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Abstract A novel representative volume element
(RVE) builder is developed to solve the strong
“framing effect” problem in previous RVE builders.
Taking advantage of rigid body dynamics simulation,
the new RVE builder can construct RVEs of CNT/Al
with high volume fractions and complex geometries of
CNTs. 3D RVEs with random/aligned CNTs and three
volume fractions (1.5, 3.0, and 4.5 vol.%) are
constructed. Uniaxial tensile tests of these RVEs are
simulated. The loading direction is parallel/perpen-
dicular to the aligned CNTs. Based on the simulations,
Young’s moduli and stress—strain curves are calcu-
lated to study the load transfer strengthening mecha-
nism of CNT/AI. Compared to the unreinforced Al, the
4.5 vol.% CNT/Al with aligned CNTs shows ~ 28%
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increment in Young’s modulus, while the one with
random distributed CNTs only shows ~ 11% incre-
ment. The simulation results match well with the
reported experimental results.
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1 Introduction

Discontinuously reinforced aluminum matrix com-
posites (AMC) were widely used in the past decades
because of their low density, high strength, and
stiffness (Zhang et al. 2020a, 2019a; Xie et al. 2019;
Ye et al. 2019; Ma et al. 2019). In recent years, carbon
nanotube (CNT) reinforced AMC (CNT/AI) has been
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attracting much attention due to their excellent
properties over traditional AMC (Liu et al. 2020;
Azarniya et al. 2017; Zhang et al. 2020b; Xu et al.
2019). Because of the superior mechanical properties
of CNTs (Young’s modulus of ~ 1 TPa and fracture
strength of > 30 GPa), a few additions of CNTs can
improve the stiffness and strength of aluminum alloys
significantly (Azarniya et al. 2017; Xu et al. 2019;
Wang and Yuan 2020). Furthermore, compared with
conventional ceramic particles reinforced AMC,
CNT/Al shows better machinability (Azarniya et al.
2017).

To optimize the mechanical properties, it is crucial
to thoroughly clarify the strengthening mechanisms of
CNT/Al Grain refinement, Orowan looping, thermal
mismatch, and load transfer are the main strengthening
mechanisms of CNT/AI (Liu et al. 2020, 2017; Chen
et al. 2019). Among these mechanisms, the load
transfer strengthening mechanism (LTSM) increases
both the stiffness and strength of CNT/Al, while other
strengthening mechanisms only increase strength
(Huang et al. 2015; Liu et al. 2013). Therefore, the
LTSM is one of the essential strengthening mecha-
nisms in CNT/Al. Some experimental approaches,
such as in-situ X-ray and neutron diffraction methods,
have been developed and successfully applied in many
materials to investigate the LTSM. However, it is
challenging to study the LTSM in CNT/AI (Harjo et al.
2017; Roy et al. 2019; Zhou et al. 2018; Lam et al.
2020) because no CNT peak can be detected in the
diffraction spectrum of CNT/Al (Sudrez et al. 2013;
Liu et al. 2012; Mokdad et al. 2016; Zhao et al. 2018).

In contrast, computational methods can efficiently
explore the strengthening mechanisms quantitatively
(Zhang et al. 2019b; Zhu et al. 2019; Figiel 2018; Li
et al. 2017; Joshi et al. 2016). For example, Zhang
et al. (Zhang et al. 2018a, 2018b) applied the finite
element method (FEM) to assess the influences of
interface strength and anisotropy of reinforcements on
the LTSM of the SiC particles reinforced AMC. It was
found that increasing the aspect ratio of SiC particles
increases the load transfer efficiency. Taking advan-
tage of FEM, the LTSM of CNTs could be revealed
quantitatively. Using FEM to study CNT/Al requires
representative volume elements (RVE) (Khalevitsky
and Konovalov 2019; Guven and Cinar 2019; Miiller
et al. 2015; Redenbach et al. 2012) with realistic
morphology, distribution, and proper volume fraction
of CNTs.
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Because the diameter of CNT is less than 20 nm in
many cases, microstructure reconstruction from
experimental data is very difficult to carry out, even
with atom probe tomography (Kelly and Miller 2007)
or atomic force microscope method (Efimov et al.
2007). Besides, the reconstructed RVEs can only
reflect the structures of the materials that already exist,
which makes it less significant for designing new
materials. In addition, the experimental method is
always time-consuming, making the constructed
RVEs too small to be “representative” (Harper et al.
2012; Kanit et al. 2003).

Random sequential adsorption (RSA)
scheme (Zhang et al. 2020b, 2014a, 2014b; Su et al.
2014; Pérez et al. 2018) can build the RVEs for CNT/
Al. However, the RSA method faces the “framing
effect” problems for building the RVEs of CNT
reinforced composites, limiting the achievable volume
fractions of CNTs. Figure 1 illustrates the framing
effect in 2D. Because the placed CNTs cannot move
during the RSA procedure, framed zones will be
formed, which is not enough to place a new CNT.
Although the framing effect in 3D is slighter than in
2D, it still seriously constrains the volume fraction of
RVE when hundreds of CNTSs in it. Therefore, the
previous RSA method can only generate the RVEs
with a relatively low volume fraction of CNTs.

Many collective rearrangement algorithms com-
bine RSA (or sedimentation) methods with reposi-
tioning (or shrinking) processes (Ghossein and
Lévesque 2013; Yu et al. 2008; Han et al. 2005;
Gaiselmann et al. 2014; Salnikov et al. 2015), that are
capable of generating large-sized RVEs with higher
volume fractions of inclusions. Inspired by those
methods, in this study, a new method for synthesizing

| —— RVE
| _ — —» Placed CNT
| — — Framed zone

| — — Matrix

Fig. 1 Schematic diagram of “framing effect” during RSA
procedure
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the RVEs of CNT/Al was developed by combining
RSA and rigid body dynamics simulation.

The distribution and volume fraction of CNTs can
strongly affect the mechanical properties of CNT/AL
Liu et al. (2014), Zhao et al. (2017) compared the
strengths of CNT/Al with random-oriented and
aligned CNTs. The random-oriented CNT/Al showed
lower strength than the aligned CNT/ALl. The stiffness
and strength of CNT/AI increased with increasing the
volume fraction of CNTs (Liu et al. 2016; Wang et al.
2020a). Therefore, it is necessary to clarify the effects
of alignment and volume fraction of CNTs on the
LTSM in CNT/AL

The present study aims to build the RVEs of CNT/
Al with high volume fractions of CNTs. To clarify the
LTSM in CNT/AI and analyze the effects of orienta-
tion and volume fraction of CNTs, three-dimensional
(3D) RVE with different alignments and volume
fractions of CNTs were generated. The finite element
models were then set up to investigate the tensile
loading behavior of CNT/AIL Young’s modulus and
stress—strain curves were analyzed. The stress con-
centration factor of CNTs was discussed.

2 Modeling procedure
2.1 Workflow of building the RVEs

A rigid body dynamics enhanced method was devel-
oped to generate large-sized RVEs with high volume
fractions of CNTs. Figure 2 shows the workflow of
building the RVEs of CNT/Al. In this procedure,
open-source software, toolkits, and libraries were
occupied. Combining those open-source tools, a
software VirtualComposite-RB was developed to
realize this workflow, which is divided into six steps.

2.1.1 Reinforcement generating

The first step is reinforcement generating, as shown in
Fig. 2a. A CNT was created using the tube filter of
software VTK (Schroeder et al. 2004). Because the
CNTs in CNT/Al are not always perfectly straight (Liu
etal. 2017), the longitudinal axis of the CNT was set as
a spline curve. Using the spline axis also demonstrates
the ability of the new method to construct complex
structures of CNT. The geometry (including size and
shape) can be modified by adding seed points and

adjusting their positions on the spline. Here, the
nominal length and diameter of the tube were 300 and
10 nm, respectively. The shapes of CNTs in this study
are identical to simplify the building procedure.

2.1.2 Loose placing

The second step is placing CNTs loosely, as shown in
Fig. 2b. A box with the top open was created as a
container of CNTs. A large number of CNTs were
placed inside or on top of the container. The distance
between CNTs should be big enough to avoid
intersections with each other.

2.1.3 Rigid body dynamics simulation

The third step is rigid body dynamics simulation, as
shown in Fig. 2c. The rigid body dynamics simulation
was used to reduce the distance and framed zone
between CNTs in Fig. 2b. Under the external force
(gravity in this study), CNTs fall into the container.
The equations of the rigid body motions are (Coumans
2015):

F =ma (1)

t=Io+oxIo (2)
F F

Vieas = Vi +alAt = v, + %At (3)

XA =X+ Vi aAt (4)

where m is the mass of the rigid body, x the
displacement, ¢ the time, F the resultant force on the
rigid body, Fey the external force, F., the force
caused by collision, T the torque, I the rotational
inertia, o the angular velocity, a the accelerated
velocity, v the velocity, and x the displacement. €2 is
the impulse caused by collision or friction, which has a
linear component and an angular component:

Q = F ., At = mAy (5)
Qiorque = TAt = TAw (6)
Therefore,
Q
Av = — 7
=" ™)
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(a) Reinforcement

(b) Loose placing
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(f) Meshing (e) Haircut (d) RVE zone selecting
Fig. 2 Workflow of building RVEs of CNT/Al
Ao — Qiorque T X 2 collision or superball collision). Because the bounci-
=TT T (8) ness of the rigid bodies in this study increases the

where r is the relative position vector of the contact
point to the center of the body mass.

When a collision involves two bodies (body A and
B), the 2 of bodies A and B can be calculated as
(Coumans 2015):

—(1 + e)vABAn

Qp=-Q = 2 2 (9)
(raln) (rgAn)
nAn (mLA + ,,}—B> + T
where
Avsg = vap — vBP (10)

n is the normal vector for the collision (pointing
toward body A by convention), e the coefficient of
restitution, vop and vgp the velocities of contact points
on bodies A and B, respectively. The coefficient of
restitution e ranges from 0 (totally plastic collision, a
lump of clay landing on the floor) to 1 (totally elastic

@ Springer

computational cost and massively changes the align-
ment of pre-placed CNTs in the second step Fig. 2b,
the coefficient of restitution was set as 0.

The intersect judgement between neighboring
CNTs is controlled by “geometric collision detection”
of physics engine Bullet (Coumans 2015). Geometric
collision detection is a large topic (Ericson 2004). For
real-time physics engines nowadays, the method can
be briefly stated as follows. The distance between
objects at a given time needs to be calculated at first.
When objects contact or intersect with each other, a
collision force, F o in Eq. (3), will be generated to
separate the objects from each other.

By adjusting the second and third steps (loose
placing and rigid body dynamics), the desired CNT
orientation can be obtained. In the second step, the
orientations of CNTs need to parallel to the desired
orientation (or just roughly parallel to the desired
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orientation). During the third step, the CNTs would
rotate to lie perpendicularly to the applied gravity
force after they contacted each other. When the
rotations of some CNTs are greater than 30° (or less
if necessary), the motions of them need to be
deactivated to guarantee they do not rotate too much.
Then the desired orientation of CNTs can be obtained.

The rigid body dynamics simulation was performed
in software Blender (Community 2018) using the
physics engine Bullet (Coumans 2015). To make the
CNTs do not contact each other in the result RVE,
hulls around the CNTs (convex or tube-shaped) were
occupied. Using the convex hull to detect the
collisions can accelerate the simulation but increase
the distances between CNTs.

2.1.4 RVE zone selecting

The fourth step is RVE zone selecting, as shown in
Fig. 2d. Directly using the container and all the CNTs
as the RVE box can get the highest volume fraction
(Sheng et al. 2019, 2016). However, this will lead to no
reinforcements across the border, and it is difficult to
get a target volume fraction. Therefore. in this study,
the selected RVE zone is a cube in the center of the
container box in Fig. 2c. Not all the CNTs would be
placed in the RVE. They are selected by the following
adsorption procedure.

An improved RSA method was then used to select
and place CNTs inside the RVE zone, as shown in
Fig. 3. Figure 3b is the original RSA method, while
Fig. 3a is the improved one. Figure 3 shows that the
improved method does not need to detect the inter-
sections between CNTs, making this step much faster
than the original one. During the adsorption procedure
in Fig. 3a, the desired volume fraction can be
controlled.

2.1.5 Haircut

The fifth step is the haircut, as shown in Fig. 2e.
Because some CNTs are placed across the RVE
boundaries, Fig. 2d looks hairy. To get a cubic RVE,
boolean operations are applied to CNTs. The boolean
operation algorithm was implemented based on the
open-source library Pymesh (Zhou 2020). The struc-
ture of CNTs in Fig. 2e is also shown in Fig. 4f.

2.1.6 Meshing

The sixth step is meshing, as shown in Fig. 2f. The
RVE model is meshed by software Tetgen (Si 2015)
using tetrahedron elements. Figure 2e and f show the
same RVE before and after meshing. The detailed
effects of the mesh size are discussed in Sect. 3.2.

The new procedure is faster and more powerful than
the original RSA method. For RVE with 3 vol.%
CNTs, the original RSA method cost ~ 48 h while
the new method only cost less than 2 h (same CPU
environment). It is almost impossible for the original
RSA method to generate RVEs with volume fractions
above 4.0%.

2.2 Constructed RVEs

By placing random or aligned CNTs (Fig. 2b) and
controlling their rotations, the RVEs with aligned
CNTs (denoted by ‘A’) and random-oriented CNTs
(denoted by ‘R’) were constructed. As shown in
Fig. 4, six RVEs of CNT/Al were generated, i.e., six
virtual composites. Three of them have aligned CNTs,
and the other three have random-oriented CNTs. Three
RVEs with different CNT volume fractions (1.5, 3.0,
and 4.5 vol.%) were constructed by defining the target
volume fractions.

The RVEs with 1.5, 3.0, and 4.5 vol.% CNTs are
denoted by VF1.5, VF3.0, and VF4.5, respectively.
The shape of CNTs was assumed to be curved fibers
with a diameter of 10 nm and a nominal length of
300 nm. The side length of the RVEs was 600 nm and
the effects of the RVE sizes are discussed in Sect. 3.2.
Based on previous studies, when the length of RVEs is
twice larger than the length of the reinforcements, a
balance between efficiency and accuracy can be
obtained (Zhang et al. 2019b, 2018a). The VF4.5-R
RVE contains 425 CNTs, which is very difficult using
the manual or original RSA methods.

To characterize the orientation of CNTs in the
aligned and random-oriented RVEs. After rigid body
dynamics simulation (Fig. 2c), the angles between
CNTs and X-axis were calculated and counted. As
shown in Fig. 5, for the aligned CNTs (A RVEjs), the
angles between CNTs and X-axis are mostly less than
12°. In contrast, for the random-oriented CNTs (R
RVEs), the angles between CNTs and X-axis have a
wide distribution from 0° to 90°. This result proves
that the RVEs with random and aligned oriented CNTs
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Fig. 3 Flow chart of
a improved and b original
RSA method

Get position of a
new CNT from rigid
body simulation

Random
position of a
new CNT

Yes ntersect

Place CNT in RVE

Finished

(@)

can be obtained efficiently using the enhanced RVE
builder.

3 Finite element simulation and results

3.1 Computational homogenization and material
properties

The finite element method was used to study the
deformation behaviors of CNT/Al. Uniaxial tensile
loading was applied to each RVE in Fig. 4. The
loadings were along the X-axis and Z-axis, respec-
tively, to analyze the anisotropy of the RVEs. For the
aligned RVEs, the X-axis was the longitudinal direc-
tion of CNTs; the Z-axis was the transverse direction
of CNTs (these simulations were denoted by “T”).
More details about the loading conditions can be found
in Ref. (Zhang et al. 2018a, 2018b). The stress—strain
curves are obtained based on the effective stress oesr
and strain & (Zhang et al. 2018b):
>0 fi
A

Ocff =

U
seff:zx 100% (12)
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with placed
CNTs

Place CNT in RVE

Enough
volume
fraction

Finished

(b)

where A is the area of the loading surface, N is the
number of the nodes on that surface, f;r the reaction
force at those nodes, U the applied displacement
(18 nm in this study, corresponding to the applied
strain of 3%), L the side length of the RVEs (600 nm).

To quantitatively characterize the load transfer
from Al to CNTs, the average stress in CNTSs o, was
calculated (Zhang et al. 2018b):

>\ Vi
Vcnt

Ocnt = (13)
where m is the number of finite elements of CNTs in
the finite element model, V., the total volume of
CNTs, V; and o; the volume and stress of each element
in CNTs, respectively.

Based on Egs. (11) and (13), the stress concentra-
tion factor of CNTs R can be defined (Zhang et al.
2018b):

Ocnt
Rene = 14
e Oeff ( )

The stress concentration factor reflects the load
transfer efficiency from the matrix to reinforcement.
The Al matrix was modeled by an elastoplastic
material law with anisotropic hardening rule, while
CNTs were modeled using an ideal elastic material
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(d) VF1.5-R

(e) VF3.0-R

(f) VF4.5-R

Fig. 4 RVEs of CNT/Al: a—c CNTs are aligned along X-axis (denoted by “A”); d—f CNTs are randomly oriented (denoted by “R”).
Volume fractions of RVEs are a and d 1.5 vol.%, b and e 3.0 vol.%, ¢ and f 4.5 vol.%, respectively

law. The Young’s modulus and Poisson’s ratio of the
Al matrix were 69.5 GPa and 0.33, respectively. The
isotropic hardening rule of Al relates the flow stress o
to the equivalent plastic strain & by:

o=oa,+K()" (15)

where the yield stress o, = 308 MPa, the hardening
parameters K = 408 MPa and n = 0.45 (Zhang et al.
2020b, 2018a, 2018b). Young’s modulus of 750 GPa
and Poisson’s ratio of 0.2 were used for CNTs (Zhang
et al. 2020b).

Because only small deformations were simulated
(3% tensile deformation), the damages of the matrix,
reinforcement, and interface were not considered in
this paper. To simplify the models in this study, the
interfaces between CNT and Al of current FE models
were set perfectly tied. Still, if needed, three basic
interfacial behaviors (adhesion interface, friction

interface, and cohesive interface) can be considered
(Su et al. 2014; Espinosa et al. 2012).

3.2 Mesh and RVE size

Although smaller mesh sizes and larger RVE sizes
provide higher accuracy of the finite element simula-
tions, they require expensive computational costs
(Harper et al. 2012; Kanit et al. 2003). To balance the
computational cost and simulation accuracy, models
with four different mesh sizes and RVE sizes were
investigated, as shown in Figs. 6 and 7. The tensile
deformations of these models were simulated. The
tensile stresses were calculated to determine the
relative errors of these models. The relative stress
error is defined as:

_ |Oeff — Oref

(16)

Oref

@ Springer



414

J. F. Zhang et al.

X-axis

(b)

Frequency (%)
[ ]
>

=

% A\ crzze:
12 16 20 24 28 32

Angle (degree)

0 4 8

18

15+
12+

Frequency (%)

= ] =) =]
T Ll v

Angle (degree)

Fig. 5 Frequency of angels between X-axis and CNT axes: a diagram of the angle between X-axis and CNT axes, b aligned, and

¢ random-oriented CNTs

where o is the effective tensile stress, opf the
reference tensile stress.

As shown in Fig. 6, four models with different
mesh sizes were generated. The mesh sizes of the
models were controlled by the maximum element
volume using Tetgen (Si 2015). The model without
maximum element volume constrain was denoted as
M-default. Compared to the size of the RVE, the
diameters of CNTs are tiny. Therefore, the meshes
inside or near CNTs are already very small even
without maximum element volume constrain, as
shown in Fig. 6a. The models with maximum element
volume of 1000 nm3, 500 nm3, and 250 nm> were
denoted as M-1000, M-500, and M-250, respectively.
The relative stress errors of M-default, M-500, and
M-1000 were calculated and shown in Fig. 6e, while
the tensile stresses of M-250 were taken as the
reference stresses. From Fig. 6e, with finer mesh
sizes, the relative errors are smaller. However, thanks
to the tiny diameters of CNTs, even the relative errors
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of M-default are less than 2%. Therefore, the default
mesh size was used in other simulations in this study.

As shown in Fig. 7, four models with different RVE
sizes were generated. The volume fraction of CNT in
these models is 1.5 vol.%. All the CNTs are aligned
along the X-axis. The edge lengths of L-700, L-600,
L-500, and L-400 are 700, 600, 500, and 400 nm,
respectively. The model L-600 and VF1.5-A in Fig. 4a
are the same RVE model. Taking the tensile stress of
L-700 as the reference, the relative errors of other
models are shown in Fig. 7e. With larger RVE sizes,
the relative errors are smaller. The relative stress
errors of L-600 is smaller than 1%. Therefore, the
RVEs with an edge length of 600 nm were used in
other simulations in this study.

3.3 Calculated stress—strain curves
The stress—strain curves obtained from the simulations

are shown in Fig. 8. The flow stress predicted by the
aligned RVEs is higher than those from the random
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Fig. 6 Models with
different mesh sizes.

a Default mesh size. Models
with maximum element
volume of b 1000 nm?, ¢ 500
nm3, and d 250 nm®.

e Relative stress errors

Fig. 7 Models with
different RVE sizes. RVE
with edge length of

a 700 nm b 600 nm,

¢ 500 nm and d 400 nm,
e Relative stress errors

(a) M-default (b) M-1000 (c) M-500

2.0 T T
—— M-default
——M-1000
—— M-500

1.5¢

1.0

Relative stress error (%)

0 i L i i L
00 05 1.0 15 20 25 3.0

Strain (%)
(d) M-250 (e) Relative stress errors

(a) L-700 (b) L-600 (c) L-500

400
— L-500
[+ L-600

Relative stress error (%)

0.0 05 10 15 20 25 3.0
Strain (%)

(d) L-400 (e) Relative stress errors
RVEs, even when the volume fractions of random expected. However, the flow stresses predicted by the
RVEs are higher (Fig. 8a). Figure 8b shows that the aligned RVEs with the loading direction along the
yield stresses and flow stresses of different virtual Y-axis (Fig. 8b) are lower than those predicted by the
composites are higher than those of pure matrix, as random RVEs (Fig. 8a) to some degree. These results
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confirm that the alignment of CNTs plays a vital role
in the load transfer effect.

The effect of the LTSM is investigated by compar-
ing the stress—strain curves of the CNT/AI and pure
matrix. The relative increments in the elastic modulus
due to the addition of CNTs were calculated and
shown in Fig. 9. Figure 9 shows that the predicted
increment in elastic modulus matches well with the
experimental results (Liu et al. 2013), no matter for
aligned (models A and A-T) or random (models R)
CNTs.

The metal matrix of the experimental CNT/Al
composites in Fig. 9 is 2009Al alloy. However, the
matrix of the calculated CNT/Al is pure Al to make the
calculated model as simple as possible. Due to
alloying and precipitated phases, such as Al,Cu and
Al,CuMg, the matrix has a higher Young’s modulus
than pure aluminum. The calculation of Young’s
modulus of the matrix alloy is another complex
problem, which is not the topic of this paper.
Therefore, we use the relative increments instead of
the exact values of Young’s modulus. The exact values
of the calculated and experimental Young’s moduli
are shown in Supplementary file Table.1.

Compared to the unreinforced Al, the 4.5 vol.%
CNT/Al with aligned CNTs showed ~ 28% incre-
ment in Young’s modulus when the load direction was
parallel to the aligned CNTs. When the load was
perpendicular to the aligned CNTs or the CNTs were
randomly distributed, the 4.5 vol.% CNT/Al only
showed ~ 12% increment in Young’s modulus. The
prediction accuracy of the RVE based FE models for
elastic modulus is verified. However, because other
strengthening mechanisms like grain refinement,
Orowan looping, and thermal mismatch were not
considered here, the predicted strength did not match
well with the experimental. These strengthening
mechanisms can also be modeled using the finite

[ ] (93]
wn (=]
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Fig. 9 Relative increments in elastic modulus of CNT/AL
Experimental data of composites with aligned CNTs (A-
Experimental) and random CNTs (R-Experimental) were
obtained from extruded and friction stir processed CNT/Al
(Liu et al. 2013), respectively

element method (Zhang et al. 2019b). However, they
are not the topic of this paper. Figure 9 shows that the
predicted increments in the elastic modulus by the A-T
and R models are close and much smaller than those by
the A models.

3.4 Strain and stress of the matrix
and reinforcements

Figures 10 and 11 show the equivalent plastic strains
of the Al matrix and Mises stress fields of CNTs,
respectively, at the applied strain of 0.5%. The 0.5%
applied strain is just passed the yield point of the whole
composite model according to Fig. 8. At 0.5% applied
strain, it is easy to find the serious inhomogeneous
deformation caused by the different mechanical prop-
erties between CNTs and Al. As shown in Fig. 10,
even after the whole composite has passed the yield
point, there are still many areas that have not

Fig. 8 Stress—strain curves 700 450 T
obtained from tensile (@) (b)
simulations of aligned RVEs 600 400l
along a X-axis and b Y-axis = =
(denoted as “T”) E 5001 ) E P

5400' g VF4.5-A-T

# 300} —.—z:*;.g-: —a—zig'ﬁ'ﬁ. Z 300 o VF3.0-AT 1

/ VF1.5-A VFL5-R ;F:'S;A;Iix
200 S 250 TV Lt
00 05 10 15 20 25 3.0 00 05 10 15 20 25 3.0

Strain (%)

@ Springer

Strain (%)



A rigid body dynamics simulation enhanced representative volume element 417

experienced any plastic deformation. The equivalent
plastic strains in the Al matrix are affected by the
loading direction and volume fraction of CNTs.
Generally, with increasing the volume fraction of
CNTs, the plastic strain of Al increases. When the
loading is parallel to the aligned CNTs (A models), the
plastic strain is more inhomogeneous, and the high
plastic strain appears near the ends of CNTs. When the
loading is perpendicular to the aligned CNTs (A-T
models), the plastic strain of Al is more homogeneous,
and the high strain appears surrounding CNTs. For the
models with randomly distributed CNTs (R models),
the plastic strains of Al are also very inhomogeneous.
As shownin Fig. 11, all CNTs bear high stresses for
A models, while all CNTs in A-T models bear much
lower stresses. For R models, CNTs that are parallel to
the loading direction bear high stresses. These results
indicate that the load can be transferred to CNTs
efficiently only when parallel to the load direction.

Fig. 10 The equivalent
plastic strain field in the Al
matrix at an applied strain of
0.5%

VF1.5-A-T

VF1.5-R

3.5 Stress concentration factors

The stress concentration factors were calculated using
Eq. (14) and shown in Fig. 12. For all models, Ry
decreases slightly at applied strains of 0.4-0.5% and
then increases. This load-rebalance phenomenon was
also observed in the previous report (Zhang et al.
2018a). The load-rebalance phenomenon is caused by
inhomogeneous plastic deformation of the matrix
before the macroscopic yield of CNT/Al (Zhang et al.
2018a). For A models, R.,; decreases with the increase
of volume fraction, indicating that a higher volume
fraction of CNTs leads to a lower load transfer
efficiency. For R and A-T models, the volume fraction
of CNTs affects the Ry slightly.
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Fig. 11 Mises stress fields
of CNTs at an applied strain
of 0.5%
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Fig. 12 Evolution of stress concentration factor of CNTs during tensile deformation: a aligned CNTs, b random CNTs, and c aligned

CNTs with transverse loading direction

4 Discussion

4.1 More cases of structural models of CNT/Al
composites

To demonstrate the flexibility of the proposed RVE
builder, two more cases of structural models of CNT/
Al composites have been built. In Fig. 13a, two kinds
of reinforcements (spheres and straight fibers) were
used to model a hybrid reinforced composite. The

@ Springer

spheres can be used to model the CNT clusters (Zhang
et al. 2020b). If the spheres in Fig. 13a are removed, a
composite model with some CNT-free zones can be
obtained, as shown in Fig. 13b. The CNT/AI compos-
ites with CNT-free and CNT-rich zones are believed to
have enhanced strength-ductility properties (Liu et al.
2020; Huang et al. 2015; Ma et al. 2021a, b, c; Xu et al.
2017,2018), which is gaining attention in recent years.
The proposed RVE builder is capable of building
CNT/Al models with CNT-rich and CNT-free zones.
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Fig. 13 Models of a hybrid
reinforced composites and
b composite with CNT
blank areas

(a) Fiber-Sphere

Taking advantage of the enhanced RVE builder,
various structural CNT/Al composites can be built.
Based on the structural models, the mechanical
properties of the composites can be predicted, even
if the structures have not been manufactured. There-
fore, it is possible to use the enhanced RVE builder to
predict the mechanical properties of the new CNT/Al
during the design process. However, the prediction of
the mechanical properties also needs precise mechan-
ical parameters of CNT(O’Connell 2018), Al
matrix(Zhang et al. 2019b; Su et al. 2014), precipitated
phases(Ding et al. 2018), CNT clusters (Zhang et al.
2020b), and interfaces (Fan et al. 2018), which is
difficult to acquire and not the topic of this study. In
summary, the enhanced RVE builder solved the RVE
building problems, however, there are still a lot of
other problems that need to be solved before an
accurate materials design can be concluded.

With a high volume fraction of curved/straight
fibers, the RVEs can be used not only to study CNT/Al
composites, but also many other materials, such as
carbon-fiber-reinforced polymers (Aamir et al. 2019)
and SiC fiber-reinforced SiC matrix composite (Wang
et al. 2020b).

4.2 Advantages and disadvantages
of the proposed RVE builder

Compared to other sedimentation-based algorithms
(Staub et al. 2018; Gaiselmann et al. 2013; Feng et al.
2003), controllable volume fraction and fiber orienta-
tion are the advantages of the proposed RVE builder.
For other sedimentation-based algorithms, the RVE
size is related to the compression or sedimentation

(b) Spheres removed

process. To get the desired volume fraction, the
compression or sedimentation needs to be modified,
which may change the RVE shapes. For the proposed
RVE builder, the RVE shape and volume fraction is
decided by the RVE zone selecting step, which makes
it possible to generate desired RVE shape and volume
fraction. By adjusting the motion state (activated or
deactivated), the orientations of the fibers can be
controlled, which is also not supported in other
sedimentation-based algorithms.

Compared to the random-walk-based algorithm
(Altendorf and Jeulin 2011), the flexibility of rein-
forcements shapes is the advantage of the proposed
RVE builder. For the random-walk-based algorithm,
the shapes of the fibers are generated during the
“walking”, which makes it difficult to control the final
shapes.

The maximum volume fraction is the disadvantage
of the proposed RVE builder, compared to both
random-walk-based algorithms and other sedimenta-
tion-based algorithms. The maximum CNTs volume
fraction of the proposed RVE builder is still limited. It
is influenced by the CNT shape and the desired
orientation. For current CNT shapes in Fig. 2a, the
maximum volume fraction is around 10% and 18% for
randomly and aligned oriented CNTs, respectively.
For the random-walk-based algorithm, the maximum
volume fraction of the fibers can reach 50% (Altendorf
and Jeulin 2011). Because of the orientation control of
the fibers in rigid body simulation, the fibers are not
compressed to the maximum density, which makes
them have less maximum volume fraction than other
sedimentation-based algorithms. Even so, the maxi-
mum volume fraction is high enough for CNT/Al,
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which has less than 10 vol.% CNT normally (Jagan-
natham et al. 2020).

5 Conclusions

A rigid body dynamics simulation enhanced RVE
builder was developed. A series of 3D RVEs were
built, with various alignment and volume fractions of
CNTs. Based on these RVEs, finite element models
were built to explore the LTSM in CNT/Al. Simula-
tions of tensile deformations were carried out, which
predicted Young’s moduli, yield stresses, and stress—
strain curves of different virtual composites. The
following conclusions can be derived:

1. Rigid body dynamics simulation enhanced RVE
builder can reduce the ‘framing effect’” and
construct the RVEs of CNT/AI with high volume
fractions of CNTs. The new RVE builder is more
than 20 times faster than the original RSA method.
The volume fraction can be set accurately. Using
this new method, the orientation of CNTs in the
RVEs can be modified.

2. Higher volume fraction of CNTs leads to higher
Young’s modulus and yield stress of CNT/AL The
CNT/Al with the aligned CNTs has higher stiff-
ness and strength along the longitudinal direction.

3. The LTSM contributes to the increment in
Young’s modulus of CNT/Al dominantly.
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