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Abstract
This study examines the static deflection and free vibration behavior of functionally graded aluminium-
alumina (Al-Al2O3) beams fabricated using the powder metallurgy process. Three different beam

configurations with 5, 6, and 7 layers, incorporating ceramic volume fractions of 10%, 20%, and 50% in the
outermost layer, are considered. Experiments are conducted on the Al-Al2O3 beams with clamped free

boundary condition for their static deflections and natural frequencies. These experimental results are
compared with the numerical estimates obtained using beam finite element. Porosity models have been
considered to evaluate material properties like density and Young’s modulus. Two distinct porosity models
were used to assess numerical static deflections and natural frequencies. The results show a significant
increase in the error between experimental and numerical static deflections, rising from 30% to 80%,
while the free vibration frequencies increased from 10% to 75%. These changes occurred as the ceramic
volume fraction increased from 10% to 50% for the Al-Al2O3 beams examined in the study. This highlights

the need for refining the powder metallurgy process to minimize porosity and improve material
consistency.

Categories: Advanced Manufacturing Technologies, Advanced Materials, Materials Engineering
Keywords: free vibration, static deflection, metal-ceramic functionally graded beam, porosity, powder metallurgy
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Introduction
Functionally graded structures are those in which the volume fractions of two or more materials are varied
continuously as a function of position along certain dimension(s) of the structure. A typical functionally
graded material (FGM) for high temperature applications is synthesized from a mixture of ceramic and
metal. The material properties in these materials do not vary suddenly from one surface to another and
thus there are good chances of reducing the mechanical and thermal stress concentrations. Accordingly,
FGMs are suitable for engineering applications and are good replacement for the laminated composite
structures. However, the challenges in the manufacturing techniques are multitude in nature, especially
production of defect-free products. Powder metallurgy and thermal spray have been the most widely used
processes for fabricating FGMs. These processes are recognized for their versatility, providing excellent
control over microstructure. However, there is a lack of comprehensive studies on the fabrication of FGMs
using these techniques, particularly with aluminium and alumina as the FGM constituent materials. Gupta
and Talha [1] have reviewed various fabrication methods for FGMs and outlined future research directions
that could help in the design and analysis of these materials. A review of a variety of manufacturing
processes attempted for fabricating FGM is made available by Kieback et al. [2], Sobczak and Drenchev [3]
as well as Naebe and Shirvanimoghaddam [4]. The review also describes the microstructural features of
the graded structures and the necessity of adopting modeling of the manufacturing process so that
process parameters can be established to reduce cost and defects in the graded products. A novel
technique for the fabrication and fracture testing of large-scale polymeric-based FGMs has been presented
by Lambros et al. [5]. They showed that, for specimens over 150 mm thickness, the FGMs produced by this
process exhibit a varying Young's modulus, from approximately 160 to 250 MPa. Saleh et al. [6] provided
an overview of design and manufacturing techniques for smooth graded FGMs, outlining the key
challenges and advantages of these methods based on over 30 years of available literature. Boggarapu et
al. [7] studied the mechanical and tribological properties of a five-layered Al/Cu FGM produced by powder
metallurgy. Gupta et al. [8] have investigated how sintering temperature and time influence the properties
of Fe-Al2O3 composites produced through the powder metallurgy process. Bhattacharyya et al. [9] studied

microstructure, micro-hardness, porosity content, and flexural strength of functionally graded (FG) beams
fabricated from Al-SiC combination and Ni-Al2O3 combination, with ceramic volume varying from 10% to

40%.

During the study of FGMs with regards to static deflection, and vibration, apart from preparation of the
specimens, it is necessary to have knowledge of arriving at the physical properties of the graded structure.
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Especially graded materials prepared by powder compaction process, the physical properties strongly
depend on the porosity of the specimens. Matuła et al. [10] developed an innovative powder metallurgy
method for producing functional, two-zoned graded materials with variable porosity. Phani and Niyogi
[11] developed semi-empirical relation to calculate the material property of alumina depending on the
magnitude of porosity and the same was compared with many other existing porosity-elastic modulus
expressions available in literature. Asmani et al. [12] describes the use of the wave velocity data in
formulating the effect of porosity, pore size, and distribution on the elastic modulus for alumina pellets.
Kováčik [13] proposes the percolation theory to evaluate Young’s modulus dependency on porosity.
Chawla and Deng [14] studied the porosity effect on the Young’s modulus, microstructure, tensile
strength, strain-to-failure, and fatigue strength for Fe-0.85Mo-Ni steels prepared by powder metallurgy
process. Savchenko et al. [15] carried out compression experiments on alumina cylindrical ingots with
different porosity levels and studied the influence of porosity on shear strength, shear modulus, and
modulus of elasticity. Wattanasakulpong and Ungbhakorn [16] incorporated the effects of porosity into the
rule of mixtures (ROMs) and presented results on how varying porosity levels influence the frequency
response of FG beams. Studies on the free vibration of FG beams prepared by hot isostatic pressing,
sequential infiltration technique, and plasma spray process has been presented by Kapuria et al. [17],
Wattanasakupong et al. [18], and Malik and Kadoli [19], respectively.

To the best of the author’s knowledge, no studies have been reported on the experimental static deflection
and natural frequencies of Al-Al2O3 FG beams, processed through powder metallurgy, under a clamped-

free boundary condition. Additionally, a FORTRAN computer program has been developed using beam
finite elements, along with the simple ROMs, power law index, and porosity models, to numerically
evaluate static deflection and natural frequencies. A comparison of experimental and numerical results
reveals discrepancies, with the error appearing to increase significantly when the ceramic volume fraction
is high. This suggests that while porosity models and gradation laws are adequate for theoretical
estimates, more stringent control of the manufacturing process is necessary.

Materials And Methods
Material gradation through the thickness of functionally graded beam
Consider an FG beam with rectangular cross section. Let , , and  be the length, width, and thickness of
the beam. The  coordinate is considered at the mid-plane along the length of the beam and  coordinate
is taken along the width of the beam. Figure 1 represents FG beam with stepwise material gradation. The
material property of each layer is considered as per the ROM along the  direction. Each layer having a
mixture of ceramic and metal with volume fractions  and , and simple ROM holds true.

 (1)

The effective material property,  for each layer of the stepwise graded FG beam is given by the
relation

 (2)

where,  and  represents a physical property and volume fraction which varies along the thickness
direction (  coordinate). Subscript  and  indicate ceramic and metal, respectively.

FIGURE 1: FG beam with stepwise gradation along its thickness
FG, functionally graded

Figure 2 represents FG beam with continuous gradation through thickness. The variation of the material
property from metal rich to ceramic rich is continuous and the variation is along  axis. The variation of
volume fraction of ceramic along the thickness is based on the power law index . The power law index
takes on values greater than or equal to zero. The effective material property variation along the thickness
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direction based on power law variation for volume fraction of ceramic is given by:

 (3)

FIGURE 2: FG beam with continuous gradation through thickness
FG, functionally graded

Beam finite element formulation
The finite element equation of motion is derived following the discussion in Demir and Oz [20]. The
elastic strain energy of a finite element is

 (4)

where , , and  are extensional rigidity, coupling rigidity, and bending rigidity defined as

 (5)

  and  stand for the  and  layer of the FG beam. The reduced stiffness coefficient 

 in Equation (5) is calculated for each layer

 (6)

 and  namely, the effective Young’s modulus and Poisson’s ratio is computed according to
Equation (2) or Equation (3).

Including the rotary inertia and the axial inertia effects, the kinetic energy of beam, , at any instant can
be expressed as

(7)

where ,  and  in Equation (7) are the inertial coefficient defined as

 (8)

 is the effective density of the layered or continuously graded beam.

The axial and transverse displacement  and , respectively, are expressed in terms of nodal
displacements by the Lagrange shape function and Hermite shape function. The shape functions are
substituted into the elastic strain energy (Equation (4)) and kinetic energy (Equation (7)), and various
stiffness and mass matrices are evaluated (Demir and Oz [20]). The finite element equation of motion is
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obtained as follows:

 (9)

 and  are the global stiffness and mass matrices of order 6 × 6.  is the load vector.

Fabrication of functionally graded beams using powder metallurgy
process
Al-Al2O3 FG beam samples having five layers were prepared by the powder metallurgy process. The

thickness of each layer in the beam was approximately between 0.45 and 0.5 mm depending on the weight
of the powder used for each layer. The ceramic content in the layers of the beam samples were from 0% to
10% with the bottom layer being of pure metal and the top layer having 10% ceramic content. The five
layered FG beam sample had Al2O3 composition as 0/1.25/2.5/5/10% from bottom to top layer. The metal

and ceramic constituents were mixed thoroughly in a planetary ball mill and laid layer by layer in a die.
The powder laid in the die was compacted using a universal testing machine. After compaction, the
samples were subjected to sintering. Liu [21] has investigated the impact of varying the sintering
temperature from 600°C to 650°C on the relative density of aluminium during the sintering of aluminium
powder. Based on Liu's findings, the sintering temperature in this work was increased to 650°C, which
produced better samples that did not break when gently flexed manually. Further parametric studies were
carried out by sintering FGM beam samples at furnace temperatures of 660°C, 670°C, and 680°C to arrive
at the best possible sintering temperature for FGM samples. When the sintering temperature was raised to
670°C and 680°C, the aluminium layer melted and formed a lump, limiting the sintering process to 660°C.
Rather than sintering the sample directly at 660°C, a step-wise increase in temperature was employed
following the work of Pieczonka and Kazior [22]. The temperature was raised by 10°C per minute through
manual adjustment of the control knob until it reached 660°C. The sintering temperature was varied
linearly until the final sintering temperature of 660°C was attained. The length of the sample used in
present study was 150 mm and had a cross section of 20 × 2.54 mm. The parameters used for preparing the
Al-Al2O3 FGM beam samples using powder metallurgy process are listed in Table 1.

Process parameter Value

Die wall lubricant Zinc stearate

Binding agent Ethanol

Load applied 60 tons

Loading duration 5 min

Green compacting load 10 tons for 1 min

Sintering temperature 660°C

Stepwise increase of temperature 10°C per min

Sintering duration 5 hours

Cooling Furnace cooling

TABLE 1: Parameters used for preparing the Al-Al2O3 FGM beam samples
FGM, functionally graded material

Figure 3 shows the beam sample consisting of five layers, with the extreme layer having a ceramic volume
fraction of 10%. Al2O3 content in the beam layers is characterized by an appearance similar to granules.

Traversing from bottom to top along the picture (Figure 3), it can be observed that the concentration of
Al2O3 is visibly increasing. The morphology almost remains the same for all the FG beams that have this

composition. Similarly, FG beams of 6 and 7 layers were produced, wherein the ceramic volume fraction
was 20% and 50% on the ceramic-rich outer most layer. The thickness of each layer was again maintained
between 0.4 mm to 0.5 mm. The details of the properties of the material considered for calculations are in
Table 2. The thickness depends on the weight of the powder. The average weight of the powder for pure
aluminium layer is 3.4 g and for different FG layers it varies from 3.442 g to 4.8 g. A high-precision
weighing balance (CONTECH electronic balance CAI-234) was used to measure the mass of the powder.
Considering all these parameters, it is found that the beam thickness after fabrication is between 2.1 mm

Cureus Journal of Engineering

2025 Malik et al. Cureus J Eng 2 : es44388-025-03835-2. DOI https://doi.org/10.7759/s44388-025-03835-2 4 of 13

javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)


to 3.5 mm.

Material Young’s modulus, E (GPa) Density,  ρ (kg/m3) Poisson’s ratio, ν

Aluminium 69.0 2698 0.26

Alumina (Al2O3) 349.55 3750 0.33

TABLE 2: Material properties of aluminium and Al2O3

FIGURE 3: Microstructure SEM picture of FG-23
SEM, Scanning Electron Microscopy

Evaluation of porosity for FGM beam
FG beams prepared by powder metallurgy process containing porosity  can be evaluated from the
equation presented by Phani and Niyogi [23]

 (10)

where  is the averaged theoretical density of each layer of the FG beam calculated using Equation (2)

and  is the actual density calculated as , where volume is evaluated using geometric

quantities like length, width, and thickness of the FG beams.

In the hypothesis of pores presenting spheroid symmetry, the dependency of Young’s modulus on porosity
has been formulated by Asmani et al. [12] as

  (11)

 will be the theoretical Young’s modulus of the material when porosity is zero. For FG beam  is 
 and evaluated using Equation (2) applied for each layer.  and  are same as provided in Table

2. The value of  is described by Asmani et al. [12] for a spherical shape pore.

Wattanasakulpong and Ungbhakorn [16] have accounted the porosity in the analytical relation for
effective property following the ROMs as follows:

 (12)

 is the porosity volume fraction defined by Equation (10). 

Experimental setup for static deflection analysis of FG beams
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The schematic diagram that illustrates the measurement of static deflection of the clamped-free beam is
shown in Figure 4. The deflection of the beam was recorded using a laser optical displacement sensor,
Micro-Epsilon - optoNCDT-1402-10, which has a resolution of 1 micron and sampling rate of 10 ms. The
analog output from the sensor is communicated to the computer through an RS422 analog to digital USB
converter. The readings are acquired in the computer using the ILD1402 software. A point load
perpendicular to the beam length is applied at the free end of the beam. The deflection readings are taken
at the free end of the beam. The difference in the readings before and after the application of the load is
taken as the beam displacement. Standard weights of 50g, 70 g, 100 g, 130 g, and 150 g were used to apply
the load at the free end.

FIGURE 4: Schematic representation of experimental setup to measure
the deflection of clamp-free beams

Experimental setup for free vibration natural frequency analysis of FG
beams
The free vibration natural frequency of FG beams is determined using the impact hammer testing method.
An impulse was given to the free end of the clamped-free beam as shown in Figure 5. The response was
recorded using a laser displacement sensor. The displacement signals from the laser sensor are recorded in
the computer using the ILD1402 software. The FFT toolbox available in OriginPro 8 is used to obtain the
frequency domain graph from the time domain plot for all samples. Alternatively, at different time
intervals on the amplitude time curve, time period for one oscillation is measured. The reciprocal of the
time period of one cycle is the frequency in Hertz.
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FIGURE 5: Schematic representation of experimental setup to measure
the free vibration natural frequency of beams

Results
Analysis of porosity in FGM beam samples
The porosity calculated using Equation (10) are presented in Table 3 for the FG beams with maximum
ceramic volume fraction of 10%, 20%, and 50% in the extreme layer. Referring to Table 3, it can be
observed that the porosity levels in the FG beams have increased as the ceramic volume fraction in the
beam is increased. Few probable causes for porosity could be (i) entrapment of air during compaction of
powder mixture, (ii) non-homogenous bonding of powder mixture, and (iii) unable to achieve sintering
temperature close to that suitable for Al2O3 powder in the mixture. For most of the FG samples prepared,

the layer containing more amount of Al2O3 powder, the surface corresponding to this layer had a powdery

appearance or was coarse and dull. This observation is clearly supported, by physical inspection which
shows that when the layer containing Al2O3 was felt by the fingers and when traversed over the surface,

the powder would erode.
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Sl. No. FG beam sample Actual density (kg/m3) Theoretical density (kg/m3) Porosity (%)

FG beams with maximum ceramic volume fraction of 10%

1 FG-23 2412.53 2737.45 11.8

2 FG-24 2241.53 2737.45 18.1

3 FG-25 2323.77 2737.45 15.1

4 FG-38 2414.06 2737.45 11.8

FG beams with maximum ceramic volume fraction of 20%

1 FG-28 2372.21 2765.94 14.2

2 FG-30 2360.51 2765.94 14.6

3 FG-36 2426.82 2765.94 12.2

4 FG-41 2404.13 2765.94 13.0

FG beams with maximum ceramic volume fraction of 50%

1 FG-31 2293.51 2831.38 18.9

2 FG-35 2292.95 2831.38 19.0

TABLE 3: Porosity values for FG beam with various ceramic volume fraction
FG, functionally graded

Static deflection studies
The numerical results are calculated using the beam finite element FORTRAN computer program.
Validation and convergence study of the computer program have been attempted. The number of finite
elements used to obtain static deflection and free vibration frequency is 60. For the numerical
calculations, the effective material property (i.e., the effective Young’s modulus and effective density) for
each layer of the stepped FG beams are calculated using Equation (2) i.e., the ROM. The effective beam
length is the length from the fixed end to the free end of the beam which is equal to 130 mm.

The semi-empirical relation for Young’s modulus and material density as a function of porosity proposed
by Asmani et al. [12] and the one proposed by Wattanasakulpong and Ungbhakorn [16] are used to obtain
static deflection of beams numerically. The comparison of static deflection from the experimental
readings and the numerical results for a point load of 150 g at the free end are presented in Table 4. Based
on two approaches for calculating the material properties, the variation of static deflection increases with
increase in load linearly, as seen in Figure 6.

It is observed that Wattanasakulpong and Ungbhakorn [16] model and Asmani et al. [12] model for
evaluation of Young’s modulus and material density when used in the finite element program produced
results which are close to one another. The error between numerical and experimental results for
deflection has almost remained the same for the range of load applied for all the beams. The percentage
errors are given in Table 4. It is observed that the percentage error between the experimental and
numerical results has increased when compared with the beams having maximum ceramic volume fraction
of 10%.
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Sl.
No.

FG beam
sample

Experimental
deflection (mm)

Numerical deflection considering
porosity (mm)

Percentage error (%)

Asmani et al.
[12]

Wattanakulpong and
Ungbhakorn [16]

Asmani et al.
[12]

Wattanakulpong and
Ungbhakorn [16]

FG beams with maximum ceramic volume fraction of 10%

1 FG-23 1.303 0.911 0.915 30.07 29.71

2 FG-24 1.491 0.889 0.994 40.40 33.35

3 FG-25 1.305 0.982 1.036 24.72 20.63

4 FG-38 1.461 0.972 0.977 33.48 33.14

FG beams with maximum ceramic volume fraction of 20%

1 FG-28 1.416 0.539 0.539 61.91 61.91

2 FG-30 1.193 0.484 0.477 59.39 60.00

3 FG-36 1.465 0.494 0.481 66.22 67.15

4 FG-41 1.312 0.503 0.488 61.62 62.76

FG beams with maximum ceramic volume fraction of 50%

1 FG-31 0.871 0.171 0.153 80.32 82.34

2 FG-35 0.890 0.237 0.213 73.34 76.06

TABLE 4: Comparison of experimental static deflection of FG beams with the numerical results
considering the effects of porosity
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FIGURE 6: Comparison of the numerical deflection with experimental
measurement for FG beam (FG-19) having maximum ceramic volume of
10%.
FG, functionally graded

Free vibration analysis
The natural frequency determined experimentally and calculated numerically from the finite element
FORTRAN computer program, considering the effects of porosity, is presented in Table 5. Consideration of
porosity yields results that are closer to experimental results but yet far off. Using the Wattanasakulpong
and Ungbhakorn [16] model to determine the physical properties yielded better results when compared to
the results from the Asmani et al. [12] model.
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Sl.
No.

FG beam
sample

Experimental
frequency (Hz)

Numerical frequency considering effect of
porosity (Hz)

Percentage error (%)

Asmani et
al. [12]

Wattanasakulpong and
Ungbhakorn [16]

Asmani et
al. [12]

Wattanasakulpong and
Ungbhakorn [16]

FG beams with maximum ceramic volume fraction of 10%

1 FG-23 88.74 103.15 97.717 16.23 10.11

2 FG-24 87.65 102.56 91.94 17.01 4.89

3 FG-25 94.27 101.34 92.29 7.49 2.10

4 FG-38 85.97 100.68 95.43 17.11 11.00

FG beams with maximum ceramic volume fraction of 20%

1 FG-28 79.35 124.99 118.49 57.52 49.32

2 FG-30 89.89 129.67 122.42 44.25 36.18

3 FG-36 83.13 128.08 123.64 54.06 48.72

4 FG-41 83.05 127.56 122.24 53.58 47.17

FG beams with maximum ceramic volume fraction of 50%

1 FG-31 95.63 167.83 162.53 75.50 69.96

2 FG-35 93.16 171.29 165.63 83.85 77.78

TABLE 5: Free vibration natural frequency of Al-Al2O3 FG beams by considering the effects of
porosity
FG, functionally graded

Discussion
Among the three types of Al-Al2O3 FG beams, it is important to note that the FG beam with a 50% ceramic

volume fraction on the ceramic-rich side should exhibit greater stiffness compared to FG beams with 20%
and 10% ceramic volume fractions. Both experimental and theoretical deflection results support this
observation. However, several potential errors could affect the outcomes, such as improper bonding of
particles between layers. One possible cause of this is an insufficient sintering temperature to achieve
optimal bonding between the layers, as the melting temperature of alumina is significantly higher than
that of aluminum. In the current study, a sintering temperature of 660°C was used, which is near the
melting point of aluminum. When the sintering temperature was raised to 680°C, the aluminum layer
melted and formed a lump, limiting the sintering process to 660°C.

This limitation on the sintering temperature prevents the proper fusion of alumina particles, which
require temperatures between 1500°C and 1800°C for sintering. As a result, the presence of porosity and
voids becomes evident. Porosity has a significant impact on the mechanical properties of the FG beams,
such as Young’s modulus and Poisson’s ratio, which are key parameters in the theoretical models.
Additionally, the bulk properties used in the models, derived from literature, may differ from those of the
actual material used in the sample preparation. Accounting for porosity in the models yields results closer
to the experimental data, but discrepancies still exist.

When applying the model by Wattanasakulpong and Ungbhakorn [16], better alignment with experimental
results was observed compared to the model by Asmani et al. [12]. However, the error was still large,
particularly for the FG beams with 20% and 50% ceramic volume fractions. As the ceramic volume fraction
increases, the error becomes more pronounced. This can be attributed to improper densification due to
the lower sintering temperatures, which do not adequately address the sintering needs of alumina.
Consequently, as the alumina content in the beam increases, the error in the results also increases. 

To optimize the performance of FG beams, particularly for structural applications, it is essential to
minimize porosity levels by improving manufacturing techniques, such as more precise control over the
sintering process. Further, microstructure studies need to be carried out in order to design a new porosity
model for the Al-Al2O3 FGM beams. This porosity model needs to be incorporated in the theoretical model
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to arrive at the results close to the experimental results. Incorporating the effects of porosity into
predictive models would improve the accuracy of material property estimations, such as Young's modulus
and density, ultimately leading to better-designed FG structures.

Conclusions
The experimental results showed significant discrepancies between the measured static deflection and
natural frequency when compared to the beam finite element analysis, despite accounting for porosity in
the prepared samples. The static deflection and free vibration frequencies were within error limits of 30%
and 10%, respectively, when the ceramic volume fraction was low (i.e., 10%). However, as the ceramic
volume fraction increased, such as in the 20% and 50% cases, the error in static deflection and free
vibration frequencies became significantly larger, more than 50%. This suggests a need for refinement in
the powder metallurgy process, particularly in controlling the sintering temperature, to reduce porosity
and enhance material consistency. Future work should focus on developing more precise models that
incorporate the effects of porosity, enabling better predictions of material properties like Young's modulus
and density for FG beams produced via powder metallurgy. 

The promising potential applications of FGMs, owing to their exceptional properties that traditional
manufacturing methods struggle to replicate, are expanding rapidly. While significant advancements have
been made in the past decade, challenges remain, particularly in scaling laboratory-grade fabrication
techniques to industrial production levels. Overcoming these challenges is crucial for the broader
implementation of FGMs in engineering applications.
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