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This paper studies the mechanical behavior of functionally graded
material viscoelastic (FGVE) products employed in automotive,
chemical industry, and biomedical appliances. Various experimental
models describe and simulate nanobeams with viscoelastic layers
subjected to tensile loading, 3-point bending, tear, and impact. All
specimens were prepared using the 3D printing method. Tensile,
hardness, tear, impact, and bending specimens reinforced with different
volume fractions (1-5)% of Al,Os;, TiOz, and a hybrid of the
nanomaterials Al,Os /TiO, were arranged via a mixing process with an
extruder and then fabricated by a 3D printing machine. The
experimental results of maximum bending load, midspan deflection,
impact, and tear resistance were validated by finite element methods
(FEM) with the assistance of commercial software (Ansys Workbench
2021 R1). Furthermore, the influence of various parameters on the
mechanical performance of reinforced samples has been thoroughly
investigated, for example, volume fraction index, nanoparticles
content, and FG properties. Based on the findings, the most successful
results were obtained by adding 1.5 % Al;O3; and 3% TiO, hybrid
nanoparticles. The experimental and numerical results were in
reasonable agreement. The discrepancy did not exceed 10.25% for
maximum bending load and no difference over 5% for maximum
impact load, indicating that the strengthened nanoparticle specimens
were properly fabricated. Also, a significant improvement in
mechanical and viscoelastic properties was achieved by incorporating
hybrid nanoparticles. Flexural bending load increased by about 17 %
with hybrid nanoparticles, while tear resistance increased by 27.5 %
and impact resistance increased by 7.5%.

1. Introduction

Nano Developing advanced engineering designs is necessary to meet the demands of engineering applications.
These designs are made more efficient using advanced composite materials that hold up to various challenges.
This light structure has a high stiffness or strength-to-weight ratio. Viscoelastic materials are now used for
various applications, such as biomaterials, aerospace, energy, automobiles, and sports facilities. Creep
interaction, fatigue cracks, and significant dynamic response are some of the characteristics of these materials.
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Because of their viscoelastic nature, viscoelastic materials absorb and dampen vibrational energy. Besides being
efficient shock absorbers, viscoelastic materials also have excellent elasticity. Rubber-like compounds are
elastomers; they are extremely viscoelastic and excellent impact absorbers.

The viscoelastic behavior of polymeric materials can be investigated and characterized experimentally. One such
method consists of stress relaxation measurements. Under this approach, the polymer sample is firstly strained
rapidly in tension to some fixed strain value while its temperature is kept constant. The experiment then
measures the stress required for maintaining this strain level across the polymer sample at its fixed and
predefined value, which typically decreases with time owing to the time-dependent nature of viscoelasticity and
its associated molecular relaxation processes. The ratio between this measured time-dependent stress profile and
the fixed predefined value of the strain is called the relaxation modulus of the viscoelastic polymer [1].

Furthermore, viscoelastic materials and polymers are often employed as dampeners in constructing skyscrapers
when such tall buildings are subject to significant vibrations caused by wind or earthquakes. When acting as
dampeners, viscoelastic materials can absorb such vibrational energy. Another application of viscoelastic
polymers as vibrational dampeners is in the insulation of helicopter fuselages from the noise made by the main
rotor. Polylactic acid (PLA) is a thermoplastic having outstanding mechanical performance, thermal stability,
flexibility, and suitable fabricating ability. “PLA” melt, like other plastic polymers, is viscoelastic. It has a flow
pattern that combines permanent flow behavior caused by polymer microstructure breakdown with controllable
deformations caused by biochemical interconnectedness [2]. Extensive research has been conducted on the static
and dynamic response of plates, shells, and beams comprised of (honeycomb, foam, FGM), and viscoelastic
materials [3-6]. Developing VE aims to reduce imperfections caused by manufacturing processes in composite
constructions. In contrast, VE materials have been used in sandwich constructions, such as laminated composite
or FGM structures, due to the progressive modification of material characteristics at the interfaces between the
face layers. Because these structures are typically employed in thermal applications [7], assessing their static and
dynamic characteristics is essential.

Ariza Gomez et al. [8] investigated and introduced the bending issue of VE structures with certain essential
characteristics such as volume fraction index, support and loading circumstances, and beam arrangement. Yun
Gao et al. [9] investigated the bending creep behavior of viscoelastic laminated arches with interlayers under a
distributed load. Shengwei Chen et al. [10] investigated the impact of a biomaterial composite consisting of a
stiff 3D printed frame and a soft viscoelastic foam used for protection applications by employing experimental
work. Xavior et al. [11] conducted a more in-depth experimental study of the failure of split FG beams made of
porous polymer materials utilizing flexural, tensile, and compressive experimental procedures. Ali Dogan [12]
used an analytical model to investigate the quasi-static and dynamic behavior of FGM viscoelastic plates under
dynamic loads. The acquired findings were compared to the FEM approach results. Nishant Kumar et al. [13]
used the shear deformation theory to conduct free vibration research on doubly curved sandwich shell panels
with a viscoelastic core limited by a functionally graded material layer. Many nanostructures with varied
capabilities and purposes may be built in nanotechnology, and the nanosurface effect can significantly impact a
nanostructure's performance. FGM nanostructures have been successfully used for static and dynamic analysis
due to their constant change of properties from one surface to the next [14-16]. The bending behavior of TiO2
nanoparticle-reinforced carbon/epoxy composites was examined by Yadhav et al. [17]. Pengfei et al., in their
work, investigated the static and dynamic properties of FG piezoelectric nanobeams with dynamic
flexoelectricity [18].

Furthermore, composite and FG nanostructures' dynamic and thermal behavior has been studied using the finite
element method and experimental works [19, 20]. Koutoati et al. [21] investigated the static and vibration
assessments of FGM viscoelastic sandwich beams with the nonlinear material feature using a finite element
approach. Alavi et al. [22] employed analytical modeling based on first-order deformation theory and ABAQUS
software to investigate the dynamic behavior of viscoelastic FG porous plates under various hybrid loadings. Hai
et al. [23] investigated forced analysis on cross/angle-ply laminated composite nanoplates resting on viscoelastic
foundations using higher-order shear deformation theory. Ruifang Shi et al. [24] investigated the mechanical and
viscoelastic characteristics of rubber nanocomposites loaded with silica nanoparticles. The inclusion of silica
nanoparticles results in considerable changes in static distribution, mobility, and bond orientation. Recently M.
Al-Shablle et al. [25] analyzed the dynamic response of rubber composite nanobeams using two nanoparticles,
A|203 and SIOz
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According to the literature, few studies on the static and dynamic analysis of functionally graded viscoelastic
nanobeams have been undertaken, and a few researchers included just numerical and analytical data without
addressing practical work with FGVE beams. The present investigation aims to examine the influence of
nanomaterial reinforcement on the mechanical properties of FGVE materials. A mathematical model is
developed to calculate the beam's general mechanical properties, the maximum bending strength load, the
deflections, and the impact. Various experiments on 3D printed samples are carried out based on various
parameters (volume fraction index, geometrical properties, viscoelastic material type, and nanoparticles types ).
The experimental results were validated using the finite element technique (FEM). The following describes how
this paper is organized: The second section provides a theoretical foundation for the functionally graded
viscoelastic material structure. Section 3 describes a numerical approach for checking results. Section 4 gives the
results of the different mechanical testing of the viscoelastic samples, along with useful commentary. Section 5
of this research offers several critical notes relating to the performance of nano-reinforced viscoelastic materials
and helpful suggestions for further development.

2. Theoretical Part

This optional Consider a functionally graded material viscoelastic (FGVE) beam that is made of one constituent,
such as rubber or polylactic acid (PLA), which are commonly found in biological tissues. As illustrated in Figure
(1), the suggested representation for the material constituents according to the porosity distribution (o) might be
considered to be in the form [26] of a beam dimension ( length L and thickness h) and by adopting a power-law
distribution scheme (n).

V@ =Vm—aVn(2+2)"

2
where n indicates a volume variation exponent in which n £ [0, o) that explains the change in thickness of
material properties. Generally, the porous beam is considered a VE beam. In the current investigation, the novel
FGVE beam is considered to be made up of only one component. Polymer core with an identical porosity
volume fraction arrangement () and graded through-beam thickness. Hence, For example, n =0, V, (2) = Vim —
aVm wWhile n =oo, (Vp=Vn=1), where (V,) is the entire volume of polymer with porosity, and (Vn) is the volume of
base metal Consequently, the proposed mechanical properties of the FGVE beam can be represented as [27]

1

0D =On-aQu(i+) @

Qm denotes the metal material qualities of the VE functionally graded beam. Hence, the perfect beam (porosity =
0), whereas for the porous VE beam, the metal property characteristics of the FGVE beam: Young's modulus
(E), and mass density (p) may be represented as,

E(2) = Ep — Epa(2+2)" @A)
P(2) = pm — Pma (% + %)n (4)

The total deflection (81) owing to bending and shear near the midspan of the beam in a 3-point bending test may
be calculated using the following equation [28],
FI3 Fl

O =06y + 65 = 48(ED).q + 4(AG).q (5)

Here, F is the applied force, [ is the span of the beam, I is the total moment of inertia; (A) is the beam's cross-
sectional area, and G is its length (the modulus of shear). As a result, the total rigidity of both of these parts will
be

Eeq. =E(2)=E, - Ena (% + %)n (6)

Moreover, the equivalent shear rigidity (AGeq.) becomes,
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The symbols h and b denote the thickness and width of the beam, accordingly. For a rectangular cross-section,
the bending stress f may be computed as follows:

3FL
af = 2bh2 (8)

b
|« L _|/

Figure (1). The geometry of the beam.

3. Experimental Procedure
a. Material and Methods

PLA materials, which are extensively used in engineering fields, are used in this work. The materials were
purchased internationally to conduct tensile, impact, and bending tests. For each test, two samples were created:
one with a uniform density and the other with varying densities and thicknesses. Hybrid nanomaterials consisting
of Aluminum Oxide Nanoparticles (AlO3) and Titanium Oxide (TiO,) with various volume fractions were
fabricated for both perfect and FGVE porous polymers.

b. Sample Preparation

Heating methods like injection molding and extrusion convert PLA polymers into geometric shapes. The
following schematic shows fabricating viscoelastic materials samples reinforced with hybrid nanomaterials
(Al;O3 and TiOy). Specimens for each test were manufactured per industry standards. First, 1.75 mm polymer
wire was injected into the simply supported (SS) cylinder of the polymer lab small laboratory screw extrusion
process as raw material. The Al,O3 nanoparticles are then properly weighed before being fed into the extruder
and mixed with polymer wire. When time and temperature are satisfied, polymer flow through the extruder head
produces a filament nano polymer with the appropriate dimensions and characteristics. A micrometer is used to
measure the diameter precisely (0.001). Finally, a new wire is used with CR-10 MAX 3D printing tools. The
investigated examples were generated using a suitable computer program, with the geometry saved as a (.stl) file
and the final shape printed on a 3D printer. Figure (2) depicts the nano FGVE beam processing technique.

12



ICNA 2022

. Iragi Journal of Industrial Research, Vol. 10, No. 2 (2023)
Special Issue

Nano
renif orcment by
Al:Osz, TiO: and a
hvbrid of Al,O3
and TiO-

PLA filiemenat -

Hardness test
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Flexural test

Porosity test

Tensile test

Figure (3). The flow chart of experimental work.

The Tensile Strength Test

Tensile characteristics are utilized to choose between various materials. Tensile properties are regularly tested to
verify if they fulfill the requirements stated in their specifications. The picture geometry and specimen
dimensions are depicted in Figure (4 a). Polymer samples shown in Figure (4 b) were created using 3D printing
following ASTM standard D638 [29]. A digital universal testing apparatus is shown in Figure (5), performing
uniaxial tensile tests with the cross-head speed was 1 mm/min during all experiments. The polymer samples'
tensile strength has been restricted. The findings of stress-strain measurements on 3D-printed materials subjected
to tensile loading are shown in Figure (6). As an additional measure of accuracy, the results contain an average
of six measurements for the polymer specimens.

Lo

ailn ——] ——

/I — — 71
7 Tl
¢ ; 5
/ — —

Lo= 165 mm, L= 33 mm, Wo =20 mm, W= 12.5mm,
t=3mm, R= 76 mm, Gauge length= 50 mm.

Figure (4). (a) Tensile sample (mm) construction following ASTM standard D3763, (b) 3D printed polymer
tensile samples.
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Figure (5). Tensile Strength test machine.
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Figure (6). PLA samples stress-strain curves under tensile load.

Flexural Test

This study aims to develop a porosity arrangement model for FG viscoelastic materials. The volume fraction of
the pore region in this design frequently exhibits a power-law distribution. 3D printing is a rising processing
technique that uses CAD software to create three-dimensional samples or scan the designed items. During this
procedure, metallic wires are melted within the head of printers. The filament is introduced to the nozzle,
causing the fabricated wire to be discharged. Successive layers of material are melted during treatment to
produce designed models. A z-axis moving bench supports the workpiece.

Consequently, It will create a 3D form equivalent to the one specified. PLA, a primary source and ideal for most
industrial, medical, and home uses, are one of the most regularly used materials for 3D printing [2]. The polymer
specimens were fabricated in local markets following ASTM standard D790 [30], with dimensions L=60 mm,
W=10 mm, with porosity parameters (10%, 20%, 30%) and power law index 0.5, 1, and 2. Sandwich panels are
often tested for their bending performance and impact resistance using the 3-point bending test.

A beam's flexural strength, stiffness, and beam shear modulus are calculated based on the flexural strength of the
materials and structures. A test specimen of rectangular cross section rests on two supports (10 mm in diameter)
in a flat-wise position and is loaded with a loading nose located midway between the supports. A transducer,
deflectometer, or dial gauge can measure midspan deflection. The crosshead speed is maintained at 4 mm/second
with a simply supported rig. A transducer, deflectometer, or dial gauge can measure midspan deflection. Load-
deflection curves can be generated using load-deflection curves applied to the specimen's center to determine
sandwich stiffness and shear modulus. A total of fifteen (15) FG samples were measured using three-point
bending for each porosity parameter value. FGVE beam experimental setup is shown in Figure (7).
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Tinius Olsen

Figure (7). Experimental setup for the FG beam.

Impact Test

The impact tests were conducted using the impact apparatus (Type GUNT Hamburg), as shown in Figure (8).
Impact test was done using un-notched Charpy-Impact testing equipment with ASTM D256 standard with a
specimen having a rectangle shape of 55 x 10 x 6 mm.

For the impact test, the computation of impact strength and fracture toughness relies upon the needed energy
computation for the fracture [31]. The impact strength can be found as follows:

Gc=Uc/A 9

Where (Gg) is the material's impact strength (J/m?), (U,) is the absorbed energy (J), and (A) is the specimen's
cross-sectional area (m?). Figure (8) illustrates the experimental apparatus of the impact test.
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Figure (8). Experimental setup for impact test.

4. Finite Element Analysis

The reliability of numerical findings is evaluated using a finite element model (FEM) and three-point bending
measurements [32-34]. ANSYS 2021 R1 was used to investigate the flexural behavior of the FGVE beam. As
demonstrated in Figure (9), the model is built using the SHELL99 composite element type, with 20149 total
elements and 25988 nodes. Following convergence mesh research, model boundary constraints were used. The
load is delivered progressively, as indicated in Figure (10), and supported boundary conditions are utilized.

The effective material characteristics are determined using a power-law model of the mixing rule (Equations 2-
4) and then entered into ANSYS' engineering library view.

0.000 0050(m) ./1\‘
C e—) b2 X
0025

Figure (9). A generated three-dimension model  Figure (10). The built geometry with boundary
of the FGVE beam. conditions.

5. Results and Discussion

The influence of nanoparticles Vs and FG parameters on the performance of FGVE samples is examined in this
part. A Universal Testing Machine (UTM) was employed to test samples for tensile and 3-point bending, while
the GUNT instrument was used to conduct impact tests, considering three different types of nanoparticle
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constituents: Al,Oz, TiO,, and hybrid Al,Os/TiO, and with FG gradient index (n = 0.5, 1, and 2). The
experimental findings, such as the maximum bending load and total deflection at midspan, were obtained using a
PC connected to the testing apparatus.

Iragi Journal of Industrial Research, Vol. 10, No. 2 (2023)

Figure (11 — 14) depicts the force-displacement curves for simply supported FGVE beams without nanoparticles
and with Al:Os, TiO,, and hybrid nanoparticles, an FG exponent of (n=1), and a sample height of 6 mm.
According to the results, the hybrid nanoparticle (1.5 % Vr Al:Os; and 3% Vr TiO;) reinforced FGVE beams
exhibit improved bending strength with a significant increase of (10%). Based on ANSYS 2021 R1, the results
of three-point bending are validated, as shown in Figures (15-18). According to the data, the flexural force
increases as the gradient index value increases. There might be a 10% variation between experimental and
numerical bending load results. Additionally, hybrid nanoparticle samples bend more than Al.Os; or TiO;
nanoparticle samples.

Tables (1 & 2) present experimental and numerical results of maximum bending load at four values of V¢ (0.5,1
2, and 5) using Al-Os; and TiO2 nano samples, respectively, while Table (3) shows similar results using four
percentages of Vi (1.5/1, 1.5/1.5, 1.5/3, and 1.5/5) hybrid nanoparticles. It is observed from the obtained
numerical results that the maximum bending load increases with increasing power-law index; this may be
because strength improves significantly.

The bending stress variation between experimental and numerical models is less than 10% in all cases. This
percentage depends on the power-law index and the Vi % of the same FGVE beam geometrical properties.
Figure 19 shows the experimental maximum deflection load (mm) for FGVE beams reinforced with three
different types of nanoparticles. Accordingly, we can conclude that the maximum deflection decreases as the
gradient index factor increases. A similar effect was achieved by using nanoparticles to strengthen the beam's
resistance to deformation. The most significant observation based on the configuration of defective specimens
observed throughout the experiments is that beam yielding is the most common cause of beam failure, and shear
may be the cause of beam deformation, which occurs in PLA layers with a high V¢ percentage and nanoparticle
concentration and can cause beam failure. Table (4) shows the calculated and experimental maximum bending
deflection at the beam midspan for n=1 and four Vs values (0.5, 1, 1.5, and 5) with Alumina and TiO; types of
nanoparticles, respectively. Besides various mixing ratios (1.5/1, 1.5/1.5, 1.5/3, and 1.5/5) hybrid nanoparticles.
It is noticed that samples with hybrid nanoparticles exhibit less deflection than other types.

600 ~ 700 -
500 - 600 -
500 -
400 -
g E 400 -
g 300 - ]
£ 5 300 |
200 -
200 -
100 - 100 -
0 T T T 1 0 T T T T T 1
0 5 10 15 20 25 0 5 10 15 20 25 30
Displacement (mm) Displacement (mm)
Figure (11). The experimental force-displacement Figure (12). The experimental force-
curve without nanoparticles (n = 1). displacement curve with 1.5 % Al>O3

nanoparticles (n = 1).
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200 - 200
100 - 100
0 T T T T T 1 0 T T T T T 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Displacement (mm) Displacement (mm)
Figure (13). The experimental force-displacement Figure (14). The experimental force-
curve with 1.5 % TiO; nanoparticles (n = 1). displacement curve with hybrid nanoparticles

(1.5 % Al,Os- 3% TiO,atn = 1).

—o—Exp.
1200 . =——Num.

1000 -
800 -
600 -

400 -

Bending Load (N)

200 -

0 T T T T 1
0 0.5 1 15 2 2.5

Power law index

Figure (15). The results of bending load (N) without nanoparticles.

—o—Exp.
1400 - " == NUum.

1200 -
1000 -
800 -
600 -
400 -
200 -

Bending Load (N)

0 I T T
0 0.5 1 15 2 2.5

Power law index
Figure (16). The results of bending load (N) with 1.5 % Al,O3z nanoparticles.
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Bending Load (N)
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1000 -
800 -
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T
15
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2 2.5

Figure (17). The results of bending load (N) with 1.5 % TiO, nanoparticles.

Bending Load (N)

—o— Exp.
2000 - * —— Num.
1500 -
1000 -
500 -
O T T T T 1
0.5 1 1.5 2 2.5

Power law index

Figure (18). The results of bending load (N) with 1.5 % Al>,O3- 3% TiO> nanoparticles.

Table (1). The results of bending Load (N) (Al.O3 nano type).

Vi % Power-law index | Exp. Num. Discrepancy %
0.5 05 210 225 6.67
1 798 840 5.00
2 1465 1525 3.93
1 05 238 250 4.80
1 810 845 4.14
2 1570 1630 3.68
15 05 266 290 8.28
1 820 866 5.31
2 1580 1725 8.41
5 05 172 190 6.67
1 733 762 5.00
2 1300 1365 3.93
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Table (2). The results of bending Load (N) (TiO2 nano type).

Vi % Power-law index | Exp. Num. Discrepancy %
0.5 0.5 218 228 4.38
1 812 855 5.02
2 1474 1536 4.03
1 05 249 258 3.48
1 824 856 3.73
2 1582 1645 3.83
15 05 273 289 5.54
1 832 875 4.91
2 1592 1747 8.87
5 0.5 188 206 4.38
1 745 787 5.02
2 1365 1410 4.03

Table (3). The results of bending Load (N) (Al-Os/ TiO; nano type).

Vi % Power-law index | Exp. Num. Discrepancy %
15/1 05 225 249 9.64
1 830 867 4.27
2 1492 1567 4.79
15/15 |05 255 278 8.27
1 845 890 5.06
2 1597 1675 4.66
1.5/3 0.5 298 318 6.29
1 889 925 3.89
2 1650 1710 351
1.5/5 0.5 192 211 9.64
1 820 842 4.27
2 1380 1417 4.79

—o— Without nanoparticles

17 - =#=—Al203 Nanoparticles
==TiO2 Nanoparticles
15 - === Hybrid Nanoparticles

=
w
1

Deflection(mm)
=
w0 [

~Jl
1

w

0 0.5 1 1.5 2.5
Power law index

3]

Figure (19). The experimental maximum deflection load (mm).
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Table (4). The results of mid-span deflection with nanoparticles at (n =1).

Vi % Nano type Deflection(mm)
0.5 Al,O3 12.17
0.5 TiO, 10.5
1.5/1 Hybrid 9.6

1 AlO; 14.8
1 TiO; 13.2
1.5/1.5 | Hybrid 10.35
15 AlO; 15.5
15 TiO; 14.2
1.5/3 Hybrid 11.4
5 AlO; 11.1
5 TiO, 10.1
1.5/5 Hybrid 9.2

The deflection parameter was defined using the following dimensionless relation [35].

__ _ 100E,bh3
©FB

(16)

Here, (w) represents the nondimensional deflection indicator, and (w) is the maximum mid-span beam
deflection.

Figure (20) depicts the 3D surface created by the MATLAB environment as a function of V% and beam
thickness of a simply-supported FG beam. According to the findings, the deflection parameter rises with V¢ and
beam thickness. A higher volume fraction exponent results in better variation. In this case, the beam exhibits a
much higher degree of workability.

___________

,,,,,

Deflection Parameter

14 e

Be, >
 Thicg, 2 action 1n¢e%
ess e

() 10 0 Vo

Figure (20). Surface plot of a simply supported beam with hybrid nanoparticles in 3D.
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Figure (21). Impact strength of alumina NanoBeam. Figure (22). Impact strength of TiO, NanoBeam.

The highest impact strength was reported with alumina nanoparticle beams at 1.5% V: (Figure 21), which
increased by 66.7% compared to free-nano beams. When a modest amount of nano TiO, was added, the energy
of the impact increased. However, there was a decrease in impact energy at high concentrations. As shown in
Figure (22), the ultimate impact strength was obtained when particles were present (1.5% V), which increased
by 146.15% compared to the free nano samples. The brittle nature of particles causes a decrease in the impact
strength of the material. For samples of hybrid nanoparticles, the percentage of 1.0 % Vs of Al,O3 is fixed while
changing the percentage of TiO, from 1.5- 5% V+. As illustrated in Figure (23), the best impact resistance was
found at 1.5 % Vr of Al,O3 and 3% TiO-, where the impact resistance reached 21.75 KJ/m2. Table (5) shows the
results of the hardness and tear resistance at (n =1) at various volume fractions. From the results, one can be seen
that there is a significant change in samples reinforced by hybrid nanoparticles.

25

20

15

10

Impact Strength (KI/m2)

1%nano 1%nano 1%nano 1%nano 1%nano
Al203-1% Al203-2% Al203-3% AI203-1.5 Al203-5%
Tio2 TiO2 Tio2 % TiO2 Tio2

Figure (23). Impact strength of hybrid NanoBeam.
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Table (5). The results of hardness and tear resistance at (n =1).

Vs % Nano type Hardness Tear resistance
(IRHD) (KN/m)
0.5 Al;03 67 18.28
0.5 TiO, 81 29.3
1.5/1 Hybrid 113 35.6
1 Al2O3 73 22.36
1 TiO; 95 35.3
1.5/1.5 | Hybrid 133 48.30
15 Al;O3 83 28.56
1.5 TiO; 105 34.6
1.5/3 [ Hybrid 145 55.56
5 Al;,O3 65 18.00
5 TiO, 80 32.95
1.5/5 Hybrid 127 50.8

6. Conclusions

Depending on the rate at which it is loaded, a viscoelastic material has a reversible response (that is, it can return
to its starting condition). This process is commonly seen in polymeric materials. The amount of applied loading
also affects viscoelasticity, but the material reaction is abrupt and is characterized by persistent deformation. The
flexural strength and stiffness of FGVE beams are investigated in this work. The contribution combines
numerical design and experimental analysis of the nanocomposite structure. Experimental results showed that
nanoparticles of (TiO2/Al.O3) positively affected bending loads. At a power-law index (n = 0.5), the increase
will be 17 % for samples reinforced by mixed nanoparticles (1.5% Vr of Al,O3; and 3% TiO2), while at the same
gradient index with only (V¢ 1% Al;O3) nanoparticles, the increase will be 4.85%. However, samples
strengthened with only (3% TiO;) nanoparticles will show a 6.25 percent improvement. In both experimental
and ANSYS analyses, a fair convergence is noticed, where the maximum error percentage is just 10% in bending
and 9% in deflection measurement, which suggests that a 3D printing approach can make excellent FGVE
samples. More numerical and experimental methodologies are required for designing and optimizing graded
beams. For the future work and to identify the performance of FGVE beams for static and dynamic properties in
detail, it is suggested to repeat the same work by fixing the percentage of TiO, nanoparticles while Al.Os; Vs
nanoparticles are changed.
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