The test specimens were 120 mm long with the nominal specimen span 
length (2 L) of 100 mm and a nominal half-span length (L) of 50 mm. (The no-
minal thickness of the samples used in mode II tests is slightly smaller to the one 
suggested by the standard i.e. 3.1 mm instead of 3.38 mm). The crosshead speed 
was kept at 1 mm/min. Finally, the fracture surfaces of tested specimens were 
examined using a FEI InspectTM F50 Scanning Electron Microscopy (SEM). 

3. Results and Discussion 
3.1. Mode I DCB Tests 

Typical load-displacement curves of DCB specimens for the reference and na-
no-doped laminates are displayed in Figure 2(a). Both the reference and na-
no-doped laminates show a linear load-displacement relationship up to the point 
of the crack initiation, after which they demonstrate distinct crack growth me-
chanism. The initiation value GIC,initiation is defined from deviation of linearity and 
the propagation value GIC,propagation obtained from the average of five samples for 
each material at the plateau region and reported in Table 2. Finally, it is obvious 
that the MWCNTs modified CFRPs achieve higher maximum loads, which cor-
responds to higher critical loads during the crack propagation than the reference 
material.  
 

 
Figure 2. Mode I interlaminar fracture energy (a) load-displacement curves; (b) R curves; 
and (c) Strain energy release rate GIC for carbon/epoxy composites with different CNTs 
concentrations. 
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Table 2. Summary of GIC fracture toughness values for all tested specimens. 

Laminate 
MWCNTs content 

(wt%) 

Interlaminar fracture toughness GIC (KJ/m2) 

Initiation Propagation 

AVG STDEV AVG STDEV 

Plate 1-Ref. 0 0.16 0.03 0.44 0.02 

Plate 2-P05 0.5 0.24 0.09 0.45 0.06 

Plate 3-P10 1 0.23 0.04 0.54 0.05 

Plate 4-P15 1.5 0.22 0.1 0.89 0.04 

Plate 5-P25 2.5 0.24 0.05 0.85 0.13 

 
Mode I fracture toughness for reference and nano-modified CFRP specimens 

is characterized by a crack resistance (R curves) behavior that includes an initia-
tion value, a region of increasing toughness (resistance) as the crack extends un-
til a steady-state value is reached, which corresponds to a self-similar crack ad-
vance. The R-curves represent the general trend of fracture toughness as a func-
tion of crack growth. As it is evident in Figure 2(b), there is an initial part where 
crack growth resistance increases versus crack length and this part followed by a 
region of almost constant crack resistance value, the plateau region, (typical R 
curve behavior). It is clearly seen that GIC values of nano-doped specimens with 
the addition of 1.5 wt% MWCNTs rise sharply compared to the other laminates 
with lower MWCNTs content. This proves the positive effect of MWCNTs fillers 
at highest concentration in the interlaminar fracture energy. 

Mode I fracture energy for each prepared CFRP either reference or nanomo-
dified is summarized in Figure 2(c). It is clearly seen that the addition of 0.5 
wt% and 1 wt% MWCNTs did not showed significant improvement in GIC val-
ues, compared to reference material. On the other hand, it is evident that the ad-
dition of 1.5 wt% MWCNTs into the structure of woven fabric reinforcement 
caused higher improvement of GIC value as it is compared against with the ref-
erence material. More precisely, the integration of 1.5 wt% MWCNTs achieved 
the highest increase of 103% in GIC. Finally, it was concluded that further in-
crease of MWCNTs content did not provide further enhancement of GIC tough-
ness due to agglomerates formation. Furthermore, the initiation value for all the 
nano-modified CFRPs remains almost the same, although higher that the refer-
ence one.  

3.2. Mode II ENF Tests 

Typical load-deflection curves of the ENF tests for reference and nano-doped 
laminates are given in Figure 3(a). All specimens for each type of material 
showed a similar behavior. More precisely, the applied load increases linearly 
until the onset of the crack propagation, which is indicated by the deviation 
from the elastic region. The load-displacement behavior of each material is dif-
ferent. As a first conclusion the slope of load displacement curve of the reference  
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Figure 3. Mode II Interlaminar Fracture Toughness (a) load-displacement curves and (b) 
comparison of average GIIC for carbon/epoxy composites with different CNTs concentra-
tions. 
 
material almost coincides with the slop of the low content MWCNTs modified 
composites (0.5 and 1.0 wt%). For higher MWCNTs content this slope is slightly 
increased, and this is more significant in the case of 2.5 wt% MWCNTs content. 
Furthermore, for the reference plate the applied load increases linearly until the 
onset of the pre-crack propagation where the load drops. On the other hand, in 
the case of MWCNTs modified CFRPs with higher concentrations (1.5 and 2.5 
wt% MWCNTs) the linear load-displacement relationship is followed by a dis-
tinguishable deviation from linearity and much later the load drop appears. The 
average values and standard deviations for all manufactured CFRP plates are 
presented in Figure 3(b). As we can see, the addition of 0.5 wt% MWCNTs did 
not lead to any enhancement of GIIC compared to the reference material, while 
marginally enhancement (16%) achieved with the addition of 1 wt%. On the 
other hand, the introduction of higher amount of MWCNTs in to the woven fa-
bric reinforcement caused a significant improvement in Mode II fracture 
toughness. More precisely, the increase in GIIC achieved in the case of 1.5 wt% 
MWCNTs nano-modified composite is of 62% compared to reference laminate 
without further improvement succeeded in the case of 2.5 wt%. This is in com-
plete agreement with the results presented earlier for GIC and the explanation is 
again the formation of CNT agglomerates that violate structural integrity does 
not further promote interlaminar fracture toughness.  

Table 3 summarizes the increase achieved in Mode I and Mode II interlami-
nar fracture toughness of the composite laminates compared against the refer-
ence material, with the incorporation of various amounts of MWCNTs into the 
carbon fabric reinforcement. Taking into consideration the results presented 
above, we can conclude that the introduction of 1.5 wt% MWCNTs into the wo-
ven fabric reinforcement significantly increase the fracture toughness of resulted 
CFRPs compared against the reference one. This increase is associated to addi-
tional toughening/energy dissipation mechanisms that have been incorporated 
into the material structure during the interlaminar crack propagation. The effect 
of the energy absorption mechanisms introduced by MWCNTs is mainly dem-
onstrated at the higher amount of MWCNTs used for the nano-modification  
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Table 3. Summary of fracture toughness improvement compared to reference material. 

Laminate 
MWCNTs content 

(wt%) 
GIC increase  

compared to Reference 
GIIC increase  

compared to Reference 

Plate 1-Ref. 0 - - 

Plate 2-P05 0.5 3% 0% 

Plate 3-P10 1 23% 16% 

Plate 4-P15 1.5 103% 62% 

Plate 5-P25 2.5 101% 58% 

 
of the woven fabric reinforcement. This effect is marginal in the case of lower 
MWCNTs content, especially under mode II remote loading.  

3.3. Fractographic Analysis 

The morphology and microstructure of fracture surfaces of the tested compo-
sites were also investigated by scanning electron microscopy analysis (SEM) after 
Mode I and Mode II tests in regions closed to the nano-modified carbon fibers. 
This SEM examination was used in order to confirm the additional toughening 
mechanisms that have been introduced by MWCNTs that were responsible for 
the improvement in both GIC and GIIC. 

Figure 4 presents the failure mechanisms that were observed in the case of 
MWCNTs contents (0, 0.5, 1, 1.5 and 2.5 wt%). The reference CFRP composite 
has a very smooth fracture surface, as observed in Figure 4(a) that indicates the 
brittle behavior of epoxy resin. Furthermore, depicts the crack propagation 
along the fiber-matrix interface revealing a weak interfacial adhesion between 
fabric and matrix. Figure 4(b) presents the fracture surface of composite con-
taining 0.5 wt% MWCNTs. A smooth fracture surface is still exhibited, as ob-
served in the reference material. Additionally, a small presence of carbon nano-
tubes is revealed in the fiber-matrix interface. Towards this direction, in the case 
of 0.5 wt% MWCNTs the interlaminar fracture energy both for GIC and GIIC is 
not increased due to the absence of significant additional energy absorption 
mechanisms. 

Figure 4(c) and Figure 4(d) present the main failure mechanisms that were 
observed during fracture in the cases of the increasing contents (1 and 1.5 wt% 
MWCNTs), respectively. By the micrographs captured at different magnifica-
tions, carbon nanotubes were distributed uniformly into the material’s structure 
and the absence of MWCNT agglomerates was verified. Also, along the fracture 
surfaces it was observed that carbon nanotubes were pulled-out operating as 
crack-bridging elements. The red framed areas and the red arrows at these fig-
ures indicate the pull-out toughening mechanisms that were activated with the 
introduction of MWCNTs. This toughening mechanism indicates that the car-
bon nanotubes operate as crack-bridging elements and resists to crack opening 
and interlaminar crack propagation. In parallel, due to the presence of MWCNTs 
that acts as micro-pins along the crack front, in some cases these micro-pins  
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Figure 4. SEM images of fracture surface of reference material (a); nano-reinforced 
composites with 0.5 (b); 1 (c); 1.5 (d) and 2.5 (e) wt% MWCNTs after Mode I and Mode 
II tests at different magnifications. 
 
promote crack bifurcation whenever the micro-pins cannot be removed or bro-
ken. All these additional energy absorption mechanisms contribute at macros-
cale, to the increase of composite interlaminar fracture energy at the CNT con-
centration (1.5 wt% MWCNTs). Finally, the slight degradation of fracture prop-
erties observed, in the case of nano-modified CFRP samples with the highest 
concentration, is associated to the presence of a small size of agglomerates, cir-
cled in Figure 4(e). This is supposed that this observation may be in whole 
structure. 
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4. Conclusion 

In this work, multi-walled carbon nanotubes (MWCNTs) fillers were utilized for 
the development of multi-scale laminated composite for Out-of-Autoclave 
(OoA) manufacturing processes. Towards this direction, a nano-modified solu-
tion enriched with multi-walled carbon nanotubes was prepared while the de-
velopment of nano-modified carbon fiber/epoxy laminates was produced using 
vacuum assisted infusion process. The objective of this study is the investigation 
of interlaminar fracture toughness of nano-modified CFRPs at different CNTs 
contents (0.5, 1, 1.5 & 2.5 wt%). The fracture toughness and the fractographic 
analysis of these composites were performed to assess the contribution of carbon 
nanotubes to the interlaminar fracture toughness of the resulted composites. The 
fracture toughness of nano-modified laminates showed no significant difference 
with respect to the reference composites in the case of low wt% MWCNTs con-
tent. Higher amount of MWCNTs at the level of 1.5 wt% increase significantly 
both mode I and mode II interlaminar fracture toughness of the composite la-
minate compared to the reference material and an increase of 103% and 62% 
respectively was achieved. Higher amount of MWCNTs lead to massive agglo-
merations and violate the positive effect of the nano-phase in energy absorption. 
The present MWCNTs activate at microscale energy absorption mechanisms 
such as bridging, and crack bifurcation thus resulting in an increase of the inter-
laminar fracture toughness at macroscale both under mode I and mode II re-
mote loading. 
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