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ABSTRACT 

Composite laminates composed of unidirectional carbon fibre-epoxy plies nano-stitched together 

with vertically aligned carbon nanotube arrays (A-CNT) have been recently developed. This technology 

has proven to improve both interlaminar and intralaminar composite strength and toughness. The 

consequences of nanostitching interfaces has mainly been studied by measuring the Interlaminar shear 

strength (ILSS) of nanostitched interfaces and the respective baseline configurations of the same 

material system using short beam shear tests. In this study, short beam shear tests of unreinforced and 

nanostitched samples are modelled to better understand what are the effects of this type of nano-

reinforcement on the mechanics of fracture of composite materials. Intralaminar damage is simulated 

using a continuum damage model previously proposed in the literature [1]–[3]. Interlaminar damage 

was simulated using a cohesive zone model implemented in ABAQUS. It was considered that the 

inclusion of carbon nanotubes in the interfaces leads to an increase of mode I and mode II fracture 

toughnesses. Since the enhancement factor was unknown, the fracture toughness of reinforced interfaces 

was inversely identified by analyzing the damage propagation and load displacement curves predicted 

by the models. The numerical results suggest that the nanostitched interfaces are ~5% or ~10-15% 

tougher than unreinforced interfaces depending on the carbon fibre-epoxy material system used.  

  

 

1 INTRODUCTION 

Interest has been growing in the development of nanostructured composite materials, in which 

nanoparticles such as carbon nanotubes are used alongside microscale fibre composite laminates. The 

main idea behind the combination is to improve the matrix dominated properties of traditional 

composites. In fact, carbon nanotubes introduce additional energy dissipation mechanisms that could 

enhance the toughness of the matrix and therefore be used to improve the interfacial and transverse 

properties of composite laminates. 

The combination of carbon nanotubes into composite laminates has mainly been attempted by either 

adding them to the matrix, to the interfaces or to attach them directly in the fibres. To mitigate the 

processing problems associated with the impregnation of nano-modified resins and to further improve 

the mechanical performance of nano-engineered composite materials, advanced methods have been 

developed to incorporate nanotubes as through the thickness reinforcement. [4]–[8] 

Recently, composite laminates composed of carbon fibre-epoxy plies nano-stitched together with 

vertically aligned carbon nanotube arrays have been developed. A schematic representation of the 

concept is shown in figure 1. It has been shown that this innovative process guarantees a good dispersion 
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of carbon nanotubes and improves both interlaminar [9]–[11] and intralaminar [12]  composite strength 

and toughness and significantly increases the electrical and thermal conductivity, allowing the 

possibility of creating not only a new generation of mechanically enhanced composite materials but also 

of multifunctional structures [9], [12], [13]. 

 
Figure 1: Schematic representation of a nanostitched composite interface [9]. 

 

Lewis [10] and Ni et al. [14] performed short beam shear tests to study the influence of nanostitching 

on the Interlaminar shear strength (ILSS) in two material systems. In the first study [10], IM7/8552 quasi 

isotropic laminate reinforced with 5-65μm CNT in every interface were tested. Even though samples 

with seven different CNT heights were tested, no relevant difference is shown between the experimental 

results for the reinforced samples because regardless of the initial height, the forests were compressed 

to around 5μm in the interface. The average improvement in ILSS over the unreinforced baseline was 

8.75±0.5%. Ni et al. [14] tested an AS4/8552 quasi isotropic laminate reinforced with 20μm CNT in 

every interface and observed no statistically significant improvement between baseline and nanostitched 

specimens.  

Following Lewis [10] and Ni [14], Cohen et al. [15] performed short beam shear tests on a 

nanostitched quasi-isotropic thin-ply laminate and compared its performance with the performance of 

unreinforced conventional grade laminates and thin-ply material. The goal of this experimental 

campaign was to assess the advantages combining thin-ply laminates with nano-stitched interfaces based 

on carbon nanotubes.  

The work presented in this paper serves as a complementary study to the work presented in refs. [14] 

and [15]. The short beam shear tests are simulated using the modelling strategy presented in section 2 

to better understand the toughening effects of the inclusion of CNTs in the interfaces of carbon-epoxy 

laminates.      

 

2 MODELLING STRATEGY   

The simulation of damage in composite laminates requires the use of models that are able to 

capture intralaminar (matrix cracking, fibre fracture) and interlaminar (delamination) damage. The 

constitutive models used in this work to simulate interlaminar damage, interlaminar damage and the 

finite element model used in this work are presented in this section.  

  

2.1 Intralaminar damage  

In this work, intralaminar damage is simulated using the continuum damage model proposed by 

Maimí et al. [1]–[3]. The model was developed to predict the onset and accumulation of intralaminar 

damage mechanisms (matrix cracking and fibre fracture) in laminated composites. The continuum 

damage model was defined in the framework of the thermodynamics of irreversible processes. Generally 

speaking, the formulation of the continuum damage models starts by the definition of a potential (the 

complementary free energy density) as a function of damage variables, which is the basis for establishing 

the relation between the stress and the strain tensors. More details on the continuum damage model can 

be found in refs. [1]–[3]. 

Proper model formulation is clearly fundamental to accurately predict damage propagation in 

composite laminates, however the material properties used to feed the model also have to be accurately 

determined and used. The authors consider that it is particularly important to take into account that the 

ply strengths are in-situ properties, i.e. are a function of the ply thickness and ply position in a 
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multidirectional laminate. [16] 

 

2.2 Interlaminar damage  

    As a first approach, and to access the accuracy of the methodology, interlaminar damage was 

simulated using the cohesive zone model implemented in ABAQUS [17]. For nanostitched interfaces, 

this is a simplification since these models were not developed accounting for the inelastic deformation 

and fracture on nano-reinforced interfaces. In the future, such cohesive zone models should be developed 

based on cohesive laws identified using analytical models supported by experimental findings and the 

simulations should be rerun.  

The constitutive behaviour of cohesive elements is implemented using a cohesive zone model that 

relates the tractions, τ, to the displacement jumps, Δ, at the interfaces where crack propagation occurs. 

The initial response of the cohesive element is assumed to be linear until damage initiation. ABAQUS 

allows the definition of different damage initiation and progration criteria. Damage initiation is related 

to the interfacial strength of the material and damage propagation is related to the rate at which the 

material stiffness is degraded after the initiation criterion is reached [17]. In this work, the quadratic 

nominal stress criterion was used for damage initiation and the Benzeggagh-Kenane fracture criterion 

was used for damage propagation [18].  

Cohesive finite elements require very refined meshes: the fracture process zone should include at 

least 3 cohesive elements so that delamination is accurately simulated. Turon et al. [19] proposed an 

engineering solution to avoid the use of such refined meshes that consists lowering the cohesive 

strengths whilst keeping the fracture toughness constant to enlarge the cohesive zone and to enable a 

better representation of the softening behaviour at the vicinity of the crack tip. Turon et al. [19], 

suggested that the effective strength in pure mode I should be given by  
 

𝜏𝑁 = 𝑚𝑖𝑛(𝑌𝑇
𝑈𝐷 , 𝜏𝑁̅̅ ̅) 

where 𝑌𝑇
𝑈𝐷 is the transverse tensile strength, and 𝜏𝑁̅̅ ̅ is given by  

𝜏𝑁̅̅ ̅ = √
9𝜋𝐸𝐺𝐼𝑐 

32𝑁𝑒𝑙𝑒
 

𝑁𝑒 is the number of elements in the cohesive zone that should be at least 3, 𝑙𝑒   is the element size in the 

direction of crack propagation, and 𝐺𝐼𝑐  is the mode I fracture toughness. Turon et al. [20] demonstrated 

that changes in the local mode ratio during the evolution of damage during mixed mode loading might 

lead to erroneous calculation of the energy dissipation. For this reason, the shear strength should not be 

a fully independent material property, but rather a function of the fracture toughness and of the normal 

strength: 

𝜏𝑠ℎ = 𝜏𝑁 √
𝐺𝐼𝐼𝑐

𝐺𝐼𝑐
 

where 𝐺𝐼𝑐  and 𝐺𝐼𝐼𝑐 are the mode I and mode II fracture toughness, respectively. The penalty stiffness 

used was 106 N/mm3 [21]. 

 

2.3 Finite Element Model  

The simulation of the short beam shear tests performed by Ni et al. [11] and Cohen et al. [12] was 

performed to better understand the consequences of reinforcing the interfaces with carbon nanotubes. 

The model is composed by i) two lower supports composed of C3D8r elastic elements, ii) a loading nose 

composed of C3D8r elastic elements and iii) the laminate. One user material C3D8r finite element per 

ply is used to simulate intralaminar damage and the plies are connected by 0.01mm thick COH3D8 

cohesive element. The supports and loading nose are also simulated to avoid unrealistic damage 

development on the outer layers and because their dimensions are not negligible compared to the 

dimensions of the specimens. The bottom of the supports are clamped and a smooth step with amplitude 

of 0.4 mm is applied to the top of the loading nose as shown in figure 3. Frictionless contact is defined 

between every element to avoid interpenetration. A mesh of 0.25x0.25xt mm3 is used for the ply 
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elements and 0.25x0.25x0.01 mm3 for the cohesive elements. The mesh and boundary conditions used 

are shown in figure 3. 

 
Figure 3: Boundary conditions (left) and mesh (right) used to simulate the SBS specimen.  

 
3 NUMERICAL RESULTS 

3.1 Numerical results for SBS in AS4/8552 CFRP 

Ni et al. [14] tested two sets of short beam shear samples following the ASTM D2344 standard: the 

baseline samples that are not reinforced in the interfaces and the reinforced samples that are nanostitched 

with carbon nanotubes in every interface. The samples were manufactured from 147gsm AS4/8552 

carbon/epoxy. The layup used was [0/90/45/-45]2s. The experimental results are shown in table 1. 

Even though Ni et al. [14] found no statistically difference between ILSS of the baseline and 

nanostitched samples, it was considered that the inclusion of carbon nanotubes in the interfaces increases 

the mode I and mode II fracture toughnesses as suggested in refs. [9], [11]. Since the effective 

enhancement factor is not known, 3 simulations were performed to inversely identify GIc and GIIc and 

to understand what the consequences of the toughening are. These simulations are identified as AS4-

CNT-5, AS4-CNT-10 and AS4-CNT-15. The mode I and mode II fracture toughnesses used are shown 

in table 1.  As done in Ref. [22] in the absence of the fracture toughness values for AS4/8552 

carbon/epoxy system, the properties previously measured for IM7/8552 are used. 

 

Reference 
Assumed enhancement 

factor 

GIc 

[kJ/m2] 

GIIc 

[kJ/m2] 

σExp 

[MPa] 

SE 

[MPa] 

σNum 

[MPa] 

Diference 

(%) 

AS4-REF - 0,28 [22] 0,79 [22] 94,99 [14] 1.19 [14] 97,48 2,6 

AS4-CNT-5 5% 0,29 0,83 96,24 [14] 0.92 [14] 102,24 6,2 

AS4-CNT-10 10% 0,31 0,87 96,24 [14] 0.92 [14] 103,07 7,1 

AS4-CNT-15 15% 0,32 0,91 96,24 [14] 0.92 [14] 103,74 7,8 

 

Table 1: SBS model and experimental results for AS4/8552 [0/90/45/-45]2s specimens. SE is 

standard error. 

 

Figure 4: SBS model and experimental results for AS4/8552 [0/90/45/-45]2s specimens as a function of 

assumed toughness increase due to A-CNTs. 
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As shown in figure 4, the ILSS does not increase proportionally to the increase in fracture toughness 

increase. The numerical results suggest that the inclusion of CNTs lead to an increase in mode I and 

mode II fracture toughness around or lower than 5%. For this reason, AS4-REF and AS4-CNT-5 

simulations are analysed in more detail in Figure 5 which shows the load displacement curves and the 

damage progression for these simulations. To simplify the analysis, only highly damaged elements 

(damage variable higher than 0.9)  are shown. Damage progression is very similar for both specimens, 

even though for AS4-CNT-5 damage develops for higher applied displacements: 

• A - damage develops on the top interface, below the loading nose 

• B - damage develops towards the centre of the specimen.  

• C - the specimen fails. Large interlaminar cracks that propagate through the specimen's length 

and width appear near the middle interfaces. Some matrix cracks are also visible.  

 
 

Figure 5: Predicted load-displacement curves and damage progression for AS4-REF and AS4-

CNT-5 samples in SBS.   

 

 

3.2 Numerical results for SBS in HTS40/Q-1112 CFRP 

Cohen et al.  [15] used 54gsm HTS40/Q-1112 carbon/epoxy material system to manufacture four 

sets of short beam shear samples:  

• Thin-REF: un-reinforced quasi-isotropic ([0/90/±45]6)s thin ply samples 

• Thin-CNT: quasi-isotropic ([0/90/±45]6)s thin ply samples nanostitched in the middle 15 

interfaces 

• Thick-REF: un-reinforced quasi-isotropic ([03/903/±453]2)s samples  

• Thick-CNT: quasi-isotropic ([03/903/±453]2)s samples nanostitched in the middle 5 interfaces. 

 

The samples were manufactured and tested following the ASTM D2344 standard. The goal of this 

experimental campaign was to understand the consequences nanostitching has when combined with 

thin-ply laminates and what are the improvements on interlaminar strength and toughness that can be 

obtained compared to the baseline material. Cohen et al. [15] analyzed the broken samples and reported 

that the major cracks of the thin-ply nanostitched samples (Thin-CNT) were located on unreinforced 

interfaces, away from the midplane of the samples. Unlike the reinforced samples, the major cracks of 

the baseline samples (Thin-REF and Thick-REF) were located near the midplane. This suggests that the 

presence of the CNTs leads to an increase in interlaminar fracture toughness. This is particularly 

noticeable for the thin-ply configuration. 

Since most of the material properties needed to simulate intralaminar and interlaminar damage are 

unknown for the HTS40/Q-1112 carbon/epoxy material system at this point of the work, only a 

qualitative analysis was made for this material. The material properties used are not relevant since the 

goal is not to get accurate predictions of the load displacement curve and ILSS but rather to better 

understand the differences in damage propagation of the four configurations. In the simulations of the 

unreinforced samples (Thick-REF and Thin-REF) the fracture toughness of the elements in every 

interface are the same. However, since the middle 5 and middle 15 interfaces are reinforced for the 

nanostitched samples (Thick-CNT and Thin-CNT, respectively), the fracture toughness of the elements 

on those interfaces are increased. Since the toughening factor induced by the presence of the CNTs is 
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not known, two enhancement factors were used: 5% and 10%. A summary of the simulations performed 

are shown in table 2. 

 

Reference Layup 
Nanostitched 

interfaces 

Assumed 

enhancement factor 

GIc 

[kJ/m2] 

GIIc 

[kJ/m2] 

Thick-REF ([03/903/±453]2)s None - GIc GIIc 

Thick-CNT-10 ([03/903/±453]2)s Middle 5 interfaces 10% 1.10 x GIc 1.10x GIIc 

Thick-CNT-15 ([03/903/±453]2)s Middle 5 interfaces 15% 1.15 x GIc 1.15x GIIc 

Thin-REF ([0/90/±45]6)s None - GIc GIIc 

Thin-CNT-10 ([0/90/±45]6)s Middle 15 interfaces 10% 1.10 x GIc 1.10x GIIc 

Thin-CNT-15 ([0/90/±45]6)s Middle 15 interfaces 15% 1.15 x GIc 1.15x GIIc 
 

Table 2: Characteristics of the HTS40/Q-1112 SBS simulations.  

 

 

     
Figure 6: Predicted damage after breaking. Discontinuities are delamination planes. Matrix damage 

and interlaminar damage are shown in blue and red, respectively. 

 

 

Figure 6 shows the predicted extension of damage after breaking. Even though the model also 

predicts the extension of the subcritical damage, only highly damaged elements (damage variable higher 

than 0.9) are shown to make the analysis simpler. Both the Thick-REF and Thin-REF simulations predict 

a large extension of damage through the thickness of the sample, with the major cracks in the middle or 

near the middle interfaces. As shown in figure 6, for the thin-ply material, an increase of 10%-15% on 

the fracture toughness of the middle interfaces is enough to shift the damage away from the centre. For 

this configuration, for an increase in fracture toughness as low as 10%, the middle reinforced region 

starts acting as an elastic region and therefore, all the simulations predict a similar behaviour regardless 

of the enhancement factor used. Contrary to the thin configuration, the damage mode is very similar for 

the standard grade reinforced and unreinforced samples (Thick-REF, Thick -CNT-10 and Thick -CNT-
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15). For conventional thickness material, small increases on the fracture toughness are not sufficient to 

change the failure mode and the failing interfaces. For the standard grade configurations, the 

enhancement factor could be determined by comparing the numerical and experimental ILSS, as 

explained in section 3.1. To do so, the material properties of the HTS40/Q-1112 carbon-epoxy system 

should be determined. However, since the same material is used to manufacture the Thin and Thick 

configurations, it is plausible that the enhancement factor is in the same order of magnitude. In general, 

the damage extension agrees with the experimental data reported by Cohen et al. [15]: 

• Thin-REF: clear interlaminar crack in the middle of the sample 

• Thin-CNT: clear interlaminar crack in the unreinforced interface closest to the mid plane 

• Thick-REF: large number of interlaminar cracks, being the major ones in the near the middle 

interface  

• Thick-CNT: large number of interlaminar cracks, being the major ones in the near the middle 

interface.  

 

 

4 CONCLUSIONS 

In this study, modelling of short beam shear tests of unreinforced and nanostitched samples is 

performed to better understand what are the consequences of reinforcing the interfaces with carbon 

nanotubes. The numerical results suggest that the nanostitched interfaces need be no larger than 5% 

tougher than unreinforced interfaces to match the experimental results. In this work, interlaminar 

damage in the nanostitched interfaces was simulated using the cohesive zone model developed for 

unreinforced interfaces. This is a simplification and the simulation of nano-modified interfaces should 

be addressed with more detail. The cohesive laws for nanostitched interfaces should be determined 

experimentally. This information will allow the comparison of the fracture toughness by means of the 

crack resistant curve and support the development of analysis methods to predict inelastic deformation 

and fracture on nano-reinforced interfaces.  
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