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Abstract 

 

Residual stress is the major cause for the failure of any component after manufacturing before put into original operation. Powder 

metallurgy (PM) is the most suitable technique certainly for mass production and up-scaling of the FGM’s. Functionally graded 

materials (FGMs) are advanced materials and their main characteristic is microstructure and composition variation over the volume 

of the specimen. In graded metal/ceramic components incompatible properties like strength, toughness and machinability of metal 

are coupled with heat, wear and corrosion resistance of ceramic in a single part. This advantage makes FGM’s very applicable in 

various applications. Now a day’s these types of materials have useful applications in variety of fields such as aircraft and aerospace 

industry, drilling and cutting, biomedical materials and engine components etc. Sintering is the main technique to manufacture 

these types of materials. During the sintering process, cooling of the specimen from sintering temperature to room temperature 

results in generation of thermal residual stresses within the material. These thermal stresses may cause crack propagation and 

failure of the material. Distribution analysis of these thermally induced stresses in the cylindrical metal-ceramic (Al2O3/SiC/TiC) 

Functionally Graded Material has been carried out in this thesis work. Finite element package ANSYS (Work-Bench 15.0) has 

been used in order to simulate the distribution of the thermal residual stresses in the materials. Influence of number of layers (4, 6 

and 10 layers) and dimensional changes (24×24) has been investigated. 

Keywords: Functionally Graded Materials and their properties, cuboid FGM (Al2O3/SiC/TiC), Thermal residual stresses, 

Von-Mises effective stresses, Principal stresses, ANSYS (Work-Bench 15.0) 

_______________________________________________________________________________________________________ 

I. INTRODUCTION 

Functionally graded material (FGM) is a specific type of material which is characterized by stepwise variation of microstructure 

and composition over the volume of the component. This steady variety brings about changing of material properties in spatial 

organizes through the thickness of the material. In 1987 Japanese researchers considered reviewed materials as another idea and 

characterized a FGM as "inhomogeneous composite, in which the material's mechanical, physical and substance properties change 

ceaselessly and which have no discontinuities inside the material" [9]. The FGM concept originated in japan since 1984 during the 

space plane project, in the form of a proposed thermal barrier material capable of withstanding a surface temperature of 2000 K 

and a temperature gradient of 1000 K across a cross section <10 mm. Since 1984, FGM thin films have been comprehensively 

researched, and are almost a commercial reality. In recent years this concept has become more popular in Europe, particularly in 

Germany. Functionally Graded Material (FGM), a revolutionary material, belongs to a class of advanced materials with varying 

properties over a changing dimension [10, 11]. Functionally graded materials occur in nature as bones, teeth etc. [12], nature 

designed this materials to meet their expected service requirements. This idea is emulated from nature to solve engineering problem 

the same way artificial neural network is used to emulate human brain. Functionally graded material, eliminates the sharp interfaces 

existing in composite material which is where failure is initiated [13]. It replaces this sharp interface with a gradient interface 

which produces smooth transition from one material to the next [14, 15]. One unique characteristics of FGM is the ability to tailor 

a material for specific application [16].  Arash Hosseinzadeh Delandar [2012], [1] studied the Performance based on Finite Element 

Analysis of Thermally induced Residual stresses in Functionally Graded Materials in the ANSYS Package of ABAQUS software. 

These studies related on the influence of thickness, linear and non-linear approach, inter layers and amount of porosity can be 

considered. Effective properties like weight density, Young’s Modulus, Co-efficient of thermal expansion and Poisson’s ratio of 

each material of metal-ceramic FGM can be carried out. Cho and Oden [1998], [2] explained the (Ni/Al2O) Functionally Graded 

Materials: Thermal-stresses characteristics using the Crank-Nicolson-Galerkin scheme. Among the several material parameters 

governing its characteristics, effects of the material variation through the thickness and the size of the FGM layer inserted between 

metal and ceramic layers using the finite element method. Through a representative model problem, it was observed different 

thermal stress characteristics for different material variations and sizes of FGM. It provides insight into the concept of FGM and 

lays the foundation of FGM optimization to control thermal stresses. Alaa etal, [3] reviewed the Fabrication of Ceramic-Metal 

Functionally Graded Materials; high order step wise functionally graded materials Al2O3-Ti are fabricated. These materials 
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combine the high fracture toughness of Ti phase and the relatively low density of Al and stand for candidate materials for harsh 

mechanical and thermal environments. The green specimens are composed of Al2O3-TiH2 layers and the sintered specimens are 

composed of graded Al2O3-Ti.Spark Plasma Sintering technique is utilized for sintering of the graded green specimens. The best 

sintering conditions is found at 1500°C for 30 minute of sintering that gives apparent density of 4.25 g/cm3, Porosity of 1.28% and 

diametric expansion of 1.58%. This study shows the Material combination of linear and linear approach composition variation, 

amount of porosity in terms of weight density of materials can be carried out. Padmanabhan et al. [2013], [4] Investigated on the 

Comparison of mechanical properties of Al2O3 and low density Polyethylene (LDPE) is a artificially made material system 

consisting of two or more phases. It proved an excellent strength to weight ratio and stiffness to weight ratio could be achieved 

using these materials. Chung et al. [6] presented the High thermal conductive diamond/Cu-Ti composites fabricated by pressure 

less sintering technique.  Diamond/Cu composites fabricated via the traditional powder metallurgy method show low thermal 

conductivities due to the poor wet ability between diamond and Cu matrix. The fabrication method adopted in this study provides 

a simple and low-cost method for producing diamond/metal composites. Thermal properties of the diamond/Cu-Ti composites 

fabricated by pressure less sintering at 1373 K for 30 min with variation in diamond particle sizes and volume fractions were 

thoroughly investigated. The composites produced in this study exhibited thermal conductivity as high as 608 W/m K for 60 vol.% 

bimodal diamond/Cu-2 at.% Ti composite comprised of 50 vol.% diamond particles with the size of  300 mm and 10 vol.% diamond 

particles with the size of 150 mm. A suitable coefficient of thermal expansion of 5.4×10-6 K-1 was obtained.  

II. FUNCTIONALLY GRADED MATERIAL 

 Manufacturing of Functionally Graded Materials 

In FGM the variety of material properties through the volume of the part may be proficient by blending a metal with a clay, where 

the blending proportion changes from layer to layer in the material. For example a metal/ceramic FGM comprises of metal layer 

in one side and artistic layer in opposite side of the part with various bury layers between them. Every interlayer has an alternate 

volume division of two constituents and this variety of organization from layer to layer brings about a smooth and continuous 

transient from metal to fired (See Fig 1).  

Truth be told the fundamental reason to make FGMs, for example, metal-fired FGMs is to exploit diverse properties of metal 

and artistic. In reviewed metal/artistic segments incongruent properties like quality, durability and machinability of metal are 

combined with warmth, wear and erosion resistance of earthenware in a solitary part. This preferred standpoint makes FGMs 

exceptionally material in different applications. Throughout the most recent quite a while, a substantial number of examinations 

have been completed keeping in mind the end goal to create and use FGM in various mechanical applications. These days these 

sorts of materials have valuable applications in assortment of fields, for example, flying machine and airplane business, PC circuit 

industry, compound plants, atomic vitality plants, boring and cutting devices, biomedical materials, motor segments and so forth. 

 
Fig. 1: Schematic image of FGM 

 Sintering Technique 

Generally sintering is a processing technique used to produce density controlled materials and components from metal/ceramic 

powders by applying thermal energy, usually executed at elevated temperature of T>0.5Tm where diffusion mass transport is 

appreciable. Successful sintering usually results in a dense polycrystalline solid. 

During the sintering process, densification (the process of removing porosity) and grain growth (the average grain size increases) 

are two basic phenomena occurring on the microstructure level. Sintering in some way is the most crucial step deciding the final 

materials properties and performance. Some of the materials properties which are dependent on sintering techniques are:  

 Mechanical Properties  

 Thermal Properties  

 Electrical Properties  

 Magnetic Properties   
The aim of this work is to employ the FE method to analyze the distribution of thermally induced stresses within the functionally 

graded materials that result from the sintering process. The cooling down phase in the manufacturing process will be simulated in 

order to predict the distribution of thermal residual stresses within the material. Parameter study will be performed. For example, 
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the influence of mixing ratio variation and layer thickness on the resulting thermally induced stresses will be investigated.               

Finite element method is promising technique which can be used to analyze and investigate the distribution of thermal residual 

stresses within the material. Modelling study of thermal stresses by finite element method (FEM) is one of the main research 

directions in the optimum design of FGMs. By using FE-method to analyze the distribution of thermal residual stresses it is possible 

to design and manufacture FGMs, with optimum magnitude and distribution of thermal stresses. This optimum distribution of 

thermal residual stresses helps to fabricate a final product without cracking or delamination. 

III. FUNCTIONALLY GRADED MATERIAL 

 Material failure due to Residual Stresses 

In manufacturing of functionally graded materials by sintering technique, thermal residual stresses are generated due to the cooling 

process from the sintering temperature to the room temperature. In metal-ceramic FGMs, the two constituents have different 

thermal expansion coefficients. Hence, as the material cools down from the sintering temperature, the contraction of the different 

layers will not be uniform but will change with the mixing ratio. This effect will in turn cause thermal residual stresses in the 

material, and this may cause delamination and hence failure of the material as shown in Fig.2. Therefore, it is necessary to analyze 

and optimize distribution of these thermal residual stresses in order to fabricate FGMs without damage.  

 
Fig. 2: Cracking of metal-ceramic FGM due to thermal residual stresses 

IV. PROBLEM FORMULATION BY USING ANSYS  

The basic steps involved in any finite element analysis consist of following: 

1) Step 1: Steady-State Thermal:    

1) Create and discretize or import the geometry to ANSYS work-bench in order to simulate the model with the engineering data 

of the material thermal properties like Thermal conductivity of metal-ceramic FGM and the solution domain into finite element 

method; that is, subdivide the problem into nodes and elements. Discretization of the problem domain into small elements is 

called meshing.   

2) Assume thermal properties like thermal conductivity has given to all layers and temperature to both metal and ceramic in the 

form of sintering temperature of both Titanium and Al2O3 in order to determine the temperature distribution of gradient layers. 

3) Thermal stresses are formed without time interval in the form of Equivalent stresses (Von-Mises stresses ) and Maximum 

principal stresses (). 

2) Step 2: Static-Structural  

4) Engineering data have been assigned for both Metal-Ceramic FGM material properties like Young’s Modulus, Coefficient of 

thermal expansion and Poisson’s ratio to the cylindrical geometry.   

5) Assume sintering time for the geometry as per the analysis around 3 to 4 hours with respect to the sintering temperature of 

both Titanium and Aluminium oxide in to the given data of the time and temperature sheet.  

6) Thermal residual stresses are formed during sintering process with time interval and hence we can conclude that these are the 

required stresses. While manufacturing of FGM material whatever the stresses formed are being analyzed as residual stresses 

in the form of Equivalent (Von-Mises e) stresses and Maximum principal stresses (). 

7) Type of element in the ANSYS (work-bench 15.0) in the steady state thermal is Solid 90  

SOLID90 is a higher order version of the 3-D eight node thermal element (SOLID70). The element has 20 nodes with a single 

degree of freedom, temperature, at each node as shown in Fig.3. The 20-node elements have compatible temperature shapes and 

are well suited to model curved boundaries.  

The 20-node thermal element is applicable to a three-dimensional, steady-state or transient thermal analysis. If the model 

containing this element is also to be analyzed structurally, the element should be replaced by the equivalent structural element 

(such as SOLID95).  
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Fig. 3: Solid90 Geometry 

3) Step 3: Processing Phase   

8) Obtain other important information. At this point may be interested in values and properties of both metal and ceramic (Ti/ 

Al2O3) FGM. 

 Equations: 

 Elastic Modulus (E): 

 E = EmVm + EcVc  

Em= Elastic modulus of metal layer 

Ec= Elastic modulus of ceramic layer 

Vm= Volume fraction of metal layer 

 Vc= Volume fraction of ceramic layer 

 Poisson’s Ratio ():  

 = mVm + cVc  

m = Poisson’s ratio of metal layer 

c = Poisson’s ratio of ceramic layer 

 Coefficient of thermal expansion (): 

  = m Vm + c Vc  

m= Coefficient of thermal expansion of metal layer 

c=Coefficient of thermal expansion of ceramic layer 

 Thermal conductivity (K):  

K = KmVm +  Kc Vc 

Km= Thermal conductivity of metal layer 

Kc = Thermal conductivity of ceramic layer 

Vm= Volume fraction of metal layer 

Vc= Volume fraction of ceramic layer 

V. DESIGN AND ANALYSIS 

The cylinder model is created in CATIA V5 R20 for 4 layers, 6 layers and 10 layers by varying thickness for different layers with 

the dimensions as follows. 

Cylinder dimensions: Diameter = 24 mm, Height     = 24 mm. In below figures to shows the cylinder model with varying 

thickness with different layers to design and analysis of finite element analysis using ANSYS (workbench 15.0). 

The Finite element package ANSYS (Work-Bench 15.0) has been used to analyze the distribution of thermal residual stresses in 

the SiC / TiC and Aluminium Oxide (Al2O3) cylindrical metal-ceramic carbide FGM. Models were assumed to cool from sintering 

temperature (Ti=1251°C) for Metal of SiC / TiC and (T=1537.5°C) for Ceramic of Aluminium Oxide (Al2O3) to room temperature 

(T=25.4°C), with a uniform temperature field with respect to the sintering time were assumed to around four hours.  

Stiffness properties like Elastic modulus, Poisson’s ratio, Coefficient of thermal expansion (CTE), Melting point and thermal 

conductivity of pure ceramic and metal which were used in the Finite element analysis are listed below:  
Table - 5.1  

Material properties of Metal& Ceramic Material 
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 Performance Objectives: 

The following two-level performance objectives is suggested for FGM design in ANSYS  

 Under Finite element package ANSYS (Work-Bench) design of FGM’s must be assign the temperature limit to both metal 

and ceramic as a sintering temperature as three fourth (3/4 th) of the melting point temperature of both (Al2O3/ SiC / TiC) 

metal and ceramic carbide FGM in order to analyze the thermal residual stresses. 

 Under Finite element package ANSYS (Work-Bench 15.0) design of FGM’s must be assign the sintering time limit around 

four hours to both (Al2O3/ SiC / TiC) metal and ceramic carbide FGM.  

 Cylindrical FGM with 4 layers:   

Finite element analysis results of thermally induced stresses for cylindrical metal-ceramic FGM consist of following: 

1) σ1: Maximum principal stress 

2) σe: Von-Mises effective stress 

The model created in CATIA V5 R20 is imported in to ANSYS Work-Bench. As per ANSYS (Work-Bench 15.0) the design 

criteria of (Al2O3/ SiC / TiC) metal and ceramic carbide FGM and the influence of thermal residual stresses for 4, 6 and 10 Layers, 

6 Layers with specimen dimension. 
Table - 5.2  

Composition, height and materials properties of 4 layers. 

 
 Geometry of 4 layers Cylindrical FGM:  

Finite element analysis of ANSYS (Work-Bench 15.0), the geometry of 4 Layers cylindrical metal-ceramic FGM and linear 

composition variation of dimensions 24mm×24 mm Fig.5.2 shows upper layer is 100% Metal and bottom layer is 100% ceramic 

and then the remaining 2 Layers in the middle portion is the graded region of variation of composition as listed in the Table 5.2.       

 
Fig. 5.2: Geometry for 4 Layers cylindrical FGM 

 FE analysis of Maximum & Minimum sintering temperature: 

Cooling of the specimen from sintering temperature to room temperature has been analyzed. Models were assumed to cool from 

sintering temperature (T =1251°C) for Metal of SiC / TiC and (Ti=1537.5°C) for Ceramic of Aluminium Oxide (Al2O3) to room 

temperature (T=25.4°C), with a uniform temperature field with respect to the sintering time were assumed to around four hours 

means 14608 seconds. Fig.5.3 shows the geometry of maximum and minimum sintering time-temperature as follows:  
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Fig. 5.3: Max. & Min. sintering temperature 4 Layers cylindrical FGM 

 FE analysis of Thermal Residual stresses: 

a) Maximum & Minimum Von-Mises effective stresses (σe) of 4 layers: 

The resulting stresses are the Thermal Residual stresses in the Fig 5.4 shows the maximum and minimum Von-Mises effective 

stresses (σe) in the 4 Layers cylindrical FGM and linear composition variation with respect to the time interval. This analysis shows 

the layer 3 (Al2O3 20% SiC 40% TiC 40%) is the layer, where Von-Mises effective stresses are high. For this model (Max 

σ1=0.38254 MPa and Min σ1=0.00074642 MPa).   

 
Figure.5.4 Max. & Min. Von-Mises effective stresses (σe) for 4 Layers cylindrical FGM 

b)  Maximum and Minimum Principal Stresses (σ1) of 4 layers:         

The resulting stresses are the Thermal Residual stresses in the Fig 5.5 shows the maximum and minimum principal stresses (σ1) in 

the 4 Layers cylindrical FGM and linear composition variation with respect to the time interval. This analysis shows the layer 3 

(Al2O3 20% SiC 40% TiC 40%) is the layer, where principal stresses are high. For this model (Max σ1=0.44554 MPa and Min σ1=-

0.048722 MPa).   

 
Fig. 5.5: Max. and Min. Principal Stresses (σ1) for 4 Layers cylindrical FGM 
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c) Maximum & Minimum Von-Mises effective stresses (σe) of layer 3: 

Based on the Finite Element analysis results of thermal residual stresses in 4 Layers cylindrical FGM dimensions 24mm×24 mm 

and linear composition variation the model as shown in the Figure 5.6 layer 3 (Al2O320% SiC 40% TiC 40%) is the layer, where 

Von -Mises effective stresses (σe) are high. For this model (Max σe=0.38254 MPa).  

 
Fig. 5.6: Max. and Min. Von-Mises stresses layer 3 for 4 Layers cylindrical FGM 

d) Maximum & Minimum principal stress () of Layer-3: 

Based on the Finite Element analysis results of thermal residual stresses in 4 Layers cylinder FGM dimensions 24mm×24mm and 

linear composition variation the model layer 3 (Al2O320% SiC 40% TiC 40%) is the layer, where Maximum Principal stresses (σ1) 

are high. For this model (Max σ1=0.44554 MPa) as shown in the Figure 5.7.   

 
Fig. 5.7: Max. & Min. principal stress () of Layer-3 for 4 Layers cylindrical FGM 

 Cylindrical FGM with 6 layers:   

Standard dimension of 24mm×24mm of cylindrical 6 layers FGM geometry is diameter (d) =24 mm, height (h) =24 mm. 
Table - 5.3  

Composition, height and materials properties of 6 layers. 
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 Geometry of 6 Layers cylindrical FGM:                     

Finite element analysis of ANSYS (Work-Bench 15.0), the geometry of 6 Layers cylindrical metal-ceramic FGM and linear 

composition variation dimensions of 24mm×24mm Fig.5.8 shows upper layer is 100% Metal and bottom layer is 100% ceramic 

and remaining 4 layers in the middle portion is the graded region of variation of composition as listed in the Table 5.3.                

 
Fig. 5.8: Geometry of 6 Layers cylindrical FGM 

 FE analysis of Maximum and Minimum sintering temperature: 

Cooling of the specimen from sintering temperature to room temperature has been analyzed. Models were assumed to cool from 

sintering temperature (T=1251°C) for Metal of SiC / TiC and (Ti=1537.5°C) for Ceramic of Aluminium Oxide (Al2O3) to room 

temperature (T =25.4°C), with a uniform temperature field with respect to the sintering time were assumed to around four hours 

means 14608 seconds. Fig.5.9 shows of maximum and minimum sintering time-temperature as follows: 

 
Fig. 5.9: Geometry of Max. and Min. sintering temperature for 6 Layers cylindrical FGM 

 FE analysis of Thermal Residual stresses: 

a) Maximum and Minimum Von-Mises effective stresses (σe) of 6layers: 

The resulting stresses are the Thermal Residual stresses in the Fig 5.10 shows the maximum and minimum Von-Mises effective 

stresses (σe) in the 6 Layers cylindrical FGM and linear composition variation with respect to the time interval. This analysis shows 

the layer 5 (Al2O3 80% SiC 10% TiC10%) is the layer, where Von-Mises effective stresses (σe) are high. For this model (Max 

σe=0.001497 MPa).  

 
Fig. 5.10: Max. and Min. Von-Mises effective stresses (σe) for 6 Layers cylindrical FGM 
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b) Maximum and Minimum Principal Stresses (σ1) of 6 layers: 
The resulting stresses are the Thermal Residual stresses in the Fig 5.11 shows the maximum and minimum principal stresses (σ1) 

in the 6 Layers cylindrical FGM and linear composition variation with respect to the time interval. This analysis shows the layer 5 

(Al2O380% SiC 10% TiC 10%) is the layer, where maximum principal stresses (σ1) are high. For this model (Max σ1=0.35973 

MPa and Min σ1=-0.055591 MPa).   

 
Fig. 5.11: Max. and Min. Principal Stresses (σ1) for 6 Layers cylindrical FGM 

c) Maximum and Minimum Von-Mises effective stress (σe) of Layer-5: 
Based on the Finite Element analysis results of thermal residual stresses in 6 Layers cylindrical FGM and linear composition 

variation of dimensions 24mm×24mm model as shown in the figure 5.12 layer 5 (Al2O380% SiC 10% TiC10%) is the layer, where 

Von – Mises effective stresses (σe) are high. For this model (Max σe =0.2998 MPa). 

 
Fig. 5.12: Max.&Min. Von-Mises effective stress (σe) of Layer-5 for 6 Layers cylindrical FGM 

d) Maximum and Minimum principal stress (σ1) of Layer-5: 
Based on the Finite Element analysis results of thermal residual stresses in 6 Layers cylindrical FGM and linear composition 

variation of dimensions 24mm×24mm the model layer 5 (Al2O380% SiC 10% TiC10%) is the layer, where Maximum Principal 

stresses are high. For this model (Max σ1=0.35973 MPa) as shown in the Figure 5.13.  

 
Fig. 5.13: Max. principal stress (σ1) of Layer-5 for 6 Layers cylindrical FGM 
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 Cylindrical FGM with 10 layers: 

Standard dimensions of 24mm×24mm of cylindrical 10 layers FGM geometry is diameter (d) =24 mm, height (h) =24 mm. 
Table - 5.4  

Composition, height and materials properties of 10 layers. 

 
 

 Geometry of 10 Layers cylindrical FGM:   

Finite element analysis of ANSYS (Work-Bench 15.0), the geometry of 10 Layers cylindrical metal-ceramic FGM of dimensions 

24mm×24mm Fig.5.14. Shows upper layer is 100% Metal and last layer is 100% ceramic and remaining 8 layers in the middle 

portion is the graded region of variation of composition as listed in the Table 5.4.                

 
Fig. 5.14: Geometry of 10 Layers cylindrical FGM 

 Geometry of Maximum and Minimum sintering temperature: 

Cooling of the specimen from sintering temperature to room temperature has been analyzed. Models were assumed to cool from 

sintering temperature (T =1251°C) for Metal of SiC / TiC and (Ti=1537.5°C) for Ceramic of Aluminium Oxide (Al2O3) to room 

temperature (T=25.4°C), with a uniform temperature field with respect to the sintering time were assumed to around four hours 

means 14608 seconds. Fig.5.15 shows maximum and minimum sintering time-temperature as follows:  

 
Fig. 5.15: Geometry of Max. and Min. sintering temperature for 10 Layers cylindrical FGM 
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 FE analysis of Thermal Residual stresses: 

a) Maximum and Minimum Von-Mises effective stresses (σe) of 10 layers: 

The resulting stresses are the Thermal Residual stresses in the Fig 5.16 shows the maximum and minimum Von-Mises effective 

stresses in the 10 Layers cylindrical FGM of dimensions 24mm×24mm and linear composition variation with respect to the time 

interval. This analysis shows the layer 8 (Al2O330% SiC 35% TiC 35%) is the layer, where Von-Mises effective stresses are high. 

(Max σe =0.2571 MPa and Min σe=0.0006548 MPa).   

 
Fig. 5.16. Max. and Min. Von-Mises effective stresses (σe) for 10 Layers cylindrical FGM 

b) Maximum and Minimum Principal Stresses (σe) of 10 layers: 

The resulting stresses are the Thermal Residual stresses in the Fig 5.17 shows the maximum and minimum principal stresses (σ1) 

in the 10 Layers cylindrical FGM and linear composition variation of dimensions 24mm×24mm with respect to the time interval. 

This analysis shows the layer 8 (Al2O330% SiC 35% TiC 35%)is the layer, where principal stresses (σ1) are high. For this model 

(Max σ1=0.26286 MPa and Min σ1=-0.093428 MPa).  

 
Fig. 5.17: Max. and Min. Principal Stresses (σ1) for 10 Layers cylindrical FGM 

c) Maximum and Minimum Von-Mises effective stresses (σe) of layers layer-8: 

Based on the Finite Element analysis results of thermal residual stresses in 10 Layers cylindrical FGM and linear composition 

variation of dimensions 24mm×24mm the model as shown in the Fig 5.18. Layer 8 (Al2O330% SiC 35% TiC35%) is the layer, 

where Von-Mises effective stresses are high. For this model (Max σe=0.2571 MPa). 

 
Fig. 5.18: Maxi. Von-Mises effective stress (σe) of Layer-8 for 10 Layers cylindrical FGM 
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d) Maximum and Minimum principal stress (σ1) of layers layer-8: 

Based on the Finite Element analysis results of thermal residual stresses in 10 Layer cylindrical FGM and linear composition 

variation of dimensions 24mm×24mm the model layer 8 (Al2O330% SiC 35% TiC35%) is the layer, where Maximum Principal 

stresses are high. For this model (Max σ1=0.26286 MPa) as shown in the Figure 5.19. 

 
Fig. 5.19: Max. Principal stress (σ1) of Layer-8 for 10 Layers cylindrical FGM 

 Influence of number of layers of FGM of dimensions 24mm×24mm on the resulting thermally induced stresses:   

On increasing the number of layers from 4 Layers to 6 Layers and 6 Layers to 10 Layers in the cylindrical metal-ceramic (Al2O3/ 

SiC / TiC) FGM for the dimensions of 24mm×24mm, the resulting thermal residual stresses are reduced as follows: 

For the model with 4 layers, layer 3 (Al2O320% SiC 40% TiC40%) is the layer where both Von-Mises effective stress and maximum 

principle stress are high.(Max σe= 0.38254 MPa and Max σ1= 0.44554 MPa) as shown in Fig.5.20 & Fig.5.21.  

 
Fig. 5.20: Max. and Min. Von-Mises effective stresses (σe) for 4 layers 

 
Fig. 5.21: Max. and Min. Principal Stresses (σ1) for 4 layers 
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 For the model with 6 layers, layer 5 (Al2O380% SiC 10% TiC10%) is the layer where both Von-Mises effective stress and 

maximum principle stress are high. (Max σe= 0.2998 MPa and Max σ1= 0.35973 MPa) as shown in Fig.5.22. & Fig.5.23.  

 
Fig. 5.22: Max. and Min. Von-Mises effective stresses (σe) for 6 layers 

 
Fig. 5.23: Max. and Min. Principal Stresses (σ1) for 6 layers 

 

 For the model with 10 layers, layer 8 (Al2O330% SiC 35% TiC35%) is the layer where both Von-Mises effective stress and 

maximum principal stress are high. (Max σe= 0.2571 MPa and Max σ1= 0.26286 MPa) as shown in Fig.5.24. & Fig.5.25.  

 
Fig. 5.24: Max. and Min. Von-Mises Stresses (σe) for 10 layers 
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Fig. 5.25: Max. and Min. Principal Stresses (σ1) for 10 layers 

 4,6 and 10 layers with dimension (20×20) mm and linear composition variation: 

 

VI. CONCLUSION  

The main aim of the FGM’s is to achieve performance similar to that of single phase materials by unifying the best properties of 

the constituent phases such as ceramic phase with poor thermal conductivity and a metal with good toughness. The finite element 

analysis results for cylindrical metal-ceramic (Ti/ Al2O3) Functionally Graded Material indicate that, thermal residual stresses will 

be reduced when 8 intermediate layers are placed between the two metal and ceramic layers. Moreover, the results illustrate that 

decreasing the number of inter layers has no improving effect on the resulting thermally induced stresses. As the dimension of the 

specimen changes from (20×20) mm this approach increases the resulting thermal residual stresses substantially. In this case, the 

amount of both maximum principal stress and Von-Mises effective stress increase tremendously. Thermal residual stresses on both 

metal and ceramic faces of through thickness FGM’s when a rapid change in volume fraction occurred near the metal face and 

showed that a linear compositional gradient resulted in minimum residual stresses for a uniform temperature distribution. The 

adherents had a functionally graded region, whose through thickness variation of mechanical properties was defined based on rule 

of mixture, between Ti top layer and Al2O3 bottom layer. In this stresses concentrations are appeared inside adhesive fillets around 

the adhesive free edges and the peak stresses occurred at the free edges of the containment adhesive interfaces.  

VII. SCOPE FOR FURTHER WORK  

Within the limited scope of the present work, the broad conclusions drawn from this work have been reported. However, further 

study can be undertaken in the following areas:  

1) In the present study, the FE analysis has been carried out is purely elastic, effect of plastic yielding in metal need not to be 

concluded in the distribution of thermal residual stresses.   

2) FE analysis can be done with negligible Porosity; but Thermal residual stresses will be reduced when the amount of the layers 

porosity is considered. 
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