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Abstract
This work studies the effect of  Al4C3 layer formation in the carbon nanotube (CNT)–Al interface on the tensile elastic 
modulus of the resulting composite material, focusing on the thickness of this layer. 3-D models combining discrete element 
model and finite element analysis (FEA) were used in order to simulate the behavior of composites with different volume 
fractions of CNTs randomly dispersed into the Al matrix. Layers of 1, 5, 10 and 15 nm were modeled, affecting the CNTs 
according to the expected interfacial reaction. Estimations were compared to those obtained in a previous work using unit 
cell models for an ordered composite. Results showed that the presence of this interface increases total reinforcement volume 
fraction. Besides, elastic modulus of the composites increased with CNT volume fraction, while the increase in the interface 
thickness also provoked an increment in the Young’s modulus, attributed to the combined reinforcement effect of CNT and 
 Al4C3. Estimations for the 3-D models were between maxima and minima values predicted by longitudinal and transversal 
moduli for ordered composites. Results also showed the importance of the use of more realistic FEA models for improving 
the predicting ability of this method for predicting the mechanical behavior of composites.

Keywords CNT · Al4C3 · Aluminum · FEA · DEM

1 Introduction

In the last decades, carbon nanotubes (CNTs) have been 
extensively used for reinforcing materials, which present 
properties that allow the use of such materials in different 
applications. Among the most important properties that are 

improved with the insertion of the CNTs are the decrease 
in the density ant the increase in mechanical and thermal 
properties [1–3]. The reinforcement of composites using 
CNTs has been mainly focused on polymer matrices (PMC), 
fact that has motivated important works [2, 4]. There is a 
wide variety of CNTs, including multiwalled tubes with 
Young modulus and strength up to 1000 GPa and 100 GPa, 
respectively [5]. This has led to the use of CNTs also as 
reinforcement in metal matrix composites (MMCs), mainly 
for aluminum matrices, obtaining materials characterized 
by higher specific strength, specific modulus, better fatigue 
resistance, better high-temperature response and better 
wear resistance [6]. These properties motivate the use of Al 
matrix composites for applications which need lower density 
without losing strength. Comparing to PMCs, there has been 
comparatively little research for the case of CNT–Al MMCs 
[7–10], needing a special attention the interfacial bonding 
between CNT and metallic matrix, mainly when molten 
metal is used in the manufacturing process. Powder metal-
lurgy process has been also studied, but in this case inter-
face formation is reduced due to the lower manufacturing 
temperature. The carbides formed and their characteristics 
have important effects on the mechanical behavior of these 
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materials. Different techniques have been used in order to 
study these interfaces, mainly including microscopy (scan-
ning electron microscopy, SEM; and transmission electron 
microscopy, TEM [7, 10]). The literature shows that matrix 
composition has a significant effect on the interfacial layer 
formed due to the reaction between CNT and molten metal, 
e.g.,  Al4C3 or SiC for Al alloys with different Si contents 
[11]. According to this, the thickness and composition of 
the interface significantly affect the mechanical properties of 
the composites, as the strength and thickness of the carbides 
determine the stress that could be transferred to the CNT. 
There are reported different thicknesses for the carbide layer 
differs: Bakshi et al. [11] found that for an Al–11%Si alloy 
it is approximately 6 nm, while He et al. [7] showed that 
starting from CNTs of 5–20 nm in diameter in contact with 
Al it is possible to obtain  Al4C3 nanowires ranging from 7 to 
25 nm.  Al4C3 presents both perpendicular and lateral growth 
separated into two steps: initially, the formation of a thin car-
bide coating; followed by the consumption of the CNT until 
the formation of an  Al4C3 layer [7]. Then, the study of this 
phenomenon is essential for a better study of the resulting 
composites. There are numerous analytical and numerical 
models for the prediction of mechanical behavior of compos-
ite materials and interfaces [3, 12], which involve different 
important assumptions and the selection of a uniform repre-
sentative volume element (RVE) which captures a minimum 
repeatable feature that represents the microstructure. The 
mechanical properties of the composites also depend on dif-
ferent characteristics of the reinforcement, such as volume 
fraction, aspect ratio, size and distribution, orientation and 
interfaces [1]. Then, the growing mechanism and the pos-
sible interface thickness are essential data for the selection 
of the model that needs to include the combination rein-
forcement–interface–matrix. Among these models is rule of 
mixtures, which evaluates the effective elastic response of a 
composite under axial load. Even different reinforcements or 
phases can be included, as is the case of an interlayer. Nev-
ertheless, it does not consider the random distribution of the 
reinforcements, their aspect ratio and other aspects related 
to the configuration of the composite. Due to its modeling 
capability, finite element analysis (FEA) is one of the most 
important methods used to analyze the mechanical behav-
ior of composites, being able to include characteristics such 
as the array and aspect ratio of the reinforcements, and the 
presence of interlayers (as in the case of  Al4C3 for CNT-
reinforced aluminum matrix composites) [10–14]. Following 
this trend, the interface thickness and volume fraction effect 
on the elastic modulus of CNT-reinforced PMCs have been 
studied for several researches [14, 15]. Nevertheless, few 
works study the carbide interfaces for MMCs, just analyzing 
the effect of the interface stiffness, thickness and debonding 
for general cases [7, 8, 16, 17]. These works do not analyze 
the effect of the  Al4C3 interlayer on the elastic modulus, 

neither including the analysis of the formation of the inter-
faces, as could be the CNT and matrix consumption due to 
the interface growing, and the final characteristics of the 
resulting reinforcement (CNT + layer).

Based on the latter, a previous work [18] studied the effect 
of the CNT–Al4C3-matrix system on the elastic modulus of 
MMCs with different volume fractions, modeling a unitary 
cell with only one CNT as RVE. Nevertheless, this work was 
an introductory study case, just analyzing the case of ordered 
MMCs, being necessary to extend the analysis to randomly 
distribute CNTs and RVEs including more than one unit 
cell. Combining DEM and FEA, it is possible to reach this 
goal. With the use of the DEM, randomly distributed CNTs 
can be generated in a first step in order to better reproduce 
their distribution [18]. This allows to obtain just the center 
of each CNT as x, y, z coordinates (modeled first as spheres), 
controlling the distance between these centers for modeling 
in a second stage the CNT. The use of DEM provides sev-
eral advantages: One of them could be reduction in com-
puter requirements. Once the model for CNTs distribution is 
ready, a second important aspect is the number of CNTs that 
needs to be included in each FEA model. Computations con-
vergence for these models has been analyzed in other works 
finding that RVEs must be at least ~ 2.5–3.5 times the maxi-
mum size of certain feature that represents the material (unit 
cell) [19]. Then, in order to improve the results obtained in 
the mentioned previous work, the selected size of the RVE 
in a new work should be at least equivalent to the length 
of 2.5–3.5 CNTs. This DEM–FEA model will be closer to 
the real composites morphologies, providing estimations in 
better agreement with experimental results. That is why the 
present work is focused to analyze, using DEM–FEA, the 
effect of the  Al4C3 interface thickness on Young’s modulus 
(E) for aluminum matrix composites reinforced with differ-
ent volume fractions of randomly dispersed CNTs.

2  Models and calculation

2.1  Generation of random distributions for CNTs

Open-source DEM simulation software  LIGGGHTS® 
[20] was used in order to generate randomly distributed 
coordinates for CNTs location, being the initial stage of 
the modeling process. This first step consists of ascer-
taining the behavior of spherical particles immersed into 
a 4-μm-diameter (d) and 3.2-μm-height (h) cylinder with 
the aspect ratio h/d = 0.8. The used criterion for selecting 
this size was needed for computations convergence already 
mentioned (at least the length of 2.5–3.5 CNTs). Depending 
on the CNT volume fraction, a certain number of spheres 
were inserted. The conditions for the interactions between 
these inserted particles were selected just to generate a high 
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interaction between them and to get the desired random dis-
tribution. In order to obtain repetitive results, three DEM 
random distributions were obtained for each model for 
CNTs, reporting as Young’s modulus the average obtained 
using these distributions. In Fig. 1a, b, two examples of ran-
dom distributions of the spheres used for the models can be 
observed.

2.2  Finite elements models for the MMCs (CNT–
Al4C3 matrix system)

Once the coordinates were obtained by DEM, they were 
post-processed in order to generate scripts using commer-
cial FEA software ANSYS 16.0, followed by the creation 
of CAD models. CNTs were located at the generated coor-
dinates, modeled as solid cylinders with open ends, with 
0.070 μm in diameter and 1 μm in height, and the aspect 
ratio 14 (L/D = 1000/70 nm) [10]. The selected volume 
fractions for the inserted CNTs ranged from 0.02 to 0.2. 
These small quantities were selected in order to optimize the 
computational requirements. The matrix used for modeling 
purposes corresponds to Al–12 wt% Si, as the one obtained 
by Lasagni et al. [17] using a squeeze casting process, with 
a typical Young’s modulus of 77 GPa, and a Poisson coeffi-
cient of 0.33, already used in a previous work [18]. Young’s 
modulus and Poisson’s ratio of the CNTs were 680 GPa and 
0.27, respectively, which correspond to multiwalled CNTs 
with outer and inner radii of 35 and 15 nm, respectively 
[21]. In order to obtain more realistic models, the effect of 
the  Al4C3–CNT interface was included according to the 

analysis developed in a previous work [18], where  Al4C3 
layers with thicknesses of 1, 5, 10 and 15 nm were included 
for CNTs with and without end caps, using separately in the 
axisymmetric model the areas and mechanical properties of 
the CNTs and the  Al4C3 layers. In the mentioned work, the 
CNT volume consumed during the interfacial reaction with 
the Al alloy was estimated, resulting in a total diameter for 
the resulting reinforcements (CNT + Al4C3). According to 
Bakshi et al. [5], the reaction occurs on all the CNT surface, 
perpendicularly growing the carbide governed by the diffu-
sion of Al and C through  Al4C3. This condition of chemical 
bonding is treated in FEA as perfect adhesion between CNT, 
 Al4C3 and matrix, fact that was assumed in the present work 
linking FEA elements of the different materials through 
the “add” command of ANSYS 16.0. The presence of the 
interlayer affected the relative volume fractions in the com-
posite for the matrix and the reinforcement. In the present 
work, we are modeling the system CNT + Al4C3 as single 
cylinders of different diameters depending on the interface 
thickness, each one with unique mechanical properties cal-
culated according to the relative quantities of the CNT and 
the  Al4C3 interface in the cylinder (as for the CNT, with 
1 μm in length). Cylinder radii, Young’s moduli and Poisson 
coefficients for the reinforcements (CNT + Al4C3) are shown 
in Table 1 for different layer thicknesses. For determina-
tions, the properties used for  Al4C3 were: Young’s modu-
lus of 309 GPa and a Poisson coefficient of 0.20 [22]. As 
can be observed, the reinforcement (CNT + Al4C3) radius is 
not obtained just by adding the layer thickness to the outer 
radius of a CNT (35 nm), but taking into account the fact 

Fig. 1  Spheres distributions 
used to generate coordinates for 
CNTs for volume fractions of a 
0.05 and b 0.1

Table 1  Reinforcement radius, 
aspect ratio and mechanical 
properties for CNTs with 
different  Al4C3 layers

Al4C3 layer thick-
ness (nm)

Reinforcement radius, 
CNT + Al4C3 (nm)

Reinforcement 
aspect ratio

Young’s modulus 
(GPa)

Poisson 
coefficient

1 35.26 14.18 655 0.265
5 38.25 13.07 573 0.250
10 41.35 12.09 497 0.235
15 44.28 11.29 443 0.225
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that interface grows consuming not only Al matrix but also 
the CNT, fact that decreases the volume fractions for the 
CNT and the matrix. Nevertheless, the sum CNT–interface 
volume fraction always increases.

Figure 2a, b shows examples of modeled cylindrical spec-
imens with two different CNT volume fractions, engendered 
through DEM–FEA combination. As can be observed, the 
distributions of the CNTs are random. Their directions were 
obtained through the generation of three random angles for 
obtaining x, y and z directions.

2.3  Simulation for the MMCs

The Young’s moduli of the MMCs with different reinforce-
ment volume fractions were uniaxially estimated when 
applying equivalent compressive displacements on the 

nodes of the upper end of the cylindrical specimens. Ten-
node tetrahedral structural solid elements were employed 
for meshing. The number of nodes ranged from 2 × 105 
to 2 × 107, while the number of elements from 2 × 104 to 
6 × 106, increasing these quantities with the increase in 
the CNT volume fraction. Mesh convergence analysis 
was carried out by gradually increasing the number of 
elements and verifying the local stress behavior to ensure 
convergence of the numerical solution. The coupled-node 
boundary condition (keeping the nodes in the same plane) 
was used for the upper face of the cylinder. The reinforce-
ments were meshed in complete contact with the matrix. 
Figure 3a, b shows the meshed model for the reinforce-
ments (CNT + Al4C3) resulting in interfaces of different 
thicknesses.

Fig. 2  FEA models of MMCs 
reinforced with volume frac-
tions of 0.02 (CNTs + Al4C3) 
and interfaces of a 1 nm and b 
15 nm

Fig. 3  Meshing for isolated 
reinforcements (CNT + Al4C3) 
with interfaces of a 1 nm (total 
radius 35.26 nm), and b 15 nm 
(total radius 44.28 nm)
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Young’s modulus can be obtained from the response of 
the simulated compression test, and along the z-axis (Ez), 
it can be determined by:

where σz and εz are the stress and the strain in z-axis, respec-
tively. The displacement applied (1% of h) to the cylinder in 
z-axis (uz is used for the strain determination) is:

where Lz is the original height of the cylindrical specimen. 
The stress necessary for solving Eq. 1 is determined using 
the following equation:

where Fz is the reaction force in the z-axis obtained through 
the FEA simulation, for the nodes of the bottom end of the 
cylindrical specimens; while A is the area of this surface.

(1)Ez =

�
z

�
z

(2)�z =

uz

Lz

(3)�z =

Fz

A

3  Results and discussion

Figure 4a shows the meshed structure for a modeled com-
posite with 0.05 volume fraction of CNTs with nanolayers of 
5 nm, where reinforcements can be easily observed (circled), 
while Fig. 4b shows, for the same composite, the graphi-
cal response for the total deformation originated due to the 
applied displacements. In this figure, the uniform response 
of the x–y surfaces can be noted.

The effects of the reinforcement volume fraction and the 
interface thickness on the Young’s modulus can be observed 
in Fig. 5a. The increase in the CNT volume fraction pro-
voked important rises in the Young’s modulus from values 
of approximately 85 GPa for a CNT volume fraction of 0.02 
to more than 110 GPa for a volume fraction of 0.20. This 
behavior is observed for both CNTs and CNT + Al4C3 due 
to the fact that in both cases reinforcements have higher 
Young’s modulus than the Al matrix. In Fig. 5b, it can be 
observed that the increase in the  Al4C3 nanolayer leads to 
higher values of the Young’s modulus, mainly for high thick-
nesses, reaching a maximum of 127 GPa for a MMC with a 
volume fraction of 0.2 and a nanolayer of 15 nm (12% higher 
than for the CNT without  Al4C3). This behavior agrees well 

Fig. 4  a Meshed model for 
composite with 0.05 volume 
fraction of CNTs with nanolay-
ers of 5 nm and b total deforma-
tion distribution originated due 
to the applied displacement

Fig. 5  a Multicell FEA-esti-
mated Young’s modulus (E) 
versus CNT volume fraction 
and b increment percentage for 
E, depending on the thickness 
of the interfacial  Al4C3 layer
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with the one obtained in a previous work, where unit cell 
RVE was used [18], and with other experimental results, 
which reported that the formation of nanosize layers of 
 Al4C3 at the interface is beneficial for the mechanical prop-
erties of composites by increasing the interfacial bonding 
[23], helping in load transfer to CNT by pinning the nano-
tubes to the matrix [24]. Besides, the formation of the  Al4C3 
nanolayer contributes to an increase in the total quantity of 
reinforcement, which increases for higher  Al4C3 thicknesses.

Figure 6a depicts the Young’s modulus behavior for FEA 
models using: (1) a unit cell [18] for the case of CNTs with-
out end caps and (2) randomly distributed 3-D multicells 
obtained in this work, both with different interface thick-
nesses. As can be observed, results for multicell models are 
located in the range between maximum (longitudinal) and 
minimum (transversal) Young’s moduli obtained for the 
unit cell model. Experimental characterizations are gener-
ally located in this range, so, the results estimated using 
the multicell models are in excellent agreement with the 
expected one. It is important to remark that the differences 
observed for the composites using different thicknesses are 
more significant for the case of models using multicells and 
for the transversal direction for models with unit cells. This 
increase is more important than that observed for the lon-
gitudinal case when a unit cell is used, fact that could be 
explained due to the dominant effect of the high aspect ratio 
of the reinforcements when this direction is used. Besides, 
it has been reported that CNTs may not be as effective as 
long CNTs in reinforcing a composite [15]. Otherwise, 
Fig. 6b shows the percentage differences between the esti-
mations obtained using the 3-D models and the average 
values obtained using longitudinal and transversal Young’s 
moduli for unit cell models. As can be observed, the above-
mentioned effect of the high CNTs aspect ratio leads to over-
estimations of the Young’s moduli when ordered models are 
used, reaching a maximum of 28%. The predominant effect 
of the aspect ratio in a certain direction is avoided using 
random multicell models. It can be also observed that the 
overestimation of E slightly decreases with the increase in 
the interlayer thickness (22% for CNTs with an  Al4C3 layer 

of 15 nm and volume fraction of 0.2). A plausible explana-
tion to this behavior is the modification originated in the 
reinforcement aspect ratio, which decreases from 15.6 for 
the CNT without  Al4C3 to 11.29 for CNTs with interlayers 
of 15 nm, as already observed in Table 1. These lower aspect 
ratios lead to a slight diminution in the predominant effect of 
the Young’s moduli estimated in the longitudinal direction, 
increasing the contribution of the transversal analysis. If the 
case of CNTs with end caps was modeled and compared 
with [18], the expected behavior could be similar to the one 
obtained in the present work, being the Young’s moduli 
in the same range for multicell estimations, because when 
short CNTs are used, the difference between cases with and 
without end caps is less than 5% [15]. It is also important 
to remark that these models could be used for the study of 
CNTs without interlayers, as the obtained processing MMC 
by powder metallurgy, where interfacial Al–CNT reaction is 
not favored. This condition in FEA would be studied with-
out “adding” different materials, far different from the case 
when chemical bonding exists, where FEA elements of dif-
ferent materials are linked.

4  Conclusions

After the analysis of the compressive response of Al–Si/
CNT MMCs with  Al4C3 interfaces, comparatively studied 
using unit cell and randomly distributed multicell FEA mod-
els, the following can be concluded:

• The use of multicell random models generated using a 
DEM–FEA combination made it possible to realize more 
realistic models of CNT-reinforced composites.

• For both, CNT and CNT + Al4C3 composites, estimated 
elastic moduli significantly linearly increased as the CNT 
volume fraction increased.

• Young’s modulus increased with the increase in the 
 Al4C3 interlayer thickness, reaching a maximum incre-
ment of 15%, and being more significant for multicell 
models.

Fig. 6  a Young’s moduli 
variation versus CNT volume 
fraction, for FEA estimations 
obtained using unit cell and 
randomly distributed multicell 
models, depending on the thick-
ness of the interfacial  Al4C3 
layer and b Young’s moduli 
overestimations when unit cell 
models are used compared to 
multicell models
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• Young’s modulus estimations using 3-D randomly dis-
tributed multicell FEA models were between maxima 
and minima values predicted by the longitudinal and 
transversal moduli for unit cell ordered models.

• The selection of the correct MMC topology has been 
demonstrated to be an essential variable for obtaining 
better estimations.
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