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Abstract: Functionally graded Materials (or also can say, 

Functionally Gradient materials) are characterized as an 

anisotropic material whose physical properties varies 

continuously as the dimensions varies randomly or strategically, 

to achieve the desired characteristic. The overall properties of the 

functionally gradient material are different from the properties of 

any of the individual parent materials which form it. They can be 

applied to metals, ceramics and organic composites to generate 

improved components, they are increasingly being considered in 

industry for various applications to maximize strengths and 

integrities of many engineered structures.  The study is mainly 

focused on comprehensive overview of the various production 

techniques for manufacturing of functionally graded materials; 

characterizations, advantages and formulation of FGMs as well as 

recent developments in this field are presented. Material 

modelling, geometric modelling and finite element modelling is 

done for the disc and then numerical problem is solved using the 

finite element software ANSYS 18.1. 

 

Keywords: Applications of FGM, Functionally graded Material, 

ANSYS 18.1, Mori-Tanaka. 

1. Introduction 

Functionally graded materials (FGM): These are multi-phase 

materials with graded properties. The gradation of material 

properties in FGMs is achieved by continuously varying the 

volume fractions of the constituents. The resulting material 

properties can be tailored so that to fit the requirements posed 

in a multitude of technically demanding applications. FGMs are 

a class of advanced composites composed of two or more 

discrete constituent phases with continuous and smoothly 

varying composition. These advanced materials with 

designable gradients of composition can integrate the 

advantages of constituent phases and show stronger superiority 

than homogeneous materials made of similar constituents in 

applications. Often, the accurate information of the shape and 

distribution of particles may not be available, thus the effective 

material properties, viz. elastic moduli, shear moduli, density, 

etc. of the graded composites are being evaluated only by the 

volume fraction distribution and the approximate shape of the  

 

dispersed phase. 

2. Rotating disk 

Thin disks are modeled and analyzed as two dimensional 

axisymmetric body and thick disks are modeled as three 

dimensional axisymmetric body. 

A. Formulation and Validation of the problem using  

ANSYS 

A rotating annular disk of Al/ceramic functionally graded 

material [19] is validated. Properties of Al and ceramic are 

given in table 1. The property variation of the material in the 

FG disk along the radial direction is assumed to be power-law 

and Mori-Tanaka gradation (2.1.1), (2.1.2) and (2.1.3) 

respectively. 

Where E is modulus of elasticity, ρ is density, B is bulk 

modulus and G is shear modulus of the material. 

The effective bulk modulus B and shear modulus G of FG 

disk evaluated using the Mori-Tanaka estimates. 

  

𝐵(𝑟) =
(Bo − Bi)Vo

(1 + (1 − Vo)
3(𝐵𝑜 − 𝐵𝑖)
3𝐵𝑖 + 4𝐺𝑖

)
+ 𝐵𝑖 

𝐺(𝑟) =
(Go − Gi)Vo

(1 + (1 − Vo)
3(𝐺𝑜 − 𝐺𝑖)
𝐺𝑖 + 𝑓1

)
+ 𝐺𝑖 

Where 

𝑓1 =
𝐺𝑖(9𝐵𝑖 + 8𝐺𝑖)

6(𝐵𝑖 + 2𝐺𝑖)
 

 

V is the volume fraction of the phase material. The subscripts 

i and o refer to the inner and outer materials respectively. The 
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Table 1 

Mechanical properties of Al and ceramic [19] 

Material E (GPa) ρ (g/cm3) B (GPa) G (GPa) 

Al 71 2.70 58.333 26.9231 

Ceramic 151 5.70 128.333 58.0769 
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volume fraction of the inner and outer phases are related by 

 

Vi+Vo=1 

And Vo is expressed as 

 

𝑉𝑜 = (
𝑟 − 𝑟𝑖
𝑟𝑜−𝑟𝑖

)𝑛 

 

Where n (n>=0) is the volume fraction exponent. The elastic 

modulus E and the Poisson’s ratio v can be found as 

𝐸 =
9𝐵𝐺

3𝐵 + 𝐺
 

 

 
Fig. 1.  Comparison of radial stress for concave profile with results of 

reference 

 

 
Fig. 2.  Comparison of radial stress for uniform profile with results of 

reference 

B. Comparative study based on combination of different 

materials 

In this section ceramic material combination (silicon carbide, 

aluminum nitride, silicon nitride, zirconia) with metal 

(aluminum) is studied. Since stress is not dependent on material 

but strain is a dependent variable on material therefore, by 

varying different ceramic materials deformation or strain will 

change  

1) SiC (Silicon carbide) 

An annular disc comprising of aluminum and titanium 

carbide (FGM) will be analyzed, the mechanical properties are 

shown in table 2. 

 

 
Fig. 3.  Variation of summation of all displacement for concave thickness 

disk for Al SiC material, fix-free boundary condition 
 

 
Fig. 4.  Variation of von mises stress for concave thickness disk for Al- 

SiC material, fix-free boundary condition 
 

2) AlN (Aluminum nitride) 

An annular disc comprising of aluminum and alumina 

(FGM) will be analyzed, the mechanical properties are shown 

in table 3.  

 

 

 
Fig. 5.  Variation of summation of all displacement for concave thickness 

disk for Al-AlN, fix-free boundary condition 

 

Table 2 

Mechanical properties of SiC 

Material E (GPa) ρ (g/cm3) α (/ 0C) 

SiC  410 3.10 4×10-6 

 

 

Table 3 

Mechanical properties of AlN 

Material E (GPa)  ρ (g/cm3) α (/ 0C) 

AlN 330  3.26 4.5×10-6 
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Fig. 6.  Variation of von mises stress for concave thickness disk for Al-

AlN, fix-free boundary condition 

 

3) Si3N4(Silicon nitride) 

An annular disc comprising of aluminum and silicon nitride 

(FGM) will be analyzed, the mechanical properties are shown 

in table 4. 

 
Fig. 7.  Variation of summation of all displacement for concave thickness 

disk for Al- Si3N4, fix-free boundary condition 

 

 
Fig. 8.  Variation of von mises stress for concave thickness disk for Al- 

Si3N4, fix-free boundary condition 

 

4) ZrO3 (Zirconia) 

An annular disc comprising of aluminum and zirconia 

(FGM) is already analyzed under validation now a comparative 

analysis of variation of summation of all displacement for 

different ceramic materials will be analyzed. 

 

 
Fig. 9.  Variation of radial displacement for concave thickness disk for Al-

zrO3, fix-free boundary condition 

 

 
Fig. 10.  Variation of summation of all displacement for concave thickness 

disk for Al-zrO3, fix-free boundary condition 

 

5) Comparative study based on the division of material 

properties in FGM 

In this section division of material properties is studied i.e. 

the gradation of material from start to end will vary with respect 

from fine to coarse. The disc is of 150mm length while the hole 

is of 15mm therefore the effective length for FGM disc in this 

case is 135mm so if material properties if varies after every 

1mm (which is considered in all the above cases), 0.5mm, 

0.33mm what are the differences in terms of radial 

displacement and von mises stress. 

6) 0.5mm spacing between two gradation 

 

 
Fig. 11. Variation of radial displacement for concave thickness disk for 

0.5mm, fix-free boundary condition 

Table 4 

Mechanical properties of Si3N4 

Material E (GPa) ρ (g/cm3) α (/ 0C) 

Si3N4 310 3.26 3.3×10-6 
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In this case the rotating disc material property changes after 

every 0.5mm according to the exponential law of FGM, radial 

displacement and von mises stress is monitored to note the 

differences in both the cases considered. 
 

 
Fig. 12.  Variation of von mises stress for concave thickness disk for 

0.5mm, fix-free boundary condition 

 

7) 0.33mm spacing between two gradation 

In this case the rotating disc material property changes after 

every 0.33mm according to the exponential law of FGM, radial 

displacement and von mises stress is monitored to note the 

differences in both the cases considered. 

 

 
Fig. 13.  Variation of summation of all displacement for concave thickness 

disk for Al-zrO3, fix-free boundary condition 

 

 
Fig. 14.  Variation of summation of all displacement for concave thickness 

disk for Al-zrO3, fix-free boundary condition 

3. Conclusion 

Since, silicon nitride is showing the least deformation of all 

the above ceramic materials when made FGM with aluminum 

Silicon nitride, silicon carbide is showing signs of strain 

hardening in von mises stress curve  thus increasing its hardness 

thus more susceptible to failure whereas zirconia tends to fall 

along the length of the disc which can be predicted as a sign of 

failure.  therefore, silicon nitride can be chosen as the material 

for FGM with aluminum but as per application cost is also 

needed to be analyzed to come down to the best ceramic 

material. Comparative study based on spacing of gradation for 

FGM reveals that radial displacement remains unchanged with 

the variation of spacing of gradation and radial stress also 

remains unchanged with the variation of spacing of gradation. 

Therefore, spacing of gradation for FGM has negligible effect 

and 1mm spacing can be considered for spacing of gradation. 
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