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Abstract: Strengthening composite structures for advanced industries such as offshore wind genera-

tion is a real issue. Due to the huge dimensions expected for next generation wind-blades, composites

based on glass fibers can no longer be used due to the lack of stiffness, whereas composites based

on carbon fibers are expensive. Therefore, switching to alternative structural solutions is highly

needed. This might be achieved by appropriate use of carbon nanotubes (CNTs) either as fillers of

epoxy matrices, especially in inter-plies, or as fillers of epoxy glues used in structural bonding joints.

As an example, trailing edges of offshore wind-blades are addressed in the current article, where

monolithic bonding holds together the two structural halves and where the risk of sudden and brittle

separation of edges while wind-turbines are in service is quite high. This can lead to tedious and very

expensive maintenance, especially when keeping in mind the huge dimensions of new generation

wind turbine blades that exceed lengths of 100 m. Bond joints and composites inter-plies of the final

CNT-reinforced structures will exhibit stiffness and toughness high enough to face the severe offshore

environment. In this article, multiscale Finite Element (FE) modeling is carried out to evaluate

mechanical properties following the addition of CNTs. To achieve an optimal reinforcement, the

effect of inclination of CNTs vs. mechanical loading axis is studied. Two innovations are suggested

through this numerical study: The first consists of using homogenization in order to evaluate the

effects of CNT reinforcement macroscopically. The second innovation lies in this forward-looking

idea to envisage how we can benefit from CNTs in continuous fiber composites, as part of a deep

theoretical rethinking of the reinforcement mechanisms operating at different scales and their trig-

gering kinetics. The presented work is purely numerical and should be viewed as a “scenario” of

structural composite materials of the future, which can be used both in the offshore industry and

in other advanced industries. More broadly and through what is proposed, we humbly wish to

stimulate scientific discussions about how we can better improve the performances of structural

composite materials.

Keywords: finite element; carbon nanotubes; smart composites; homogenization; offshore; wind-

blade; energy generation; continuous multiscale reinforcement concept

1. Introduction

To significantly improve the performance of smart composites [1–3], the current article
work assesses the benefits of CNTs as fillers to epoxy resin by way of a numerical multiscale
method simulation. The cases that are under focus are (Figure 1):

(1) Increasing the stiffness of inter-plies by CNT-reinforced resin. Moreover, if CNT
orientation can be optimized, through reinforcement mechanisms (crack-bridging
and pull-out), delamination strength will be enhanced.

(2) Reinforcement of composite bonding joints by CNT-reinforced resin, which will result
in higher bonding strength, and thus improve joints’ toughness.
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Figure 1. The bonding joints and the composite inter-ply areas of large wind turbine blades are the areas where a matrix

reinforced by CNTs is expected to increase the toughness.

In the current article, the effect of CNT orientation vs. the loading direction is studied
in a way to show proof of concept of toughness improvement at the laboratory scale, hoping
that mastering inclination techniques can be achieved soon, industrially. Various loading
configurations have been studied numerically at the nanoscale. The model that is suggested
is based on an energy approach. Euler beam elements represent covalent carbon bonds.
Chirality and functionalization have been studied through atomic simulation, where the
interface between the CNT and matrices is governed by Van der Waals forces.

2. Atomic Structure of CNTs

CNTs exhibit exceptional mechanical and physical properties. Amounts ranging
between wt. 0.4% and 1% are efficient enough to reinforce matrices significantly [4–7] while
keeping the final structural weight unchanged [8–14]. A single-walled CNT is depicted

in Figure 2. Chirality (chirality vector
→
C = n

→
a1 + m

→
a2) governs mechanical properties

(strength) as well as some other physical properties [6,15–17].

’

–
–𝐶 = 𝑛𝑎1⃗⃗⃗⃗⃗ + 𝑚𝑎2⃗⃗⃗⃗⃗

–

 

’

–

–

–

Figure 2. Illustration of CNT’s chirality.

Chirality has an influence on CNT elastic properties, but its influence is more notice-
able for strength, thermal and electrical properties [6,15–17].

3. Modeling CNTs and CNT–Matrix Interface

Given the nanosize of CNTs, their interactions with polymers have been studied
using molecular dynamics in order to evaluate their mechanical behaviors [8,9,18–21],
whereas continuum mechanics has been used to model polymers behavior. The issue of
scale separation has been under focus for many years and led, for example, to the atomic-
scale finite element method (AFEM), where some mechanisms such as post-buckling were
described [19,22–24]. Another approach suggested modeling carbon bonding using a Euler
Beam based space-frame [25–27]. Details about beam sections have been suggested by [28].
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In the current article, molecular dynamics is used to study CNTs, an approach which
is similar to the ones of [29,30]. It is well-established that functionalization is strongly
enhancing CNT–polymer interface strength [31–33]. The influence of functionalization
has been shown to be temperature-dependent [34] and that it increases, more specifically,
fracture toughness [31].

FE has been used to model CNT–polymer interfaces. Beam-spring elements have been
used by [21], where every CNT atom is bonded to matrix mesh nodes. Truss elements were
used in a continuum model to model van der Waals bonding [20]. Discrete truss rods were
also used by [27] and [29] to model van der Waals CNT–polymer interfaces and used the
generalized displacement control method proposed by [35]. Functionalization by amino
groups has been modeled by [36]. Another option that is based on a continuous layer,
illustrating van der Waals forces, was also studied by [37] and a cohesive law was derived
that takes into account various interactions. There are also various models that ease the
modeling of van der Waals interactions within MW-CNTs [38].

In this article, FE has been used. Modeling CNTs at the atomic level make it possible to
control their structures. It allows functionalization defects to be considered as well [36,39].
Based on previous works, the CNT–polymer interface has been modeled by a continuous
layer [39–41], as is the case in our modeling. To evaluate CNT-reinforced matrix elastic
behavior, a homogenization approach was used and the stiffness tensor made it possible
to evaluate the mechanical behavior that emphasizes CNT reinforcement effects vs. the
three loading directions. The first innovation brought by this work is the attempt to
make a link between nanoscale modeling and macroscopic mechanical behavior through
homogenization, knowing that CNT reinforcement becoming increasingly prevalent in
various industries. The article presents a calculation that shows benefits of the use of CNTs
to reinforce composites. These calculations can be used as a discussion basis of further
articles that will address the same issues. The second innovation lies in this prospective
idea where we tried to glimpse the industrial potential of the double reinforcement of
polymer matrices with continuous fibers and also by carbon nanotubes. The objective is to
consider a new concept of composites, which would enable all reinforcement scales (from
nano to macro) to be fully engaged as soon as the material is subjected to mechanical stress.

4. Theory

As mentioned, current simulations use Beam theory to model carbon-carbon bonding;
the polymer is a continuous material and a CNT–polymer interface is a layer governed
by van der Waals interactions. The model considers a CNT weight fraction fw = 1%
([10,17,32,42]). The estimation of the number of atoms in a given CNT is conducted through:

Vmat =

(

1

fw
− 1

)

nCMC

ρmat
(1)

where Vmat is the volume of the matrix of the nanocell, nC is the number of carbon atoms
in the CNT, MC is the weight of a single carbon atom and ρmat is the matrix density.

The CNT is modeled by a free lattice, where carbon-carbon bonding is considered as a
cylindrical beam of length, L, and radius, r:

EA
L = kr , EI

L = kθ , GJ
L = kτ (2)

E and G are the beam Young’s and shear moduli, the section surface A = πr2,

I = πr4

4 is the second moment and J = πr4

2 is the polar moment. kr, kθ and kτ are the
force constants of stretching, bending and torsional resistance tabulated using molecular
dynamics [9,20,43,44]. Note that Equation (2) and Figure 3 show the analogy between
Beam theory and molecular dynamics [20,26,30]. The properties of the circular beam can
be computed using:

r = 2
√

kθ
kr

, E = k2
r L

4πkθ
, G = k2

r kτ L

8πk2
θ

(3)
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𝑟 = 2√𝑘𝜃𝑘𝑟 , 𝐸 = 𝑘𝑟2𝐿4𝜋𝑘𝜃 , 𝐺 = 𝑘𝑟2𝑘𝜏𝐿8𝜋𝑘𝜃2𝐿 = 0.1421 nm
’

’𝑘𝑟 = 786 nN/nm 𝑘𝜃 = 0.901 nN nm/rad2 𝜈 = 0.0344 ’ 𝐸 = 7753 GPa 𝑟 =0.0677 nm ’ 𝑡 =0.34 nm ’ ’ 𝐸cnt𝐸cnt = 𝐹2𝜋𝑅𝑡 𝐿cntΔ𝐿cntwhere 𝐹 Δ𝐿cnt/𝐿cnt ’𝐸cnt 1.18 TPa

 

’

Figure 3. Molecular dynamics can illustrate atomic interactions.

L = 0.1421 nm is the length of the carbon-carbon bond [43]. Various bond forces con-
stants are considered [28]. Using Equation (3), a Poisson’s ratio higher than 0.5 was calcu-
lated [27,45,46]. The authors of [28], following [47], calculated a more accurate Poisson’s ra-
tio value that was adopted in the current article: kr = 786 nN/nm, kθ = 0.901 nN nm/rad2

and ν = 0.0344. Young’s modulus of the beam is E = 7753 GPa and r = 0.0677 nm. Know-
ing that CNT’s diameter does not relate systematically to its thickness as shown by [47]
and assuming the thickness is the same as one graphene sheet (t = 0.34 nm, [26,27]), CNT’s
Young’s modulus Ecnt, is given by:

Ecnt =
F

2πRt

Lcnt

∆Lcnt
(4)

where F is the force applied to a CNT and ∆Lcnt/Lcnt its the elastic strain. The Young’s
modulus calculated is Ecnt is 1.18 TPa.

Carbon-carbon bonds were considered to have constant lengths and it was assumed
that each carbon atom interacts in one unique point with the matrix (Figure 4b). Figure 4a
shows a schematic of van der Waals forces that should bond the CNT and the matrix. To
ease calculations, some simplifications were applied (Figure 4c). In this work, van der Waals
forces’ effective behavior is modeled with a continuous layer that is different from the polymer
(Figure 4e).

Averaging CNT–matrix interactions allow the calculations of the forces and a cohe-
sive behavior of the interface, which considers interacting particles densities and atomic
potential constants can be tabulated from [37]:

σcoh = 2πρpρcεσ2

[

σ4

(h + v)4
− 2σ10

5(h + v)10

]

(5)

Equation (5) gives the cohesive stress σcoh and the opening v of a graphene sheet
interacting with a matrix (Figure 5). Note that the cohesive stress depends on the rolling
effect of the graphene layer, though this can be neglected as shown by [37]. The law uses
volume density, ρp, of polymer atoms, the surface density of C in the CNT, ρc, and the
Lennard–Jones 6–12 potential constants ε and σ.
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–
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Figure 4. Interface modeling: (a) CNT and matrix show covalent bonding; (b) CNT and matrix have van der Waals bonding;

(c) perfect bonding; (d) van der Waals bonding is achieved through a continuous layer, which is considered in the current

article (e).

–

𝜎coh = 2𝜋𝜌𝑝𝜌𝑐𝜀𝜎2 [ 𝜎4(ℎ + 𝑣)4 − 2𝜎105(ℎ + 𝑣)10]𝜎coh 𝑣
𝜌𝑝 𝜌𝑐

– – 𝜀 𝜎

 

ℎ = (25)16 𝜎
’

Figure 5. Van der Waals bonding between matrix and CNT.

The CNT and matrix equilibrium distance are given by h =
(

2
5

)

1
6 σ, knowing that

the potential that yields the tensile stress is minimal. Using [4], the Young’s modulus
of the inlayer:

Eint = 30

(

2

5

)
1
3

πρpρcεσ2 (6)

The interfacial maximum is met when v = σ − h and is:

σmax
coh = σcoh(σ − h) =

6π

5
ρpρcεσ2 (7)
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For the calculations, we used the values that were detailed elsewhere [4,37]—i.e., σ =
0.3825 nm and ε = 7.462 × 10−4 nN · nm and ρc =

4
3
√

3L2 = 38.1 nm−2, ρp is 1174 kg/m3,

ρp = 46.0 nm−3 [4]. The cohesive stress can be derived in a way that allows the meshing
through tetrahedral elements and a Poisson’s ratio taken equal to the polymer is adopted,
which makes it possible to consider shear [4,41,48].

5. Representative Volume Element (RVE)

To define the representative volume element (RVE), the following parameters have
been used: Epon 862 [49,50], Young’s modulus and Poisson’s ratio were Emat = 2.92 GPa
and νmat = 0.4, the tensile strength was 76 MPa and tetrahedra was considered for mesh-
ing [4] and finally the RVE was used to solve homogenization problem.

6. Homogenization

For homogenization simulations, CNT was assumed to be fully embedded inside the
matrix and all boundary conditions were acting on its extremities (Figure 6).

𝐸int = 30 (25)13 𝜋𝜌𝑝𝜌𝑐𝜀𝜎2𝑣 = 𝜎 − ℎ𝜎cohmax = 𝜎coh(𝜎 − ℎ) = 6𝜋5 𝜌𝑝𝜌𝑐𝜀𝜎2
— 𝜎 =0.3825 nm 𝜀 = 7.462 × 10−4 nN ⋅ nm 𝜌𝑐 = 43√3L2 = 38.1 nm−2 𝜌𝑝 1174 kg/m3 𝜌𝑝 = 46.0 nm−3

’

’ ’ 𝐸mat = 2.92 GPa𝜈mat = 0.4 76 MPa

𝜺̅ 𝝈̅
𝝈̅ = 1|Ω| ∫ 𝝈 d𝑉Ω (a)𝜺̅ = 1|Ω| ∫ 𝜺 d𝑉Ω (b) 𝜺 d𝑉 𝝈 d𝑉Ω –

ℎ 

𝐿mat 𝛼 

𝐿cnt 

CNT 

Interface 

Matrix 

Figure 6. Details of FE modeling.

To tabulate macroscopic properties of the cell, various loading configurations were
considered. Additionally, the effective behavior, macroscopic strain, ε, and stress, σ, must
be calculated:

σ = 1
|Ω|

∫

Ω
σ dV (a)

ε = 1
|Ω|

∫

Ω
ε dV (b)

(8)

Since the carbon nanotube is considered as the CNT and as a lattice, ε dV and σ dV are
not defined throughout the RVE, Ω. To avoid this issue, the Gauss–Ostrogradsky theorem
applies [51]:

σ = 1
|Ω|

∫

∂Ω
x ⊗ t dS (a)

ε = 1
2|Ω|

∫

∂Ω
(n ⊗ u + u ⊗ n) dS (b)

(9)

where x is the borders coordinate, ∂Ω, n is the vector perpendicular to the surface, t = σ · n

is the surface traction and u is the displacement of x. The evaluation of macroscopic stress
and strain can be achieved by acquiring ui, ni, ti and dSi for each element i on the outer
surface. Macroscopic quantities of Equation (9) can be evaluated by:

σ ≈ 1
|Ω| ∑

i∈∂Ω

xi ⊗ ti dSi (a)

ε ≈ 1
2|Ω|

(

ǫ + ǫ
T
)

where ǫ = ∑
i∈∂Ω

ni ⊗ ui dSi (b)
(10)

The macroscopic nanocomposite stiffness tensor, C, as well as elastic properties as a
function of CNT orientation can therefore be calculated using Equation (10).
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7. Results

7.1. Influence of CNT Orientation

FE modeling allowed the visualization of the complete scenario of how the CNT is
orientated (angle α) vs. loading axis acts in the RVE (Figures 6 and 7). Details have been
given elsewhere [4,27,30,36]).

𝝈̅ = 1|Ω| ∫ 𝒙 ⊗ 𝒕 d𝑆∂Ω (a)𝜺̅ = 12|Ω| ∫ (𝒏 ⊗ 𝒖 + 𝒖 ⊗ 𝒏) d𝑆∂Ω (b)𝒙 𝜕Ω 𝒏 𝒕 =𝝈 ⋅ 𝒏 𝒖 𝒙𝒖𝑖 𝒏𝑖 𝒕𝑖 d𝑆𝑖𝑖 𝝈̅ ≈ 1|Ω| ∑ 𝒙𝑖 ⊗ 𝒕𝑖  d𝑆𝑖𝑖∈𝜕Ω (a)

𝜺̅ ≈ 12|Ω| (𝝐 + 𝝐T) where 𝝐 = ∑ 𝒏𝑖 ⊗ 𝒖𝑖  d𝑆𝑖𝑖∈𝜕Ω (b)

ℂ

𝛼

 

 

  
Figure 7. Models used for tension, compression and torsion simulations.

7.2. Tension and Compression

Tension and compression curves are depicted in Figure 8 for various orientations and
compared to the curve of unreinforced matrix. Note that the highest benefit in reinforcing
with CNT is clearly when it is oriented parallel to the loading axis.

ongitudinal Young’s modulus of the composite𝛼𝛼 = 40°

’ 𝐸𝑐

𝛼 = 0°
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a

]
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α

Figure 8. Tension and compression law behavior.

From Figure 9 the longitudinal Young’s modulus of the composite is the highest when
the CNT is aligned parallel to the loading direction, which is coherent with what is shown
in Figure 10. Increasing α comes with a decrease in the stiffness up to a plateau value
(reached at α = 40◦).
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Figure 9. Evolution of the composite Young’s modulus (Ec) vs. CNT orientation.

ongitudinal Young’s modulus of the composite𝛼𝛼 = 40°
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the C-C bond force variations considering 
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𝛼 = 45°

Figure 10. Illustration of the failure criteria used (Von Mises) in the CNT (left: scale 1) and the matrix

(right: scale 2) in various CNT orientations, α. The same compression strain applies for all cases

(ε33 = −0.12%).

7.3. Torsion

Shear behavior has been studied by way of torsion (Figure 7). A twist angle Φ loads
one end of the composite cylinder, while the second is kept fixed. Knowing that J is the
polar moment of inertia, Gc is the composite shear modulus, and L is the cylinder length,
the torque T is calculated as:

T = JGc
Φ

L
(11)



J. Compos. Sci. 2021, 5, 135 9 of 21

As depicted in Figure 11, torsion curves are fairly similar to those of neat polymers.
From Figure 12, it is clear that the CNT does not highly oppose the torsion when oriented
parallel to the torsion axis. The shear modulus is the highest when α = 45◦ and when the
stress is the highest.
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same twist angle applies to all cases (Φ ≈ 2◦).
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7.4. Shear Test

To gain insight into the reinforcement of a bonding layer when shear-loaded, FE
simulations were conducted by varying CNT orientation (Figures 13 and 14).

𝛼 = 90°

𝛼Φ ≈ 2°

Figure 13. Illustration of the matrix layer reinforced with a CNT, which is loaded under shear.

 

 

(a) (b) 𝛼 = 60°

𝛼 ∈[10°, 50°]

α=15

α=45

α=60

α=75

α=90

Fixed boundaty 

Area where 

shear is applied 

𝛼 

Imposed displacement 

Figure 14. Loading under shear: (a) boundary conditions; (b) mesh cross-section at α = 60◦.

This simulation of shear in the bonding layer is far from being straightforward since a
cuboid region of matrix with a carbon nanotube, which was shear-loaded, was considered
and three virtual spots within this region were defined [4] too (Figure 14).

Figure 15 shows the load applied to the block upper area vs. displacement. Once the
RVE undergoes shear, nanoreinforcement is active and the RVE will show non-linear
deformation, as observed when comparing neat resin vs. CNT-reinforced resin behaviors.
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Figure 15. Force weighed to the maximal force of the neat matrix as a function of the displacement of

the upper block weighed to the thickness of the middle layer.
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It can also be seen in Figure 16 that reinforcement is much more important when
α ∈ [10◦, 50◦], which can be easily understandable when considering that pressures that
apply during manufacturing would surely result in CNT orientation that fall into this
range.

 𝛼𝑢1 = 3 × 10−4 𝑢2 = 0.6 𝑢3 = 1.0 𝑢4 = 1.2

𝛼 =45°
𝛼 45° 15° –±45°
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u1
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u4

Figure 16. Increase in the shear stress for various α at various levels of displacement: u1 = 3 × 10−4,

u2 = 0.6, u3 = 1.0 and u4 = 1.2

The carbon nanotube reinforces the polymer by switching the load partly from the
top area to the bottom one (Figure 17), thus postponing the midsection from meeting the
maximum stress.

𝛼𝑢1 = 3 × 10−4 𝑢2 = 0.6 𝑢3 = 1.0 𝑢4 = 1.2

  
(a) (b) 𝛼 =45°

𝛼 45° 15° –±45°

α

Figure 17. All matrix sections are under maximum stress (left). For the nanocomposite where α = 45◦,

CNT opposes, thus delaying the maximum stress to apply at the mid-section.

Due to the high resistance of carbon-carbon bonding, CNT reinforcement is more
effective when α is 45◦, whereas for orientations lower than 15◦, CNT–polymer interface is
solely resisting shear and as a matter of fact the resistance sharply drops (Figure 17). It is
worthwhile noting that if we can set the orientation to ±45◦, delamination strength would
be significantly improved when tension, shear and torsion apply (Figure 18).
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𝒖 𝜺𝒖 = 𝜺. 𝒙 𝒙𝜺 = 𝒆𝐢⊗𝒆𝑖 , 𝑖 ∈ {1,2,3} 𝜺 = 𝒆𝑖 ⊗𝑠 𝒆𝑗 , 𝑖, 𝑗 ∈ {1,2,3}, 𝑖 ≠ 𝑗𝜕Ω

𝕊

Figure 18. Illustration of the most favorable orientations of the CNT in the matrix.

7.5. Macroscopic Stiffness Tensor of the Nanocell

Homogenization was conducted to gain deep insight the linear elastic behavior of
the nanocell. This was carried out using a CNT which is linear and long enough for
reinforcement. The elastic stiffness tensor was numerically estimated, based on a cuboid
RVE (Figure 4a) and FE modeling. A displacement u, in line with a macroscopic strain
ε, was applied to RVE extremities (Figure 19): u = ε.x, where x is the boundary point
coordinate. The macroscopic stiffness tensor was calculated by considering loadings under
tension (ε = ei ⊗ ei, i ∈ {1, 2, 3}) and under shear (ε = ei ⊗s

ej, i, j ∈ {1, 2, 3}, i 6= j) of the
RVE boundary, ∂Ω.

𝒖 𝜺𝒖 = 𝜺. 𝒙 𝒙𝜺 = 𝒆𝐢⊗𝒆𝑖 , 𝑖 ∈ {1,2,3} 𝜺 = 𝒆𝑖 ⊗𝑠 𝒆𝑗 , 𝑖, 𝑗 ∈ {1,2,3}, 𝑖 ≠ 𝑗𝜕Ω

𝕊
Figure 19. Illustration of the RVE considered in the tensor of stiffness.

To lower the effect of the CNT length as much as possible, a high aspect ratio was
adopted along with a length equal to the RVE one. Considering an armchair (6,6) of the
CNT and that the RVE is isotropic in the transverse direction (Figure 20), the tensor of
compliance, S, is given by:

S =


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







1
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E1

1
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− ν13
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0 0 0

− ν13
E1

− ν13
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1
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2G13
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0

0 0 0 0 0 1+ν12
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

















(12)

𝒖 𝜺𝒖 = 𝜺. 𝒙 𝒙𝜺 = 𝒆𝐢⊗𝒆𝑖 , 𝑖 ∈ {1,2,3} 𝜺 = 𝒆𝑖 ⊗𝑠 𝒆𝑗 , 𝑖, 𝑗 ∈ {1,2,3}, 𝑖 ≠ 𝑗𝜕Ω

𝕊

 

Figure 20. Illustration of the longitudinal section of the mesh of the RVE.
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The macrostiffness tensor, C, was tabulated from Equation (10) by way of compressive
tests in the three directions, as well as shear loads in three plans:

C = S
−1 =

















6.32 4.21 4.18 0 0 0
4.21 6.32 4.18 0 0 0
4.18 4.18 9.00 0 0 0

0 0 0 2.11 0 0
0 0 0 0 2.11 0
0 0 0 0 0 2.12

















(13)

The composite macroscopic elastic parameters are tabulated from Equations (12)
and (13). Table 1 shows the comparative results for neat polymer vs. the composite.
This comparison shows a high increase in the Young’s modulus parallel to the CNT axis, a
slight increase in transverse modulus and almost no improvement in the shear modulus.

Table 1. Elastic properties of the neat and reinforced polymer matrix.

E1

(GPa)
E3

(GPa)
ν12 ν13

G13

(GPa)
G12

(GPa)

Neat
Matrix

2.92 2.92 0.4 0.4 1.04 1.04

CNT-
reinforced

matrix
3.21 5.67 0.52 0.22 1.06 1.06

Ratio 1.10 1.94 - - 1.01 1.01

8. Synthesis and Discussions

Reinforcement by CNTs can effectively enhance composite resistance under various
loading axes, provided that their orientations can be mastered. It was shown that an
orientation at 45◦ can constitute a smart “deal” that can allow a high bond strength to be
achieved. It is also critical to keep in mind that the aspect ratio of the CNTs is of prime
importance. When considering a CNT with a length that can be available industrially, the
homogenization calculation shows a higher Young’s modulus can be obtained vs. neat
polymer matrices under tension and torsion, though in the case of torsion one should keep
in mind that the distance to the torsion axis still influences the results (Figure 21).
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Figure 21. Summary of the simulations for tension (a), torsion (b) and shear (c).
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9. Observations about Engineering Use

CNTs can significantly strengthen composite inter-layers or bond two composite parts.
To figure out how we can make use industrially of these simulations, three-point flexure
tests were numerically carried out to serve as a basis of discussion. When carbon nanotube-
reinforced resin was added to the inter-layers, there was a slight increase in composite
thickness vs. the case where there is no addition. In the following, we use the percent
increase in both elastic moduli and shear strength, as calculated earlier.

The composite under focus is made of 12 plies of CFRP oriented at 0◦, 45◦ and −45◦.
Carbon nanotube-reinforced resin was added in the inter-plies. Models that were used are
based on ASTM D7264/D7264M [52] (Figure 22). The ply thickness is 0.33 mm, that of the
CNT-reinforced layer is 0.20 mm, whole composite thickness is 6.2 mm, an aspect ratio of
1/16 was selected, the span is 98.6 mm, the total specimen length is 118 mm and the width
is 13.0 mm. Abaqus was used for simulations, the layers were continuum shells, and mesh
was refined in the areas close to supports and at the center, while they were made coarser
in all other areas, as shown in Figure 23.

0° 45°−45° 0.33 m0.20 mm 6.2 mm98.6 mm 118 mm13.0 mm

 

α α

Figure 22. Illustration of 3-point bend test.

𝑬𝟏𝐆𝐏𝐚 𝑬𝟑 𝐆𝐏𝐚 𝝂𝟏𝟐 𝑮𝟏𝟐 𝐆𝐏𝐚 𝑮𝟏𝟑 𝐆𝐏𝐚 𝑮𝟐𝟑𝐆𝐏𝐚

es 𝐌𝐏𝐚 𝐌𝐏𝐚𝑋𝑐 1950 300
 𝑌𝑐 200 𝑋𝑡 1950 82𝑌𝑡 81𝑆𝑙 79 67𝑆𝑡 79

’s ’

Composite Layer 

CNT reinforced resin layer at inter-ply 

Figure 23. Illustration of the mesh of the simulated half-specimen.

The CFRPs that were considered are made of 60% of AS4 fibers and 40% of 3501-6
epoxy [53]. To account for CNT reinforcement, an average increase of 60% of elastic modulus
was considered, as well 30% of shear strength. Material parameters are listed in Table 2.
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Table 2. Summary of the elastic parameters considered in the study.

E1

(GPa)
E3

(GPa)
ν12

G12

(GPa)
G13

(GPa)
G23

(GPa)

CFRP ply
(tension)

141 11 0.28 6.6 4.8 4.8

CFRP ply
(compres-

sion)
128 11 0.28 6.6 4.8 4.8

Reinforced
resin in

inter-ply
6.7 0.4 1.6

Damage initiation was predicted using the Hashin criterion [54,55]. Accordingly,
tension and compression strength were parallel to the fiber axis (named direction 1),
tension and compression strength were perpendicular to the fiber axis (named direction 2)
and longitudinal and transverse shear strengths. Material properties are listed in Table 3.

Table 3. Illustration of the limits of elasticity considered in the study.

Plies (MPa) CNT Reinforced Resin (MPa)

Compression
strength-direction 1

Xc 1950

300
Compression

strength-direction 2
Yc 200

Tension
strength-direction 1

Xt 1950

82
Tension

strength-direction 2
Yt 81

Shear strength Sl 79

67Transverse shear
strength

St 79

In the case of flexure, damage starts at the maximum deflection point and then prop-
agates through the section. Compressive damage takes place at the top of the specimen
following the penetration of the central span into the material. Thereafter, multiple delam-
ination takes place at the inter-plies. Delamination is easily initiated when the inter-plis
shear strength is weak. It is therefore easily understandable that increasing the interply
strength through the use of CNT-reinforced resin will surely lead to the increase in the
composite’s Young’s modulus.

A vertical load was applied to the center of the specimen. Rigid and frictionless
cylinders with diameters of 6mm were considered according to the standards. Side dis-
placement was not allowed. The considered composite architecture was unidirectional
[0◦]6S and 2D [45◦/−45◦]3S.

9.1. Unidirectional Specimen [0◦]

Figure 24 shows the load vs. deflection. As expected, damage initiates at the fibers
located at the lower surface of the specimen. Note that damage initiated at 1 kN for
the unreinforced composite, whereas this value jumped to 1.6 kN in the CNT-reinforced
composite (Figure 24), which represents a 60% increase.
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Figure 24. Load–displacement and stiffness comparison before damage in 0◦ plies (case 1).

The test shows significant improvement in stiffness, which results from the section-
quadratic moment. It is therefore clear that CNT addition at the inter-plies comes with an
increase in the composite stiffness. Its resistance to delamination is improved as well.

9.2. 2-Dimensional Specimen [45◦]

The elastic modulus is lower than in UD. Figure 25 shows the load–displacement
curve that highlights very similar results. Damage initiates in the matrix at the lower
surface. Additionally, there is a clear increase in stiffness and damage is delayed in CNT-
reinforced specimens.
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Figure 25. Load–displacement and stiffness comparison before damage in +45◦/ − 45◦ (case 2).

To sum up, numerical bending tests, which were carried out taking into account
industrial constraints (in particular the size of the carbon nanotubes and the thickness
gradient of the composite plies following the addition of a reinforced matrix overlay by
CNTs) have shown that stiffness is improved, as well as the resistance to delamination.
It goes without saying that future work should include several additional variables to
support the current work. For example, it would be interesting to work further by including
hygro-thermal effects, using the approaches of [56–58], for example.

10. Prospective

This study was conducted considering the ideal case of a nanometric cell represented
by a matrix reinforced by a single carbon nanotube. The study was carried out in a
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case where the carbon nanotubes were homogeneously dispersed within a resin and
were functionalized and that their achieved orientations were ideal and at an industrial
scale. In reality, we are still a long way from this case and the difficulties should be well
foreshadowed. First of all, obtaining a significant dispersion of the nanotubes is very
difficult as, despite all the precautions that one takes, this operation remains eminently
delicate. Indeed, not only the mixture must disperse the nanotubes, but it is also necessary
to be careful not to degrade them. Let us also keep in mind that the state of the dispersion
depends on the scale and the area (or volume) studied and this easily suggests the extent
of the difficulty when dealing with large quantities of resins. The orientation of the carbon
nanotubes is also a major disturbance as although this is relatively easy in the case of
short fibers, the operation is very complicated for nanometric particles. All this obliges
us to remain very humble and to keep thinking and work hard in order to improve
our understanding of the mechanisms involved, while proposing scenarios for solving
the issues encountered to best benefit the reinforcement of composite structures using
carbon nanotubes.

11. Further Thinking

The proposed research is also part of a deep theoretical rethinking of the reinforcement
mechanisms operating at different scales (nano to macro) and their kinetic of operating.
Indeed, the reinforcement of composites is a set of mechanisms which operate at different
scales (from nano to macro) and implies for each scale the net type and the size of the
reinforcement specific to the considered scale. Therefore, the question that arises is whether
the reinforcement at a given scale ceases to operate or not once we go up to the next
scale, knowing that the best scenario would obviously be that all the reinforcements can
develop continuously their benefits at any scale, under any loading configuration and at
any loading speed. Figure 26 is illustrating the modeling pathway that takes researchers
and engineers from the nanoscale all the way towards the final structure as suggested by
Drissi-Habti [59]. Beyond a numerical modeling which can always be undertaken in a
rigorous way, by using available theoretical and mathematical arsenals, the question will
be asked whether physically the composite reinforced either with CNTs and continuous
fibers, subjected to a stress scenario will be able to oppose these constraints efficiently by
concomitant use of all the reinforcements available. In the same vein, if this is not the case,
what are the options that would be worthwhile to test.

On the basis of the results presented along with a deep step-back thinking, it seems
rather improbable, if not impossible, that the composite whose matrix is reinforced by
carbon nanotubes, on one hand, and continuous fibers, on the other hand, could benefit
fully from nanometric reinforcement. The reason for this lies in the fact that there is no
physical continuity between carbon nanotubes and fibers and/or fiber fabrics. We consider
that reinforcement of matrices can only be efficient if its overall architecture is responding
as one and only one entity. In other words, an efficient technological reinforcement solution
for all scales could only be seen if we manage to develop an “all-in-one” reinforcement—for
example, 2D fabrics and/or multi-D based on a continuous fiber having a surface crimped
by carbon nanotubes of length “enough long” (Figure 27). The physical continuity of such
CNT reinforcement to fiber to cloth to the macrocomposite would give guarantees of
performance such as those demanded by the critical underlying industries. Obviously,
the idea presented remains a preliminary concept that must be studied from scratch by
optimizing all stages.
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Figure 26. Illustration of the pathway of modeling from nano to macro of smart composite reinforced by continuous fibers

and carbon nanotubes.
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Figure 27. Illustration of the suggested “continuous” reinforcement that is made of continuous fiber with CNTs of “enough”

length grown up on their surfaces, which were then woven before adding the matrix.

12. Conclusions

FE modeling was carried out to investigate CNT reinforcement to improve mechanical
properties of CFRPs inter-ply areas and bond joints strength as well. The article targeted
the increase in composite delamination strength, which is a critical property for composites.
The models are expected to bring innovative solutions for reinforcing bonding joints of
large structures that are used in aggressive environments, such as offshore wind-blades of
lengths exceeding 100m.

Numerical homogenization was performed to calculate the macroscopic mechanical
properties of composite structures based on the RVE models. It was shown that mastering
the orientation of carbon nanotubes is the key to achieving the best mechanical properties.
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If future technologies allow controlling CNT orientations, large and very high performance
composite parts can be fabricated.

The development of an “all-in-one” reinforcement ensuring physical continuity be-
tween carbon nanotubes and the continuous fiber can be an efficient technological reinforce-
ment solution, as in the example of 2D fabrics based on a continuous fiber having a surface
crimped with carbon nanotubes of “long enough” lengths. The physical continuity of such
a reinforcement from the nanoscale to macroscale would give guarantees of performances
for advanced industries, provided that this concept is implemented from scratch, and can
be strengthened by deep modeling and optimization of various parameters involved.
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