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Abstract: Functionally graded materials are commonly particulate composites characterized by a
varying spatial distribution of the inclusion particles. Because of this, these materials possess a great
suitability potential concerning to material properties, which can be very useful to achieve specified
structural behaviors. Significant features of these materials are related to their thermal barrier
properties especially when ceramic materials are involved, and to the mitigation of abrupt stresses
transitions, typically found in laminates. From the manufacturing point of view as well as from the
computational perspective, these materials can be thought as effectively having a continuous
variation of their constituent phases and consequently their properties, or by resulting from the
stacking of a specified number of layers, each having constant properties. This work presents a set of
parametric studies aiming to characterize the static response of hybrid functionally graded plates,
concerning to their transverse displacement profile and stresses distributions. To this purpose, one
considers parameters such as different ceramic materials, plates’ aspect ratio, continuous or discrete
variation of phase’s mixture through thickness, the carbon nanotubes (CNT) weight fraction contents
and the type of nanotubes. The results obtained are discussed and conclusions are drawn.

Keywords: functionally graded metal-ceramic composites; hybrid multiscale particulate composites;
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1. Introduction

The advantages of composite materials are well known in many technological and scientific
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domains. We may say that the great research attention, these materials have deserved from the
scientific community, have contributed to an effective dissemination and use in many real situations
that range from the aerospace and automotive industries to the ones devoted to sports and biomedical
applications. The goal of achieving structures with enhanced performances is being partially fulfilled
through the use of composites with improved materials characteristics, which have been conceived
through the optimal design of the materials at microscale level, and by tailoring different constituent
phases at different scale levels. In recent years several contributions were published considering the
addition of carbon nanotubes to polymeric and ceramic matrices. To illustrate this, we can refer
among others, works orientated to characterize material properties of composites with these types of
matrices [1,2,3]. Comparatively, a minor visibility was given to the metal matrix composites [4,5,6].
The use of ceramic materials as reinforcement particles and as agents of a thermal performance
improvement is a more common solution in the context of particle composites. These solutions may
assume that the weight or volume fraction remains constant in the whole composite or admit that
they may vary in the 3D domain of the composite structural element. Functionally graded materials
are typical examples of this last case, where the mixture composition of the constituent phases
depends on the space coordinates of the composite [7,8]. The structural analysis of components or
systems made of these materials was carried out by several researchers mainly considering polymeric
or ceramic matrices with ceramic reinforcement particles [9—15]. To note that these works focused
from the mechanical to thermal analysis of beams, plates and shell structures, using a diverse range
of numerical approaches. More recently, the possibility of using nanoparticles to enhance material
characteristics, has deserved the attention of many researchers, and it has been possible to find a
number of review studies in the nanocomposites field, focusing processing techniques, nanotube
dispersion, interface, strengthening mechanisms and mechanical properties, and on its use as a
reinforcement agent in composites [16-27]. Concerning to the analysis of structures made of
materials that somehow include nanocomposites [28,29], and particularly in the case of functionally
graded materials that incorporate nanoparticles [30,31,32] we can perceive a research field that is
currently in expansion. It is however understood that further research will be needed for a more
comprehensive understanding of the response of these structures from nano to macroscale, as well as
in what concerns to the multiscale interaction. In the present work, the authors proceed to the
characterization of the static response of moderately thick plates made of dual-phase functionally
graded materials, where the continuous phase is metallic and the discontinuous one are ceramic
particles. Additionally these metal-ceramic graded composites may be enriched with carbon
nanotubes. Parametric studies are developed, to characterize the influence of some parameters on the
transverse displacements of the plates as well as the inherent states of stress. For each case study, a
set of results is presented either in tabular or graphical form.

2. Materials and Method
2.1. Functionally graded metal-ceramic composites

Functionally graded materials are known to possess the advantageous ability of minimizing
abrupt stresses transitions, due to the continuous mixture variation of its constituent phases. This is

achieved by gradually varying the volume fraction of the constituent phases along the selected
composite plate dimensions (thickness, width or depth). This volume fraction is more commonly
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referred to the volume percentage of reinforcement particles dispersed in a continuous phase, the
matrix. In the present work, we consider FGM’s which matrix is metallic and the particles are from
different ceramic materials. The spatial variation of this volume fraction is assumed to occur in the
thickness direction according to the expression:

=)

where h and z stands respectively for the whole thickness and the thickness coordinate which has its
origin at the middle surface of the graded composite. The exponent p permits to adjust the way, the
ceramic volume fraction will vary through the thickness, as can be observed on Figure 1.
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Figure 1. Volume fraction distribution through FGM thickness.

In accordance with this evolution, the material properties of the resulting composite will vary in
a continuous form. The determination of these properties may be carried out by using different
homogenization schemes [9,11], which aim to obtain average, macroscopic values, which one can
use on daily structural analysis. In the cases presented in this work, two approaches were used: one
based on Voigt rule of mixtures and the other based on Mori-Tanaka homogenization scheme. In the
case of the Voigt rule, the effective material properties of the graded material are only based on the
volume fraction of the different phases, as we can observe in equation 2 for a dual-phase composite
(neglecting voids):

with P meaning a generic material property, for instance the Young’s modulus, Poisson’s ratio or the

density. The subscripts m,c identify the metallic and ceramic phases and eff stands for the resulting
material effective property. In Mori-Tanaka approach, a micromechanics’ based model, the
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interaction of the elastic fields among neighboring inclusions is considered, and the elastic properties
are estimated by solving the following equations:

K — K, K. — K,
—m=VC/ 1+, | ———

Ke = Kin Ky + % G
3)
G—Gnp G, — G,
— =1 1+
G, — Gp, C/ U G+ G (9K, + 8G,,)
m 6(Ky, + 2Gp,)
where the bulk and shear modulus for each phase are given as:
Km = Ep/3(1 — 2vy,) 5 K.=E./3(1—2v,)
4
Gn=En/2(0+2v,) ; G.=E./2(1+2v,)

The prediction of the average elastic properties of the functionally graded material is then
obtained using one of these approaches. To note that the metallic phase here mentioned, may be
instead, a nanocomposite resulting from the dispersion of carbon nanotubes in the metal, as we have
considered in this work. Thus, if we consider the inclusion of carbon nanotubes, then we will have to
estimate first the properties of this nanocomposite, which is done using the Halpin-Tsai equations [33]
as shown in next sub-section. It is globally a hierarchical process.

2.2. Hybrid CNT-metal-ceramic composite

The structural performance of these functionally graded plates may be improved by considering a
multiscale hierarchical composite which can be achieved by hybridizing the mentioned continuous
phase, the matrix, through the dispersion of carbon-nanotubes. In such conditions, and considering the
present work, the overall homogenization process can be split into two phases: one wherein the
dispersed CNT in the metallic matrix phase yields a nanocomposite with its own material
characteristics, and a second one where this nanocomposite will receive ceramic inclusions in a graded
manner, and finally achieving the graded CNT-metal-ceramic multiscale composite.

To estimate the effective material properties of this nanoparticle composite, one have used
Halpin-Tsai equations 5-7 [33]. Assuming a perfect CNT dispersion within the matrix, the
nanocomposite can be considered to be an isotropic material, which enables to write for the Young’s
modulus:

lCN
o _En : (1 + ZﬁddVCN> ' 1+2 <_dc1v) BaiVen .
meN = g 2\ T = BuaVew 1— BuVen )
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with:

E E
Ba = E Baa = E

Ceyege) ™ (G (Fe)

with Ecn, Vens lens den, and teoy, standing for the Young’s modulus, volume fraction, length,
outer diameter, and thickness of the carbon nanotubes, respectively. E,, denotes the metallic matrix
Young’s modulus. The volume fraction of the carbon nanotubes can be expressed as [28]:

() - (72) () - (72)
CN CN
E, E,

Ve = Wen
v (22) - () v g

where wey, pen, and p,, denote the CNT weight fraction and density, and the metallic matrix density
respectively. The Poisson’s ratio of the nanocomposite is calculated by using the Voigt rule of
mixtures:

Vinen = Ven-Ven + Vin- (1= Ven) (8)

Considering a determined nanotube’ weight fraction, it is then possible to obtain the
corresponding volume fraction through eq. 7. Using then the estimation expression given in eq. 5,
where characteristic nanotube’s material and geometrical parameters f; and [;4, are explicitly
given in eq. 6, we are finally able to obtain the Young’s modulus prediction for the nanocomposite.

This prediction is supported by the assumption that a good dispersion of the carbon nanotubes is
guaranteed. The effectiveness of the dispersion is a very important issue and it has been studied by
many researchers. Among others, we can refer [16,22,32]. From the studies carried out upon this topic,
it can be said that a good dispersion of the carbon nanotubes is indispensable for the improvement of
the mechanical response of a composite material. However this dispersion is difficult to obtain because,
due to Van der Waals forces among the nano-inclusions and the surrounding matrix, the carbon
nanotubes tend to agglomerate and form bundles or ropes. These agglomerates possess lower aspect
ratios and these contribute to a more limited capacity to carry and transfer the loads. According to the
experiments carried out by [23] and [24] using SWCNTs, as the bundles grow in diameter, this aspect
ratio diminishes and the axial and shear moduli decrease drastically, suggesting that individual CNTs
are slipping within the bundle and decreasing the load required to deform the bundle. Nevertheless,
depending on the application, these bundles may have advantages. As result of other studies [34], it
was concluded that the sliding mechanism within bundles may provide high mechanical damping.
Generally speaking, it is important to break these agglomerates into individual CNTs in order to take
full advantage of their reinforcement effect. From the literature review, we can conclude that an
intense effort has been developed in order to modify the surface properties of the carbon nanotubes, to
minimize this agglomeration trend, focusing on chemical functionalization and on physical methods.
Comprehensive reviews on the methods used to this purpose, are given in [35,36,37]. Because of these
aspects, and not to compromise the assumption of a perfect dispersion of the CNTs in the matrix,
which underlies the isotropic assumption for the nanocomposites used in this study, one has then
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considered low values of CNT weight fraction/volume fraction [28].
2.3. Finite element modeling

Considering the characteristics of the plate structures focused in the numerical studies to carry
out, one has decided to use the first order shear deformation theory (FSDT) [38], which is adequate
for the analysis of moderately thick to thin plates. For this theory, the displacements of an arbitrary
point in a plate are given as:

u(x,y,z) =u(x,y) +2z.02(x,y)
v(x,y,2z) = v°(x,y) + 2.6, (x,y) )
w(x,y,z) =w(x,y)

where u°, v° represent the in-plane mid-plane membrane displacements and w° is the transverse

out-of-plane displacement of the mid-plane. 6, and 6) stand respectively for the rotations about

the y and x axes. The strain field (omitting dependencies, for simplicity) is obtained by applying the
Elasticity kinematical relations for small deformations, being written as:

ou’ 263
5 0
&y [ dx ] ox ] 0, ow°
€ _l o |+Z 28y and Vyz]_ 9y+6y
]/y dy d oy | Vxz 90 + aw?° (10)
y ou° 6v°| [aeg + ang ax
oy ox ay ox

The first three strains are the in-plane normal and shear ones and the last two, are the interlaminar
transverse shear strains. The thickness inextensibility, characteristic of this theory, is expressed by
& =0.

Considering that the hybrid CNT-metal-ceramic composite, can be considered as an isotropic
material, at each point of its domain, the constitutive relationship that relates the states of strain and

stress, can be written as:
Ox Qi1 @iz O Ex
Oy | = Q12 sz 0 |. =Y

0 0 Qs
=2 o ][

where the expressions for the elastic coefficients Q;; are given in the literature [38] for isotropic
homogeneous materials. In this work, they may vary spatially, namely with the thickness coordinate,
so they are a function of this direction coordinate.

The finite element linear static analyses were carried out by using the usual equilibrium equation
after the imposition of the adequate set of boundary conditions:

Oxy Vxy

(11)
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with K and q being respectively the global stiffness matrix and the generalized nodal displacements
vector. The applied generalized forces is represented by the vector F. The implementation of the
models developed, considered the coding of two quadrilateral finite element plate models, a bi-linear
(Q4) and a bi-quadratic (Q9), both from Lagrange family. Concerning to other implementation issues,
it is worth to mention that a selective integration scheme was used to minimize shear locking effects,
and a shear correction factor (k) characteristic of FSDT was also considered, and set to 5/6.

3. Results and Discussion
3.1. Validation study

To enable the validation of the finite element models implemented, one has considered a first
study where one compares the present models results with other authors’ alternative solutions. This
comparison is carried out for the maximum transverse displacement of a plate, and for normal
in-plane stresses in its outer surfaces. To this purpose, a functionally graded square plate with a unit
edge length and an aspect ratio a/h = 20, is assumed to be simply supported and submitted to a
uniform transverse pressure, applied in its whole top surface. The material properties of the phases
are summarized in Table 1.

Table 1. Material properties of constituent phases.

Constituent phase Material properties
Metallic matrix (Al) E, =70 GPa, v, = 0.3
Ceramic particles (ZrO;) E. = 151 GPa, v, = 0.3

The plate was discretized in 18 elements in both in-plane directions and the effective Young’s
modulus was estimated using both Voigt and Mori-Tanaka method. The maximum transverse
displacements obtained for different values of exponent of the volume fraction distribution power
law, and for different homogenization schemes, are presented in Tables 2 and 3, in a non-dimensional
form, using w = w/h. The external load applied to this first case, equals p, = E,,. h* Pa in order
to correspond to a unit parameter load.

Table 2. Non-dimensional maximum deflection w. Mesh Q4.

Voigt Mori-Tanaka
P 9] Present 9] Present
0 0.0208 0.0208 0.0208 0.0208
0.5 0.0265 0.0265 0.0279 0.0279
1 0.0297 0.0297 0.0309 0.0309
2 0.0324 0.0324 0.0333 0.0334
Metal 0.0448 0.0448 0.0448 0.0449

AIMS Materials Science Volume 3, Issue 3, 808-831.
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As can be observed from Tables 2 and 3, both plate models provide a good agreement with the
reference solutions [9].

Table 3. Non-dimensional maximum deflection w. Mesh Q9.

Voigt Mori-Tanaka
P 9] Present 9] Present
0 0.0208 0.0208 0.0208 0.0208
0.5 0.0265 0.0266 0.0279 0.0279
1 0.0297 0.0297 0.0309 0.0309
2 0.0324 0.0325 0.0333 0.0334
Metal 0.0448 0.0449 0.0448 0.0449

A thicker plate, with an aspect ratio a/h = 5 and submitted to a uniformly distributed force
p, = 10* Pa was then considered for the in-plane normal stresses ,, comparison purposes. These
stresses, obtained at the lower and upper surface centroid are presented in a non-dimensional form, in
Tables 4 and 5 for both meshes. This is carried out using the multiplier @, = o, (h?/p,).

Table 4. Non-dimensional stress @, at plate outer surfaces’ centroids. Q4 mesh.

[10] 9] Present
p (a/h=5)
o,(—h/2) o,(h/2) o,(—h/2) og,.(h/2) o,(-h/2) og,.(h/2)
0 (ceramic)  0.29175  —-0.29200 0.28650 —0.28650  0.28645 —0.28645
1 0.22617 —0.37875 0.17815 —0.38428  0.22214  —0.37142
2 0.24497  —0.40650  0.21278 —0.45899  0.24066  —0.39867
oo (metal) 0.29175  —-0.29200  0.28650  —0.28650  0.28645 —0.28645

From the results obtained it is also possible to understand that the present models denote a better
agreement with [10], when a graded variation of the properties is present. In the other cases of a
single constituent material, the agreement with [9] is closer. Similar conclusions can be drawn if one
uses a similar mesh of Q9 plate finite elements, as can be observed in Table 5.

Table 5. Non-dimensional stress 7, at plate outer surfaces’ centroids. Q9 mesh.

[10] [9] Present
p (a/h=5)
0.(-h2) o,2) o, (h2) o 02) o h2) o, h2)
0 (ceramic) 0.29175 —0.29200 0.28650 —0.28650 0.28737 —0.28737
1 0.22617 —0.37875 0.17815 —0.38428 0.22285 —0.37262
2 0.24497 —0.40650 0.21278 —0.45899 0.24144 —0.39995
co (metal) 0.29175 —0.29200 0.28650 —0.28650 0.28737 —0.28737

It is worth noting that the reference solutions are based on higher order theories implemented
through meshless methods.

AIMS Materials Science
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3.2. Case studies

In order to enable a parametric study related to the static response of an FGM plate, a set of
studies was developed. To this purpose, a simply supported plate with a varying composition of a
metallic matrix and different ceramic inclusions was considered. The effective average properties
were determined using Voigt rule of mixtures, and it was also considered the possibility of first
hybridizing the metallic matrix with carbon nanotubes with different weight fractions on that
response. In all the cases considered, the plate was submitted to a uniformly distributed pressure
pz = 10* Pa.

The material properties of the metallic and the ceramic phases, used in this sub-section, are
given in Table 6. The meshes remain unaltered.

Table 6. Material properties of constituent phases.

Constituent phase Material properties
Metallic matrix (Al) En =70GPa, v, =0.3
Ceramic material 1 (ZrQ,) E., =200GPa, v.; = 0.3
Ceramic material 2 (Al,O3) E., =380 GPa, v., = 0.3

For simplicity, we will denote as FGM1 the mixture of the aluminum matrix with the zirconia,
and FGM2 the mixture of the aluminum matrix with alumina. The geometrical and material
properties of the carbon nanotubes used to hybridize the metallic aluminum matrix correspond to the
ones used by [21] and [28], among others, and are shown in Table 7.

Table 7. Material and geometrical properties of CNTs.

CNT Ecy (GPa) ey (pm) dey (nm)  tey (nm)  pey (kg/m3)
SW 640 25 1.4 0.34 1350
MW 400 50 20 0.34 1350

The results continue to be presented in a non-dimensional form. It is worth mentioning here that
according to [24,39] the diameter here considered for the MWCNTs is expected to provide a worse
performance to the nanocomposite, as its aspect ratio is much lower than the one corresponding to
the SWCNTs, which in the present case are respectively equal to 2500 and to 17857.143.

3.2.1. Influence of finite element model

In a first stage it was considered the evaluation of the performance of the plate finite element
models (Q4, Q9) used in the present work. To achieve this goal, we considered the plate was made of
FGMI1 and possesses an aspect ratio (a/h) of 20. It was also allowed the possibility of hybridizing the
matrix with multi-walled carbon nanotubes (MWCNTs). The fraction volumes of the constituents
were assumed to vary continuously. The results obtained for the maximum transverse displacement
for different values of exponent (p) of the volume fraction power law, are presented in Table 8.

AIMS Materials Science Volume 3, Issue 3, 808-831.
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Table 8. Non-dimensional maximum deflection w, (MWCNT).

WCN=0% WCN=2’5% WCN=5%
Q4 Q9 Q4 Q9 Q4 Q9
0.5 490E-04 490E-04 4.94E-04 4.94E-04 4.98E-04 4.98E-04

1 5.74E-04 5.74E-04 5.82E-04 5.82E-04 5.88E-04 5.90E-04
2 6.52E-04 6.54E-04 6.66E-04 6.66E-04 6.78E-04 6.78E-04
S 7.22E-04 7.22E-04 7.38E-04 7.38E-04 7.54E-04 7.54E-04

As it is possible to confirm, under the present conditions, both elements give a similar response.
Because of this, one continues using one or other of these elements in further studies. However Q4
has a lower computational cost, which may be a selection parameter in order to make the more
adequate selection for a certain approach. Concerning to the magnitude of the response, it is
additionally possible to conclude that from the first case where the FGM1 doesn’t include CNTs to
the other two cases where increasing weight fraction contents (W) of MWCNT are considered, one
obtains an increasing maximum transverse deflection. This is an expected trend in this case, as the
present multi-walled nanotubes properties, contribute with a negative strengthening effect to this
metallic matrix and therefore to the overall hybrid material. This negative effect, already identified
by other authors [39], may be explained through the close relation to the carbon nanotube diameter,
which has a very important effect on the resulting properties of the nanocomposite. In fact, there are
research works that reported the conclusion that larger diameters [24] lead to lower effective
modulus, thus explaining the trend that is visible in the present study.

Just as an academic example we considered two additional situations. A first one, where we
simplistically supposed that all the remaining characteristics of the MWCNT would be maintained,
except its outer diameter which we will consider to be lower, for example 4e-9 m. In the other case
we have considered other MWCNT’s from U.S. Research Nanomaterials Inc. [40]. The information
provided by this company was then used to determine the estimated properties for the nanocomposite.
The properties for these nanotubes are presented in Table 9.

Table 9. Properties of MWCNTs [40].

Ecy (GPa) ey (pnm)  dey (nm)  tey (nm)  pey (kg/m3)
1200 30 7 2 2600

In Figure 2, we can observe the predicted nanocomposite Young’s moduli considering the
SWCNT and the different MWCNTs.

AIMS Materials Science Volume 3, Issue 3, 808-831.
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Figure 2. Evolution of Young modulus E versus wgy, for different nanocomposites.

These cases are respectively identified as MWCNT*, MWCNT** and MWCNT***, As we may
see, particularly for the MWCNTSs, when a lower diameter (MWCNT**) is considered and assuming
that all the remaining parameters would be the same, an increasing trend is verified with the CNTs
weigh fraction. If one considers a more realistic situation (MWCNT***) the improvement in the
predicted Young’s modulus is quite notorious, even when compared to the SWCNT case.

3.2.2. Influence of continuous and discrete approach

Another aspect that was considered important to analyze is related to the continuous or discrete
approach of these hybrid functionally graded composites. To this, one has considered three different
numbers of layers, namely five, ten and fifty. Figure 2 illustrates the results obtained as function of
MWCNT weight fractions (wcy) and power law exponent (p), for five and fifty layers. The plate
finite element used was Q9. In a global appreciation, we can conclude from this figure, that the
growing pattern of the maximum transverse deflection referred in the previous case is also here
confirmed, independently of the number of layers used in the discrete approach.

Figure 3, allows to conclude that when the power law exponent (p) increases from 0.5 to 5, the
discrepancy among the results obtained using 5 or 50 layers also increases, which may explained by
the mixture evolution rate through the thickness (see Figure 1). This is also visible for lower values
of (p) taking as reference the situation (p = 1). The way the convergence occurs for exponent values
greater or minor than the unit one is different and is quantified in Table 10.

AIMS Materials Science Volume 3, Issue 3, 808-831.
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Figure 3. Non-dimensional maximum deflection w versus MWCNT wey.

Table 10. Non-dimensional maximum deflection w.

MWCNT, wey=5%

Cont. NL=5 NL=10 NL=50
0 3.59E-04  3.59E-04  3.59E-04  3.59E-04

0.5  4.98E-04  4.87E-04  4.94E-04  4.97E-04
1 5.80E-04  5.85E-04  5.88E-04  5.89E-04
2 6.78E-04  6.85E-04  6.80E-04  6.78E-04
5 7.54E-04  7.81E-04  7.61E-04  7.54E-04

Due to symmetry reasons, only one of the in-plane normal stresses, corresponding to this case
study, is presented in Tables 11 and 12.

In the first table the functionally graded composite does not incorporates carbon nanotubes and
on the second table, a 5% weight fraction of these nano-inclusions are considered. In all the case
studies here presented, the stresses are determined at the Gauss points.

Table 11. Non-dimensional stress 7, at plate outer surfaces’ centroids (woy = 0).

NL=5 NL=10 NL=50
P G2 o m2) o h2) o W) o (h2) g (h2)
0 —0.28645 0.28645 —0.28645 0.28645 —0.28645 0.28645
0.5 —0.23988 0.33337 —0.21822 0.34127 —0.18483 0.34698
1 —0.22363 0.36155 —0.20813 0.37320 —0.19459 0.38259
2 —0.22828 0.37912 —0.22437 0.39809 —0.22311 0.41641
5 —0.24688 0.37391 —0.24290 0.41591 —-0.24160 0.46326

AIMS Materials Science Volume 3, Issue 3, 808-831.
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As expect there is no symmetry between the values found in the lower and upper surfaces, due
to the fact that on these surfaces there exist different materials mixture compositions. In the lower
surface we have the metallic matrix (with or without nano-inclusions) and on the upper surface there
exists a ceramic-rich mixture. Also because of this, we have greater stresses values on the upper
surface, with the exception of the situation when p = 0, where we have a whole ceramic
homogeneous composition.

Table 12. Non-dimensional stress @, at plate outer surfaces’ centroids (wy= 0.05, SWCNT).

NL=5 NL=10 NL=50
P o, (th12) o, (W2) o, (-h2) o, (hW2) o, (-h2) o, (h/2)
0 —0.28645 0.28645  —0.28645 0.28645  —0.28645 0.28645
0.5 —0.25469 0.31933  —0.24013 0.32472 —-0.21765 0.32867
1 —0.24585 0.33595  —0.23610 0.34375  —-0.22761 0.35018
—0.25005 0.34520  —0.24742 0.35806 —0.24657 0.37046
5 —0.26265 0.34206  —0.25962 0.36995  —0.25861 0.40120

Similar qualitative conclusions can be drawn in the case p = 5. However, as in this case the
transverse displacements are lower, then the stresses also become lower.

3.2.3. Influence of carbon nanotubes

Considering now the same plate with an aspect ratio a’h = 10, and assuming that the volume
fraction of the metal and ceramic varies continuously, it is important to understand the effect the
present SWCNTs and MWCNTs have on the FGM. The FGM used to this purpose continues to be
the first one, FGM1. The results were obtained using the same mesh as in the previous case, for the
different hybrid nanocomposites and are depicted in Figures 4 and 5.
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Figure 4. Non-dimensional maximum deflection w versus exponent p.
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From Figure 4 we can observe again that incorporating SWCNTSs in the FGM1 provide a clear
stiffening effect. Also, when we increase the weight fraction of the SWCNTs we obtain decreasing
maximum transverse displacements, which is contrary to what happens in the case of MWCNTs

inclusion.
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Figure 5. Non-dimensional maximum deflection w versus wcy.

It is worth noting that this happens with the present materials, because of their relative orders of
magnitude. Also, we can observe that the greater the exponent (p) of the power law the greater this
effect. In Figure 5 we can observe in more detail the evolution trend of the plate deflection when the
FGMI1 includes SWCNTs or MWCNTs.

The slopes associated to the non-dimensional deflection of the hybrid SWCNT nanocomposites
are positive whereas the slopes of the MWCNT nanocomposites are negative. The in-plane
non-dimensional stress 7, at the plates outer surfaces centroid’s can be seen in Tables 13 and 14, for
different SWCNT and MWCNT weight fractions.

Table 13. Non-dimensional stress o, at plate outer surfaces’ centroids (SWCNT).

wen=0% Wen=2.5% wen=5%
P oy (-h12) o, (hW2) o, (-h2) o, W2) o, (-h2) o, (h/2)
0 —0.28645 0.28645 —0.28645  0.28645 —0.28645 0.28645
0.5 —0.15611 0.34819 —0.17858  0.33825 —0.19822 0.32953
1 —0.19106 0.38495 —0.20986  0.36681 —0.22539 0.35182
2 —0.22305 0.42147 —0.23597  0.39497 —0.24654 0.37388
5 —0.24154 0.47738 —0.25078  0.44037 —0.25857 0.41045

Similar conclusions concerning to the trend evolution depending on the exponent of the volume
fraction power law and on the CNT weight fraction, can be taken from these tables.
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To note that the results associated to the null MWCNT weight fraction were omitted because
that situation is already contemplated in the null SWCNT weight fraction case, i.e. there are no nano
inclusions.

Table 14. Non-dimensional stress o, at plate outer surfaces’ centroids (MWCNT).

Wen=2.5% wen=5%
P oy (-h2) o, (W2) o, (-h2) o, (h/2)
0 —0.28645 0.28645 —0.28645 0.28645
0.5 —0.15233 0.34985 —0.14871 0.35144
1 —0.18778 0.38812 —0.18461 0.39118
2 —0.22077 0.42623 —0.21855 0.43088
5 —0.23995 0.48396 —0.23842  0.49035

The non-dimensional normal stress distribution can be observed in Figure 6. A symmetric
distribution profile is visible as it was expected, and the places where the minimum and maximum
values occur are respectively identified by red or blue triangles. This extrema identification is not
taken in absolute value but instead considers the real mathematical relation among the values.
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Figure 6. In-plane non-dimensional normal stress o, (Wcy=0).

Due to symmetry reasons only the non-dimensional in-plane shear stress and one of the

interlaminar shear stresses (0, and ;) are presented in Tables 15 to 17.

If the FGM1 includes carbon nanotubes either multi-walled or single-walled, then the structural
response for the set of weight fractions considered can be observed in Tables 16 and 17 respectively.
From these tables, it is possible to understand that the shear stresses present higher values in the case
of the MWCNT, for a similar weight fraction, which is expected as we have already seen for the
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maximum transverse displacements.

Table 15. Non-dimensional maximum shear stresses, 0, and 0.

WCN=0%
Pay ) 7,02 o hy o 2)
0 —0.19038 0.19038 —0.03108 0.03108
0.5 —0.09707 0.23141 —0.01348 0.04003
1 —0.11880 0.25585 —0.01572 0.04668
2 —0.13869 0.28012 —0.01883 0.05592
5 —0.15019 0.31728 —0.02346 0.06967

Table 16. Non-dimensional maximum shear stresses, 0, and a,,. (MWCNT).

WCN=2'5% WCN=5%

Oxy(Th/2) 04y (h72) G,,(-h/2) 0., (h2) 0y (Thi2) 04y(h72) G, (-hi2) T, (h/2)

0 —0.19038 0.19038 —0.03108 0.03108 —0.19038 0.19038 —0.03108 0.03108
0.5 —0.09472 0.23252 —0.01309 0.04023 —0.09247 0.23358 —0.01272  0.04042
1 -0.11676 0.25796 —0.01532 0.04709 —0.11479 0.25999 —0.01494 0.04747

—0.13727 0.28329 —0.01845 0.05670 —0.13590 0.28638 —0.01807 0.05745
5 —0.14920 0.32165 —0.02316 0.07119 —0.14825 0.32590 —0.02286 0.07268

To note also that the positive stresses are also higher in this last case due to a cross effect with
the elastic properties of the ceramic-rich mixture.
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Figure 7. In-plane shear stress ay, (wWey=0).
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Figures 7 and 8 depict non-dimensional shear stresses for the FGM1 case without inclusion of
any type of carbon nanotubes.

Table 17. Non-dimensional maximum shear stresses, 0, and ;. (SWCNT).

WCN=2'5% WCN=5%

P 0yy(—h/2) 0,,(h2) o04,(-h/2) o0y, (h/2) 0y (-h/2) T, (h/2) o,,(-h/2) o,(h/?2)

0 —0.19038 0.19038 —0.03108 0.03108 —0.19038 0.19038 —0.03108 0.03108
0.5 -0.11104 0.22481 —0.01589 0.03881 —0.12325 0.21901 -0.01810 0.03768
1 —0.13049 0.24379 —0.01811 0.04425 -0.14015 0.23383 —0.02022 0.04211
2 —-0.14673 0.26251 —0.02105 0.05142 —0.15330 0.24849 —0.02290 0.04768
5  —0.15594 0.29269 —0.02511 0.06133 —-0.16078 0.27280 —0.02637 0.05492
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Figure 8. Interlaminar shear stress a,, (wcy=0).
3.2.4. Influence of plate’s aspect ratio

The aspect ratio of the plate structure is an important geometrical parameter, because it is
commonly considered as a first selection indicator of the shear deformation theory to use. It may also
give us a preliminary perception of expectable deformations, in connection with the boundary
conditions to which the plate is submitted. To illustrate its influence, two aspect ratios were chosen,
a/h = 10 and a/h = 20. The FGM1 continues to be considered as well as its mixture continuous
variation. The non-dimensional deflections obtained, considering the dispersion or not, of
single-walled carbon nanotubes can be observed in Table 18.
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Table 18. Non-dimensional maximum deflection w (SWCNT).

wen=0% Wen=2.5% wen=5%
P a/h=10 a/h=20 a/h=10 a/h=20 a/h=10 a/h=20
0 2.33E-05 3.60E-04 2.33E-05 3.60E-04 2.33E-05 3.60E-04
0.5 3.17E-05 4.90E-04 3.03E-05 4.60E-04 291E-05 4.48E-04
1 3.72E-05 5.74E-04 3.44E-05 5.28E-04 3.22E-05 4.96E-04
2 4.23E-05 6.52E-04 3.80E-05 5.92E-04 3.48E-05 5.36E-04
5 4.70E-05 7.22E-04 4.15E-05 6.54E-04 3.74E-05 5.74E-04

Accordingly to these results we have some of the components of stress which are presented in

Tables 19 to 21.

Table 19. Non-dimensional maximum in-plane stress, a, (SWCNT).

wen=0% Wen=2.5% wen=5%
P a/h=10 a/h=20 a’/h=10 a/h=20 a/h=10 a/h=20
0 0.28645  0.28645  0.28645 0.28645 0.28645 0.28645
0.5 0.34819  0.34819  0.33825 0.33825 0.32953 0.32953
1 0.38495  0.38495  0.36681 0.36681 0.35182 0.35182
2 0.42147  0.42147  0.39497 0.39497 0.37388 0.37388
5 0.47738  0.47738  0.44037 0.44037 0.41045 0.41045

Table 20. Non-dimensional maximum shear stresses, 0, and 0y, (Wey=0, SWCNT).

Oyxy(h/2) 0y, (h/2)
p a/h=10 a/h=20 a/h=10 a/h=20
0 0.19038 0.19038 0.03108 0.01554
0.5 0.23141 0.23141 0.04003 0.02002
0.25585 0.25585 0.04668 0.02334
0.28012 0.28012 0.05592 0.02796
0.31728 0.31728 0.06967 0.03483

It is possible to see that the non-dimensional in-plane shear stress is not affected by the aspect
ratio, while in the case of the interlaminar shear stress, which are known to increase when the plate
becomes thicker, this trend is verified by the corresponding non-dimensional quantity.
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Table 21. Non-dimensional maximum shear stresses, d, and 7, (SWCNT).

WCN=2'5% WCN=5%
p 0y (h/2) 0,,(h/2) Oy (h/2) 052(h/2)
a’/h=10 a/h=20 a/h=10 a/h=20 a/h=10 a/h=20 a/h=10 a/h=20
0 0.19038 0.19038 0.03108 0.01554 0.19038 0.19038 0.03108 0.01554
0.5 0.22481 0.22481 0.03881 0.01940 0.21901 0.21901 0.03768 0.01884
0.24379 0.24379 0.04425 0.02212 0.23383 0.23383 0.04211 0.02105
0.26251 0.26251 0.05142 0.02571 0.24849 0.24849 0.04768 0.02384
0.29269 0.29269 0.06133 0.03066 0.27280 0.27280 0.05492 0.02746
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Figure 9. Interlaminar shear stress a,, (a’h =10, a’h =20, wcy= 0%).

From Figure 9, although the nature of the distribution surface is preserved, the magnitude of the
non-dimensional stress is higher for the minor aspect ratio. The response pattern identified is also
extensive to the cases where nanotubes are dispersed in the metallic constituent phase.
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3.2.5. Influence of ceramic materials

Structures made of different materials will potentially behave differently, so in this case we will
consider both FGM1 and FGM2 and the hybridization of these FGMs with SWCNTs. An aspect ratio
a’/h = 10 is chosen and the volume fractions continues to vary continuously. Similar meshes were
used as well as the external load applied. The non-dimensional maximum transverse displacements
are presented in Table 22.

Table 22. Non-dimensional maximum deflection w, (SWCNT).

FGM1 FGM2
P WCN=00/0 WCN=2‘5% WCN=50/0 WCN=0% WCN=2'5% WCN=5%
0 2.33E-05 2.33E-05 2.33E-05 1.23E-05 1.23E-05 1.23E-05

0.5 3.17E-05 3.03E-05 2.91E-05 1.87E-05 1.82E-05 1.77E-05
3.72E-05 3.44E-05 3.22E-05 2.43E-05 2.29E-05 2.17E-05
4.23E-05 3.80E-05 3.48E-05 3.12E-05 2.82E-05 2.60E-05
4.70E-05 4.15E-05 3.74E-05 3.72E-05 3.29E-05 2.97E-05

The maximum deflections become minor for FGM2 when compared with the ones obtained
using FGM1. This is an expected pattern, as the second material because of its elastic properties, has
a higher strengthening effect. Also, we can say that within the range of SWCNTSs contents considered
(not to compromise the CNTs dispersion) the higher the weight fraction, the stiffer the plate
becomes.

Concerning to the non-dimensional normal stress @, and shear stresses 0y, and dy,, Tables
23 to 25 illustrate the influence of the ceramic material used. In these cases we see that the increase
of the SWCNT weight fraction produces minor magnitude non-dimensional stresses. This effect was
already identified in previous sub-sections.

Table 23. Non-dimensional maximum shear stresses a,, (SWCNT).

FGM1 FGM2
Wen=0 wen=0.025  wey=0.05 Wen=0 wen=0.025  wy=0.05
0 0.28645 0.28645 0.28645 0.28645 0.28645 0.28645
0.5 0.34819 0.33825 0.32953 0.37465 0.36760 0.36120
0.38495 0.36681 0.35182 0.44106 0.42477 0.41088
2 0.42147 0.39497 0.37388 0.51499 0.48541 0.46197
5 0.47738 0.44037 0.41045 0.60378 0.56412 0.53264

Additionally, the FGM2 plate when compared to the FGMI1 plate, presents higher
non-dimensional stresses, which is due to the magnitude of its elastic stiffness coefficients.
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Table 24. Non-dimensional maximum shear stresses 0y,,, (SWCNT).

FGM1 FGM2
P wen=0 weny=0.025  w-y=0.05 wen=0 wen=0.025  w-y=0.05
0 0.19038 0.19038 0.19038 0.19038 0.19038 0.19038
0.5 0.23141 0.22481 0.21901 0.24900 0.24432 0.24006
1 0.25585 0.24379 0.23383 0.29314 0.28231 0.27308
0.28012 0.26251 0.24849 0.34227 0.32262 0.30704
5 0.31728 0.29269 0.27280 0.40129 0.37493 0.35401
Table 25. Non-dimensional maximum shear stresses 0,,, (SWCNT).
FGM1 FGM2
P wen=0 wen=0.025  w-y=0.05 Wen=0 wen=0.025  wy=0.05
0 0.03108 0.03108 0.03108 0.03108 0.03108 0.03108
0.5 0.04003 0.03881 0.03768 0.04301 0.04226 0.04155
1 0.04668 0.04425 0.04211 0.05309 0.05139 0.04985
0.05592 0.05142 0.04768 0.06922 0.06549 0.06222
5 0.06967 0.06133 0.05492 0.09932 0.09012 0.08266

4. Conclusion

This work presents a characterization study of the static response of moderately thick plates
made of dual-phase metal-ceramic functionally graded materials, where it was also considered the
possibility of dispersing carbon nanotubes in the metallic matrix. The resulting hybrid multiscale
composites were then used in order to predict the response of a plate structure and its dependence on
a set of selected parameters. The structural responses analyzed were the maximum transverse
displacement of the plates and normal and shear stress components. The parametric studies carried
out allowed characterizing the influence of material and geometrical properties of the plates analyzed.
Summarizing the results obtained in the different parametric studies carried out, it is possible to
conclude that for the discretization used there is no significant difference between the two plate finite
elements implemented. It is also possible to say that using a sufficiently large number of discrete
layers with a constant volume fraction one converges to the results associated to the continuous
volume fraction variation through thickness. Concerning to the inclusion of carbon nanotubes we
conclude that single walled carbon nanotubes provide a clear stiffening effect visible either in the
transverse deflection or on the stresses distributions. These patterns are verified for the weight
fractions contents considered in this study. Because of the material properties, namely the aspect
ratio considered for the multi-walled carbon nanotubes, as opportunely mentioned, its inclusion
produced an inverse contribution, when compared to the single-walled ones. However as it was
illustrated, one can say that the inclusion of adequately selected multi-walled carbon nanotubes may
provide a significant improvement in the mechanical performance of the nanocomposite and
subsequently of the hybrid composite. The aspect ratio of the plates is also a relevant parameter. As
we can conclude from the results obtained, thicker plates present lower transverse displacements, and
thus stresses. However it is possible to see that interlaminar shear stresses increase with the aspect
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ratio decrease. When the plate includes the higher modulus ceramic it is also visible the expected
response of lower displacements and stresses. Globally, the results obtained from this parametric
study are expected to contribute to the understanding of the static behavior of metal-ceramic
functionally graded materials with dispersed carbon nanotubes.
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