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ABSTRACT 

 
The porosity distribution, which varies through-thickness direction, plays a vital role in 
affecting the microstructure and mechanical properties of the final product. This study 
develops numerical and experimental techniques for the analysis of functionally graded 
nanobeams with porosity (PFGM). Taking a porous polymeric functionally graded structure 
as an example, a novel beam can be applied to a broad variety of engineering and 
biomaterial applications. Tensile specimens were prepared using 3D printing, while flexural 
bending specimens reinforced with 5% (Al/Al2O3) nanomaterial were made using a special 
system. To study the performance of functionally graded beams with various porosity 
distributions, numerical solutions were obtained using finite element methods (FEM) and 
simulations were conducted in ANSYS software. By comparing the obtained results with 
those obtained from numerical calculations, the experimental solution, including the 
bending load and midspan deflection, was validated. Additionally, several parameters, such 
as the porosity parameter, polymer type, and geometrical characteristics, have been studied 
for their effect on the flexural strength of functionally graded beams. According to the results, 
it is found that there is a significant effect of the porous parameter and gradient index on the 
static behavior of functionally graded beams, and nanoparticles enhance bending resistance. 
 
Keywords: FGMs, Flexural analysis, FEA, Nanoparticles  

 
  

1.  INTRODUCTION  
 
The manufacturing of porous functionally graded materials, PFGMs, is generally accomplished 
using continuous or gradual changes in the porosity distribution [1]. There has been extensive 
research conducted on the flexural behavior of sandwich structures made of honeycomb, foam, 
and composite materials [2-3]. The goal of developing FGMs with improved porosity, chemical 
compositions, and microstructure gradients is to decrease defects due to collisions in structures 
with composites [4]. On the other hand, FGMs have been applied to multi-layered structures such 
as laminated or sandwich structures because of the gradual variation of the material properties 
at the interfaces between the face layers. These structures are usually used in high-temperature 
environments [5], so it is necessary to have an excellent understanding of the static and dynamic 
responses of these structures. 
 
The bending problem of functionally graded structures with some important parameters, 
including volume fraction index, support and loading conditions, and beam configuration, has 
been studied and introduced in [6] and [7]. These sandwich beams are composed of two isotropic 
faces and a porous core using different gradients of internal pores. Bending experiments of FGM 
structures having an exponentially graded core bonded with top and bottom face sheets that are 
composed of pure ceramic and pure metal, respectively, have also been studied in [8] using the 
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finite element method. Xavior et al. [9] contributed a more detailed experimental study utilizing 
the tensile, compressive, and 3-point bending flexural test methods to investigate the failure of 
segmented FG beams made of porous polymer materials. The flexural analysis of composites 
containing fiber-reinforced syntactic foams has also been investigated [10, 11]. Three-point 
bending tests and finite element simulations were conducted in parallel to determine the flexural 
response of the functionally graded polymeric composite beams [12]. Khiloun et al. [13] 
investigated a numerical model for static and free vibration analysis of the composite structure 
using a four-variable quasi-3D high deformation shear theory. Yadhav et al. [14] explored the 
bending behavior of carbon/epoxy composites reinforced with TiO2 nanoparticles. Seyedkanani 
et al. [15] conducted different flexural tests on 3D printed samples to examine designs of FGM 
practicality for improving the characteristics of lightweight structures. The experimental results 
are verified by finite element analysis. 
 
Koutoati et al. [16] investigated the static and vibration characteristics of the FGM sandwich beam 
with a porous material, employing shear models and Abaqus software. Hanon et al. [17] studied 
the mechanical behavior of 3D printed FGM samples consisting of Polytropic acid (PLA) and high-
temperature Polytropic acid (HT-PLA). Ghayesh et al. [18] have reviewed the behavior of 
functionally graded nanoscale and microscale structures. Through the use of nanotechnologies, 
many different types of nanostructures can be designed, with varied capabilities and purposes. 
The performance of a nanostructure can be strongly influenced by the surface effect. 
Consequently, with respect to nanostructures, some researches have recently been conducted 
using strain gradients, nonlocal stresses, and surface stresses [19, 22]. Gui-Lin She [23] analyzed 
the mechanical performance of composite nanobeams. The dynamic and thermal behavior of 
porous FG nanobeams has been studied using the nonlocal finite element method and shear 
deformation theory [24, 25]. The literature reveals that there were very limited studies conducted 
on the flexural analysis of porous nanobeams, and most of the researchers incorporated only the 
numerical and analytical results without considering the experimental work with porous polymer 
FG beams. 
 
The prime aim of this study is to investigate the influence of porosity material gradation and 
nanomaterial on the bending behavior of porous FG beams having a variation in stiffness through 
thickness using flexural analysis of a novel functionally graded porous polymer beam. A 
mathematical model to calculate the beam flexural stiffness, the maximum bending strength load, 
and the deflections when tested on flat beams with porosities was developed using various 
parameters (porosity parameter, power-law index, and nanoparticles). The finite element method 
(FEM) was used to verify the experimental results. This paper is arranged as follows: Section 2 
introduces a theoretical investigation of the FG structure. FEA is described in Section 3 as a mean 
of verifying calculations. Section 4 presents the results, with helpful discussions, of the flexural 
test of the imperfect FG beam. Section 5 of this paper contains some crucial conclusions that are 
related to the flexural behavior of FG beams with an even distribution of porosities and effective 
suggestions for future work. 
 
 
 
2. MATERIAL AND METHODS  
 

In this work, Polylactic Acid (PLA) samples widely used in industrial applications are 
incorporated. The raw materials were supplied from the international market (China) and 
designed for tensile and bending tests. For each test, two kind of products were fabricated, one 
with a homogeneous density and the other with a varied density along with its thickness. 
Aluminum Oxide Nanoparticles of Al2O3 with various percentages were used for both 
homogenous and porous polymers. 
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2.1 The Analytical FGM Beam Model  
 

Generally, an FGM beam is made of two distinct constituents, such as ceramic and metal, which 
were commonly considered in most of the previous works found in the literature. As shown in 
Figure 1, for a beam with length (L) and thickness (h), the top surface is assumed to be ceramic-
rich (z = h/2) and gradually varies to the bottom surface (z = -h/2). Due to defects in the 
manufacture of FGM beams, the porosity distribution would be even across the beam thickness. 
Thus, by introducing a power-law distribution scheme, the volume fraction of the upper 
constituent could then be assumed to be in the form of [26], 
 

𝑉1(𝑧) = (
𝑧+

ℎ

2

ℎ
)

𝑔

                                                                                                                                        (1) 

 
The corresponding volume fractions of the mixture can be given by, 
 
𝑉1(𝑧) + 𝑉2(𝑧) = 1                                                    (2) 

                                                                                     
where V1 denotes the upper surface volume fraction and V2 denotes the lower surface volume 
fraction; g denotes a power-law variation index (g ≤ 0 ≤ ∞) that describes material property 
variation in thickness. The effective material properties of the FG beam can be formulated as,  

𝑃(𝑧) = (𝑃1 − 𝑃2) (
𝑧+

ℎ

2

ℎ
)

𝑔

+  𝑃2                                                                                                                         (3) 

 
In Equation (3), P1 and P2 are the corresponding material properties of the upper and lower 
constituents of the FG beam, respectively. Poisson’s ratio is assumed to be constant over the 
thickness and is equal to 0.4 throughout the paper [26]. The novel FG beam is assumed in the 
current study to be composed of only one metal with an equal distribution of the porosity volume 
fraction (1) and to be graded through-beam thickness. Hence, the suggested rule for the volume 
fraction according to the power-law function is as follows [27], 
 

𝑉𝑝(𝑧) = 𝑉𝑚 − 𝛼. 𝑉𝑚 (
𝑧

ℎ
+

1

2
)

𝑔
                                                                                                                         (4) 

 
For example, g = 0, Vp (z) = Vm – α Vm, while g =∞, Vp=Vm=1, where Vp is the total volume of porous 
metal, Vm is the volume of core metal, and α is the porosity parameter. Consequently, the proposed 
mechanical properties of the FGM porous metal can be represented as, 

 

𝑃(𝑧) = 𝑃𝑚 − 𝛼. 𝑃𝑚 (
𝑧

ℎ
+

1

2
)

𝑔
                                                                                                                         (5) 

 
Here, Pm is the value of the material properties of metal of the FG beam. Thus, for the homogenous 
beam (α = 0), while for the imperfect FG beam, the material properties: Young’s modulus (E) and 
mass density (ρ) of the FG beam can be expressed as, 
 

𝐸(𝑧) = 𝐸𝑚 − 𝐸𝑚𝛼 (
𝑧

ℎ
+

1

2
)

𝑔
                                                                                                                         (6) 

 

𝜌(𝑧) = 𝜌𝑚 − 𝜌𝑚𝛼 (
𝑧

ℎ
+

1

2
)

𝑔
                                                                                                                         (7) 

 
In a 3-point bending test, the total deformation (δ) due to bending and shear at the beam midspan 
may be obtained by using the following equation [28], 
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𝛿 = 𝛿𝑏  +  𝛿𝑠 =
𝐹𝑙3

48(𝐸𝐼)𝑒𝑞.
+

𝐹𝑙

4(𝐴𝐺)𝑒𝑞. 
                                                                                                            (8) 

 
where F is the bending load, 𝑙 (span), A is the area of the beam's cross-section, and G(modulus of 
shear). So, the overall stiffness of both of these components will be, 
 

(𝐸𝐼)𝑒𝑞. = (∑  𝐸𝑖 (
𝑏 ℎ𝑖 

3

12
+ (𝑏ℎ𝑖) ℎ𝑖 

2))                                                                                                          (9) 

 
Moreover, the equivalent shear rigidity (AGeq.) becomes, 
 
(𝐴𝐺)𝑒𝑞. = 𝑏ℎ𝐺𝑒𝑞.                                                                                                                                      (10) 

 
The subscripts h and b refer to the beam thickness and the width, respectively. The beam's 
effective shear modulus (Geq.) can be obtained as, 
 

𝐺𝑒𝑞. =
𝐸𝑒𝑞.

2(1+𝜈)
                                                                                                                                                     (11) 

 

𝐸𝑒𝑞. = 𝐸(𝑧) = 𝐸𝑚 − 𝐸𝑚𝛼 (
𝑧

ℎ
+

1

2
)

𝑔
                                                                                                        (12) 

 
The flexural stress 𝜎f for a rectangular cross-section can be calculated as, 
 

𝜎𝑓 =
3𝐹𝐿

2𝑏ℎ2                                                                                                                                                         (13) 

 
Additionally, the value of dissipated strain energy S is equal to, 
 

𝑆 =
𝑀2

2𝑏(𝐸𝐼)𝑒𝑞.
                                                                                                                                                     (14) 

 
where the maximum bending moment M is calculated as, 
 

𝑀 =
𝐹𝑙

4
                                                                                                                                                                   (15) 

 

 
Figure 1. The geometry of the FGM beam with porous distribution through-beam thickness 

 
 
2.2 Experimental work 
 
 
 
2.2.1 Sample Preparation 
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The following schematic shows the process of fabricating porous FG samples reinforced with 
aluminum oxide nanoparticles (Al2O3). Samples for each test were prepared following standard 
specifications. Firstly, the polymer wire with a diameter of 1.75 mm was used as raw material, 
which was fed into the stainless steel cone of the plastic lab mini laboratory SJ25 solo screw 
extruder extrusion machine. Next, nanoparticles of Al2O3 are weighted on a precision scale and 
fed into the extruder for mixing with polymer wire. With adequate time and temperature, the flow 
of polymer through the extruder barrel and mold generated by the extruder head produces a wire 
nano polymer with appropriate dimensions and properties. A micrometer is used to measure the 
diameter with precision (0.001). Lastly, a new wire is used in 3D printing machines of type CR-10 
MAX. The tested samples were designed by using the Solid Works program, saving the geometry 
as a (.stl) file, and then using the 3D printer to produce the final form of the samples. Figure 2 
shows the processing procedure of Nano PFGM beams.  
 

 
 

Figure 2. Flow chart of fabrication Nano PFGM beams 
 
2.2.2 Tensile Test 
 

Tensile properties are used to select different materials. To ensure quality, materials are often 
tested to determine if their tensile properties comply with the requirements specified in their 
specifications. Figure 3(a) illustrates the photo geometry and specimen dimensions. According to 
ASTM standard D638 [29], polymer samples (see Figure 3(b)) were produced through 3D 
printing. A microcomputer-controlled universal testing machine (UTM) type (Tinius Olsen 
H50KT) is used to perform uniaxial tensile tests. Tensile strength has been limited for the polymer 
samples. The results of the stress-strain measurements of the 3D-printed samples subjected to 
tensile loading are shown in Figure 4. Table 1 also records the average of six readings for the PLA 
sample as an additional measurement of accuracy. 
 

  

(a) (b) 
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Figure 3. (a) A schematic diagram of the tensile specimen (mm) according to ASTM standard 
D3763, (b) 3D printed polymer tensile test samples 

. 

 
Figure 4. Stress-strain curves of PLA samples under tensile load 

Table 1. Averaged experimental mechanical properties of PLA samples 

Young's modulus (GPa) 
 

Ultimate strength (Mpa) Ultimate strain 

2.2∓ 0.1 46.5 ∓1.25 0.025 ∓ 0.0014 
 
 
 
2.2.3 Three-point bending test 
 
This study aims to design and generate a porosity distribution pattern for functionally graded 
cores. Typically, this arrangement follows the power-law distribution of the volume fraction of 
the pore area. 3D printing is an increasingly popular manufacturing technology that involves 
generating 3D models of a product using CAD software or by scanning an existing object [30]. 
Metallic ropes or filaments are melted inside the printer's head during this process. The wire is 
passed through the nozzle, which discharges the molten batch. During the feeding process, 
continuous layers of material are deposited into a molten state to form objects. The workpiece is 
mounted on a bench that moves downward in a z-direction. In other words, it will create a 3D 
entity that is accurately the same as the designed model after a certain period. Among the most 
commonly used materials for 3D printing is PLA, which is a major source and is perfect for most 
industrial, medical, and household applications [31]. Polymer specimens with porosity were 
made in local markets according to ASTM standard D790 [32]. Table 2 shows the geometrical 
properties of beam samples used in experiments. 

 

The three-point bending test is often used to evaluate the bending performance of sandwich 
panels and study their impact resistance. This is used to determine the sandwich flexural strength, 
stiffness, and core shear modulus of all types of materials and structures. According to standard 
recommendations, a roller with a diameter of 10 mm applies the load to a sample that is supported 
by two rollers, each with a diameter of 10 mm. A simply supported rig is used to maintain the 
crosshead speed of 4 mm/sec. A transducer, deflectometer, or dial gauge can be used to measure 
the midspan deflection. By applying the load at the center of the specimen, the displacement was 
recorded on a PC; hence, load-deflection curves can be generated to determine the sandwich 
stiffness and core shear modulus. Three-point bending was used to measure at least five (5) FG 
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samples, with a total of fifteen (15) for each porosity parameter value. Figure 5 depicts the three-
point bending test schematic, while Figure 6 shows the experimental setup for the FG beam. 

Table 2. The dimensions of PLA specimens used 
 

Porosity Power-law Index  Dimensions  (mm) Thickness (mm) 

0 0.5 60 x 10 6 

0 1 60 x 10 6 

0 2 60 x 10 6 

0.1 0.5 60 x 10 6 

0.1 1 60 x 10 6 

0.1 2 60 x 10 6 

0.2 0.5 60 x 10 6 

0.2 1 60 x 10 6 

0.2 2 60 x 10 6 

0.3 0.5 60 x 10 6 

 
 

      
 

Figure 5. Three-point bending test configuration   Figure 6. Experimental setup for the FG beam 
 

3. FINITE ELEMENT ANALYSIS 
 
 

Finite Element Modeling (FEM) is carried out to check the accuracy of numerical results with 
those obtained throughout three-point bending experiments [33–35]. In this work, the 
commercial ANSYS software program 2021 R1 was executed to analyze the bending analysis of 
the sandwich beam. The beam model is generated, employing the SHELL99 composite element 
type as shown in Figure 7. A convergence mesh study was carried out and the corresponding 
boundary conditions for the model were applied. Load is applied gradually and simply supported 
boundary conditions are used as shown in Figure 8. In order to provide more details about the 
behavior of various porous materials, three types of polymers were employed: thermoplastic 
polyamide elastomer (TPU), Polyetheretherketone (PEEK), and Acrylonitrile Butadiene Styrene 
(ABS). The material characteristics used in the FE simulation are calculated using Equations (6–
8) and then introduced into the engineering library view of ANSYS. The general mechanical 
properties of PLA were used according to the results of the experimental work (Table 2), while 
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the other three polymer types were given in Table 3 [36]. Based on various parameters, the 
bending load, total deformation, strain energy, and midspan deflection of the PFGM beam are 
analyzed under static structural analysis. In addition, the flexural strength and energy absorption 
of the FG beam are calculated using three porosity coefficients (α = 10%, 20%, and 30%), a 
gradient exponent (g = 1 to 25), and various beam thicknesses (5–20 mm). 
 
 

Table 3. Mechanical properties of materials used [36] 

Property 
 

TPU PEEK ABS 

Modulus of elasticity (GPa) 0.8 7.7 2.5 
Mass density (kg/m3) 1360 1410 1425 
Poisson’s ratio 0.4 0.4 0.4 

 

  

Figure 7. A 3D model of the FG beam with 
BCs 

Figure 8. A 3D model with a mesh 

       
4. RESULTS 
 

 
The influence of porosity parameters, beam thickness, and nanoparticles on the static behavior of 
porous polymer FG beams is examined in this section. The FG beam dimensions were made 
according to the ASTM D790 standard [32] (i.e, L = 60 mm, W = 10 mm), while the beam height 
was h = 5 – 20 mm. A universal testing machine (Tinius Olsen H50KT apparatus) was used to 
examine samples with three porosity parameters (α = 0.1, 0.2, and 0.3) and a gradient index (g = 
0.5, 1, 2). The experimental results including the maximum bending load and maximum total 
deflection at the mid-span of beams were obtained by utilizing the PC of the testing instrument. 
The experimental results of the load-displacement curves for simply supported PFGM beams at 
porosity (α=0.2), power-law index (g=1), and beam thickness of 6 mm are shown in Figures 9 and 
10. According to the results, the nanoparticle reinforced FG beam exhibits improved bending 
strength. Tables 4-7 present the validation of results due to experiments using the ANSYS 
software 2021 R1. According to the findings in Tables (4 and 5), one can see that the value of the 
maximum bending load decreases with increasing values of the porosity parameter. The 
maximum difference between experimental and numerical bending load results is 10%. The 
influence of adding 5% (Al/Al2O3) nanoparticles enhanced the bending strength by 10%. 
  
On the other hand, Tables 6 and 7 presented experimental and numerical results of maximum 
deflection occurring at the beam midspan with and without using nanoparticles. Based on the 
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obtained numerical results, it is observed that the maximum difference in deflection between 
experimental and ANSYS simulation does not exceed 10%. For the same FG beam geometrical 
properties, this percentage is influenced by the power-law index and porous factor. It can be 
concluded that the maximum deflection decreases with increasing porosity factor due to the 
decrease in material rigidity. Similarly, the use of nanoparticles strengthened the beam resistance 
towards deformation. One potential source of error is that the mechanical properties formula 
used was based on the classical beam theory (CBT), whereas the FEA solution was obtained using 
the assumption of the first-order shear deformation beam theory (FSDT). In addition, noise and 
system errors also determine the accuracy and reliability of the experimental static analysis. 
However, the most significant observations noticed from the configuration of defective specimens 
throughout the experiments are that the most common reason for failure observed in the beam 
was the beam yielding, as well as the possible deformation of the beam due to shear, which will 
initiate and develop at the PLA layers with a high porosity ratio.  
 
 

  
Figure 9. The experimental force-displacement 

curve without nanoparticles at porosity (α = 0.2) 
and gradient index (g = 1) 

Figure 10. The experimental force-
displacement curve with nanoparticles at 

porosity (α = 0.2) and gradient index (g = 1) 
 
 
Table 4. The numerical and experimental maximum bending load (N) without nanoparticles 
 

Alpha g Thickness (mm) Exp. Num. Discrepancy % 
 
 

0 0.5 6 273 280 5.536 
0 1 6 840 866 6.250 
0 2 6 1600 1725 7.246 
0.1 0.5 6 185 199 7.035 
0.1 1 6 705 767 8.083 
0.1 2 6 1250 1375 9.091 
0.2 0.5 6 165 184 9.341 
0.2 1 6 655 688 5.072 
0.2 2 6 1180 1288 8.385 
0.3 0.5 6 148 166 9.639 
0.3 1 6 590 645 8.527 
0.3 2 6 1100 1255 10.057 
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Table 5. The numerical and experimental maximum bending load (N) with nanoparticles (5% 
Al/Al2O3) 

 
Alpha g Thickness (mm) Exp. Num. Discrepancy % 

 
 

0 0.5 6 303.03 326.79 7.271 
0 1 6 930.4 990.56 6.073 
0 2 6 1770 1919.75 7.800 
0.1 0.5 6 209.35 222 5.698 
0.1 1 6 788.55 855 7.772 
0.1 2 6 1380.5 1530 9.771 
0.2 0.5 6 187.15 200 6.425 
0.2 1 6 737.05 777 5.142 
0.2 2 6 1304.8 1435 9.073 
0.3 0.5 6 162.5 180 9.722 
0.3 1 6 657.9 711 7.468 
0.3 2 6 1219 1357.53 10.205 

 
Table 6. The numerical and experimental maximum bending deflection without nanoparticles 

(mm) 
 

Alpha g Thickness (mm) Exp. Num. Discrepancy % 
 0 0.5 6 11 11.8 6.780 

0 1 6 9.8 10.35 5.3 
0 2 6 8.75 9.38 6.7 
0.1 0.5 6 13.5 14.7 8.163 
0.1 1 6 11.8 12.85 8.171 
0.1 2 6 9.56 10.44 8.429 
0.2 0.5 6 14.2 15.35 7.492 
0.2 1 6 12.75 13.65 6.593 
0.2 2 6 10.48 11.5 8.870 
0.3 0.5 6 15.67 16.85 7.003 
0.3 1 6 13.9 14.75 5.763 
0.3 2 6 9.85 10.64 7.425 

  
Table 7. The numerical and experimental maximum bending deflection with nanoparticles 

(mm) (5% Al/Al2O3) 
 

Alpha g Thickness (mm) Exp. Num. Discrepancy % 
 0 0.5 6 12.17 13.25 8.151 

0 1 6 10.5 11.4 7.9 
0 2 6 9.6 10.65 9.859 
0.1 0.5 6 14.8 16.35 9.480 
0.1 1 6 13.2 14.5 8.966 
0.1 2 6 10.35 11.45 9.607 
0.2 0.5 6 15.5 16.9 8.284 
0.2 1 6 14.2 15.35 7.492 
0.2 2 6 11.4 12.45 8.434 
0.3 0.5 6 17.1 18.5 7.568 
0.3 1 6 15.2 16.2 6.173 
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0.3 2 6 10.5 11.4 7.895 
 
For better understanding, the following dimensionless relation was used to define the deflection 
parameter [37], 
 

w̅ =
100Embh3

𝐹𝑙3 . w (x, z)                                                                                                                                      (16) 

                                                     
where w̅ is the deflection parameter, Em is the elastic modulus of the beam metal, and w (x, z) is 
the maximum deflection. 
    
Figures (11–14) show the 3D surface generated by the MATLAB environment in terms of non-
dimensional deflection parameters as a function of gradient indices and beam thickness of a 
simply-supported FG beam with a PLA core. The results show that the deflection parameter 
increases with both the porosity ratio and power-law index. The variation in results increases 
positively with the increase of the volume fraction exponent. This indicates that the beam exhibits 
more ductility. 
 

  
Figure 11. 3D surface plot of the simply 

supported sandwich beam at porosity (α=0.1) 
without nanoparticles 

Figure 12. 3D surface plot of the simply 
supported sandwich beam at porosity 

(α=0.1) with nanoparticles (5% Al/Al2O3) 

  
Figure 13. 3D surface plot of the simply 

supported sandwich beam at porosity (α=0.2) 
without nanoparticles 

Figure 14. 3D surface plot of the simply 
supported sandwich beam at porosity 

(α=0.2) with nanoparticles (5% Al/Al2O3) 
 
Figure 15 gives the numerical results of the strain energy of a simply-supported porous PLA beam 
without reinforcement by nanoparticles, with various porosity factors ( α= 0.1, 0.2, and 0.3), a 
beam thickness of 6 mm, and by using six values of volume fraction index (g = 0.5, 1, 2, 5, 10, and 
25). Because of the decrease in material toughness, the strain energy decreases with increasing 
porosity parameters and gradient index. On the other hand, Figure 16 shows the same 
configuration using nanoparticles. From those figures, one can conclude the influence of 
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nanoparticles on the enhancement strength of FG beams. Figures (17 and 18) show the SEM 
micrographs of the fractured surface of a graded sample using backscattered electrons (BSE) and 
secondary electrons (SE) on the 250 W laser power region at a porosity parameter (0.1) without 
and with reinforced nanoparticles of Al/Al2O3, respectively, at a beam thickness of 6 mm, using 
various working distances (WD) for each sample. No striations were found on fractured surfaces. 
However, they can be seen in the grain boundaries with different local orientations in adjacent 
grains or melt pool boundaries. Figure 19 shows numerical results performed by ANSYS of 
maximum bending load at power-law index (g = 0.5) and beam thickness of 10 mm using various 
polymer beam metals. In the same fashion, the deflection parameter results are shown in Figure 
20. From the results, it can be concluded that the beam made of PEEK exhibits more deflection 
than ABS and TPU, respectively. Furthermore, as the porosity ratio increases gradually, the 
deflection values decrease because the material stiffness decreases. 

  
Figure 15. The strain energy of a simply-

supported beam at various volume fraction 
indices without nanoparticles 

Figure 16. The strain energy of a simply-
supported beam at various volume fraction 

indices with nanoparticles (5% Al/Al2O3) 
 

  
Figure 17. Sem images for PLA samples with 
a porosity of 0.1 and without nanoparticles 

Figure 18. Sem images for PLA samples with 
porosity of 0.1 and 5% Al/Al2O3 nanoparticles 
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Figure 19. Maximum bending load for 

various metal types at g = 0.5, beam 
thickness of 10mm 

Figure 20. Variation of deflection parameters 
for g = 0.5 and beam thickness of 10mm 

 
 
 
5. CONCLUSIONS 
 
 
This paper examines the flexural strength and stiffness of porous functionally graded beams. This 
contribution also relates to the combined numerical design and experiment of the PFGM sandwich 
structure. The results showed that the experimental bending loads can be increased by the 
addition of (Al/Al2O3) nanoparticles. The increase will be 9.9% as a result of reinforcement by 
nanoparticles at porosity 0 and a power-law index (g = 0.5), while at the same gradient index but 
at porosity 0.3, the increase will be 8.93%. In addition, the FG beams show a noticeable reduction 
in bending stiffness and ultimate load due to the decrease in porosity. When the porosity 
coefficient decreases, both bending stiffness, and mid-span displacement increase. A fair 
convergence between both experimental and ANSYS analysis, where the maximum error 
percentage is found to be no more than 10% in bending and 9% in deflection measurement, which 
indicates that a 3D printing method can be used to manufacture good PFGM samples. Designing 
and optimizing functionally graded beams requires the use of numerical and experimental 
methods. 
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