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Abstract 

Functionally graded materials (FGMs) are advanced materials and their main 
characteristic is microstructure and composition variation over the volume of the 
specimen. This variation of the composition results in changing of material properties 
in the component. In FGMs usually there are two different types of powder materials 
such as metal and ceramic powders which are mixed to build up the graded region. 
These grade layers are placed between the metal and ceramic layers and by this 
approach a smooth and gradual transient from metal to ceramic can be achieved.  

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 within the material has been 
carried out in this thesis work. Finite element package ABAQUS has been used in order 
to simulate the distribution of the thermal residual stresses in the materials. In order 
to achieve the optimal design for different geometries the parametric study also has 
been performed. For example influence of number of layers, mixing ratio and porosity 
has been investigated.  

Based on the finite element results for cylindrical and cuboid models, non-linear 
composition variation for both geometries has no improving effect in terms of induced 
thermal residual stresses. Porous material shows less thermal stress than non-porous 
material. As the amount of porosity for individual layer was considered in simulation 
process, this approach resulted in decreasing of thermal stresses within the material.  
Moreover, non-uniform thickness of graded layers was not beneficial for stress 
reduction. This variation of thickness results in increasing of thermal residual stresses 
within the material. 

 

 

 

 

 



Sammanfattning 

Funktionsgraderade material (FGMs) är avancerade material och deras utmärkande 
drag är att mikrostrukturen och kompositionen varierar i materialet. Denna variation 
resulterar i varierande materialegenskaper. I FGMs finns det vanligen två olika typer av 
pulvermaterial, såsom metall- och keram-pulver vilka mixas för att bygga upp den 
graderade regionen. Dessa graderade lagerplaceras mellan metall- och keram-lagren, 
och på så sätt skapas en mjuk gradient från metall till keram. 

Sintring är den viktigaste tekniken för att tillverka dessa typer av material. Efter 
sintringsprocessen kyls materialet ner till rumstemperatur vilket orsakar termiska 
restspänningar i materialet. Dessa termiska spänningar kan orsaka sprickor och 
eventuellt brott i materialet. 

I detta examensarbete har en analys av dessa termiska spänningar i materialet gjorts. 
Finit element-paketet Abaqus har använts för att simulera fördelningen av termiska 
restspänningar i materialet. För att uppnå en optimal design för olika geometrier har 
även en parameterstudie genomförts. Till exempel har inflytandet av antal lager, 
blandningskvot och porositet undersökts. 

Baserat på finit element-resultaten för cylinder- och rätblocksmodellerna, konstateras 
det att en icke-linjär blandningskvot inte har någon förbättrande effekt i termer av 
resulterande termiska restspänningar. Porösa material uppvisar mindre termiska 
spänningar än icki-porösa material. Då porositet för individuella lager togs i beaktning i 
simuleringsprocessen, ledde detta till en minskning av temiska spänningar i materialet. 
Vidare var en icke-likformig tjockleksvariation i graderade lager inte fördelaktig för 
spänningsreduktion. Denna variation i tjocklek resulterar i en ökning i termiska 
spänningar i materialet. 
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1. Introduction 

1.1 Background 

Functionally graded materials (FGMs) are advanced materials in which the material 
properties vary with position in the component. This variation may for example be 
accomplished by mixing a metal with a ceramic, where the mixing ratio varies from 
point to point in the material, causing the material properties to vary accordingly. This 
is desired in applications where there is a need for different material characteristics in 
the same component, such as weldable wear components or electrical conductive 
components with an insulating surface. Diamorph AB uses sintering technique in order 
to produce these grade materials. In this sintering technique layers of powder mixtures 
are added to a sintering mould, a uniaxial pressure is applied, and the material is 
heated through and electric current, which transforms the powder mixture into a solid 
component with a gradually changing microstructure. The powder can be a mixture of 
metal powder and ceramic powder, for example, and the graded functionality is 
accomplished by varying the mixture ratio between consecutive layers. One challenge 
for this sintering technique, though, is that in general the two constituents have 
different thermal expansion coefficients. Hence, as the material cools down, the 
contraction of the different layers will not be uniform but will change with the mixing 
ratio. This effect will in turn cause shear stresses in the different layers, and this may 
cause delamination and hence failure of the material. 

1.2 Aim 

The aim of this thesis 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, the influence of mixing 
ratio variation and layer thickness on the resulting thermally induced stresses will be 
investigated. 
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2. Manufacturing of functionally graded materials 

2.1 Definition  

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 gradual variation results in varying of material properties in spatial 
coordinates through the thickness of the material. In 1987 Japanese scientists 
conceived graded materials as a new concept and defined an FGM as “inhomogenous 
composite, in which the material’s mechanical, physical and chemical properties 
change continuously and which have no discontinuities within the material” [1]. In 
FGM the variation of material properties through the volume of the component might 
be accomplished by mixing a metal with a ceramic, where the mixing ratio varies from 
layer to layer in the material. For instance a metal/ceramic FGM consists of metal layer 
in one side and ceramic layer in other side of the component with a number of 
interlayers between them. Each interlayer has a different volume fraction of two 
constituents and this variation of composition from layer to layer results in a smooth 
and gradual transient from metal to ceramic (See Figs 2.1, 2.2). In fact the main 
purpose to manufacture FGMs such as metal-ceramic FGMs is to take advantage of 
different properties of metal and ceramic. 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 FGMs very applicable in various applications. Over the last several 
years, a large number of experiments have been carried out in order to develop and 
utilize FGM in different industrial applications. Nowadays these types of materials have 
useful applications in variety of fields such as aircraft and aerospace industry, 
computer circuit industry, chemical plants, nuclear energy plants, drilling and cutting 
tools, biomedical materials, engine components etc.            

            

Figure 2.1. Schematic image of FGM                                                Figure 2.2. Metal/ceramic FGM 
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2.2 Manufacturing Process  

The manufacturing process of FGM can usually be divided in building the spatially 
inhomogeneous structure (“gradation”) and transformation of this structure into a 
bulk material (consolidation) [2]. Most suitable fabricating technique for functionally 
graded materials is Powder Processing. This method is extremely capable of 
accommodating graded layers. In order to manufacture metal-ceramic FGMs by this 
technique, initially metal and ceramic powders are mixed in variables ratios to build up 
graded layers (See Fig 2.3). Every individual layer should have a certain and fixed 
mixture ratio of metal and ceramic powders. After mixing of different powders the 
next step is deposition of layers of powder mixtures with gradual changing in 
composition in the die. Placing the different layers of powder mixtures into the sample 
holder (die) is called “powder stacking” (See Fig 2.4). In fact by powder stacking the 
component has been prepared for forming into the required shapes. Pressing is a main 
technique to form the powders and obtain a desired shape. Applying pressure to the 
die results in packing and forming of the powder component. Uniaxial pressing and 
isostatic pressing are two main forming methods for powders. In uniaxial pressing, the 
compaction and packing of the powder component is achieved by applying pressure on 
the compacting die along a single axial direction.  In isostatic pressing, pressure is 
applied on the compacting die from all directions instead of one direction, by using this 
technique and application of pressure from all directions more uniform compaction of 
the part will be achieved [3].     

 

 

 

 

 

 

 

 

 

 

 

 

  Figure 2.3. Powder mixture of metal-ceramic 
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2.3 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 technique are: 

1. Mechanical Properties  
2. Thermal Properties 
3. Electrical Properties 
4. Magnetic Properties 

Sintering States: 

I. Solid state sintering: powder compact is densified wholly in solid state at the 
sintering temperature. Diffusion is material transport mechanism. 

II. Liquid state sintering: A liquid phase is present in the powder compact during 
sintering. Viscous flow is material transport mechanism. 

Three stages of sintering:  

I. Initial stage of sintering: 
A. Local point of contact formation or “fusion” without shrinkage of compact. 
B. Rearrangement of powder particles and neck formation at contact point of the 

particles by the mass transport through diffusion mechanism. This is 
accomplished by some limited shrinkage. 
  

II. Intermediate stage of sintering: 
A. Neck formation  
B. Porosity decreases  
C. Powder particle centers approaching one another, with the resulting compact 

shrinkage, further densification takes place in this stage, grain growth also 
happens in the second sintering stage. 
 

III. Final stage of sintering: 
A. Isolation of pores 
B. Elimination of porosity 
C. Grain growth 

In the ideal situation at the end of this stage all porosity is eliminated (See Figs 2.5, 2.6 
and 2.7). 
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Figure 2.5. Changes that occur during the initial stage of sintering. (a) Starting particles, (b) 
rearrangement, and (c) neck formation [3]. 

 

 

Figure 2.6. Changes that occur during the second stage of sintering (a) Neck growth and volume 
shrinkage (b) lengthening of grain boundaries and, (c) continued neck growth and grain boundary 
lengthening, volume shrinkage, and grain growth [3]. 

 

 

 Figure 2.7. Changes that occur during final stage of sintering (a) Grain growth with discontinuous pore 
phase, (b) grain growth with porosity reduction, and (c) grain growth with porosity elimination [3]. 
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Categories of sintering:  

1. Free sintering (pressureless sintering, conventional sintering): no pressure is 
applied during sintering. 
 

2. Pressure assisted sintering: apply external stress to enhance densification 
during sintering. Hot pressing and hot isostatic pressing are characterized in 
this group. 
 

3.  Field assisted sintering: external electric field is applied as the heating source 
and it can work with or without external pressure. Spark plasma sintering and 
microwave sintering are characterized in this group. 
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2.4 Manufacturing of metal-ceramic FGM  

To learn the concept of FGM sintering, fabrication of a metal/ceramic, 5 layers 
cuboid (See Fig 2.9) FGM at Diamorph was studied and is described below: 

Dimension (40*40*30mm) 

Table 2.1. Composition, mass and height of different layers of powder mixtures. 

Layer Composition (vol %) Mass 
(gram) 

Height (mm) 

1 Metal 100 62.8 5.0 

2 Metal 78.75, Ceramic  21.25 72.3 6.25 

3 Metal 57.5, Ceramic 42.5 66.0 6.25 

4 Metal 36.25, Ceramic 63.75 59.8 6.25 

5 Metal 15, Ceramic 85 53.5 6.25 

 

 

                       
                       Figure 2.9. Schematic image of metal/ceramic block FGM 
 

 
 

I. Powder preparation  

Metal and ceramic powders are dry mixed in variable ratios to build up graded layers. 

Layers of powder mixtures are deposited in the die (powder stacking).  

II. Forming of the powder compact 

Uniaxial hydraulic pressing is applied on the compacting die. By applying around 1 Ton 
pressure on the die, the relative density of the powder compact reaches to 
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approximately 50%. After this stage, the material-powder compact (called green body) 
which is not heated yet is ready for sintering. 

III. Sintering 
1. Initial step:  

Graphite die (with green body inside) is placed inside the furnace, and then electrical 
power passes through it which results in heating the die and consequently the 
temperature of the sample increases rapidly. In the initial step the applied mechanical 
pressure on the compacting die is around 10MPa. 

2. Second step: 

In this step, the temperature of the sample reaches up to the sintering temperature 
and the mechanical pressure increases. 

3. Final step: 

The sample remains at the sintering temperature and pressure until it is sintered. 

At the end of this stage the shrinkage of the sample reaches up to around 20 mm. 

After finishing the final step, the sample is cooled down by natural convection (air) to 
the room temperature which takes around 1 hour. 
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2.5 Material failure due to residual stresses 

By definition, residual stresses are those remaining stresses within the material after 
deformation and removal of all external forces. In other words, residual stresses are 
the stresses which exist in the component without applying any external loads. 
Manufacturing processes are the most common causes of residual stresses. All 
manufacturing processes such as casting, welding, sintering, machining, heat 
treatment, rolling and forging introduce residual stresses into the manufactured 
object. Residual stresses might results in distortion or fracture and eventually failure of 
the material. Therefore, elimination or at least reduction of residual stresses is 
extremely important to obtain a sound material.  

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 (See Fig 2.14). Therefore, it is necessary to analyze and optimize distribution 
of these thermal residual stresses in order to fabricate FGMs without damage.  

Finite element method is promising technique which can be used to analyze and 
investigate the distribution of thermal residual stresses within the material. Modeling 
study of thermal stresses by finite element method (FEM) is one of the main research 
directions in the optimum design of FGMs [6]. 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. 

 

Figure 2.14. Cracking of metal-ceramic FGM due to thermal residual stresses 
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3. Theory 

 3.1 Introduction to finite element method  

The finite element method (FEM) has developed into a key, indispensable 
technology in the modeling and simulation of advanced engineering systems in 
various fields like transportation, communication, building and so on [7]. This 
technique has been applied over many years to solve engineering problems in a 
variety of fields. Nowadays FEM is used to solve problems of thermal analysis, 
structural analysis, fluid mechanics analysis, electromagnetic analysis and many 
others. This strong and promising technique plays an important role in 
manufacturing processes of advanced engineering systems. Modeling and 
simulation of engineering systems based on the finite element method are two 
sophisticated processes which engineers go through before the fabrication of final 
product. At the moment a large number of simulation software packages like 
Abaqus, Ansys, Adina, COMSOL…., that implement finite element method are 
available. Engineers across the world use these simulation software packages to 
provide solution for many complicated engineering problems that would otherwise 
be extremely difficult to obtain. The FEM is a numerical method seeking an 
approximated solution of the distribution of field variables like the displacement in 
stress analysis or the temperature in thermal analysis in the problem domain that 
is difficult to obtain analytically [7].The basic steps involved in any finite element 
analysis consist of following: 

Preprocessing Phase 

1. Create and discretize the geometry or the solution domain into finite element; 
that is, subdivide the problem into nodes and elements. Discretization of the 
problem domain into small elements is called meshing. 

2. Assume a shape function to represent the physical behavior of an element; that 
is, an approximate continuous function is assumed to represent the solution of 
the element. 

3. Develop an equation for an element. 
4. Assemble the elements to present the entire problem. Construct the global 

stiffness matrix. 
5. Apply boundary conditions, initial conditions, and loading.  

Solution Phase 

6. Solve a set of linear or nonlinear algebraic equations simultaneously to obtain 
nodal results, such as displacement values at different nodes or temperature 
values at different nodes in heat transfer problem. 

Processing Phase 

7. Obtain other important information. At this point you may be interested in 
values of principle stresses, heat flux, etc [8]. 
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3.2 Effective properties for heterogeneous materials with negligible porosity:  

In order to simulate the distribution of the thermal residual stresses in the functionally 
graded materials some effective properties of graded layers should be calculated. 
These effective properties consist of following: 

1. Shear Modulus (G´): 

G´= G1*(1+1.034*β2)*(1-β2
1.4) +G2*(1-1.005*(1- β2))* β2  

2. Bulk Modulus (K´): 

K´= K1*(1+0.631* β2)*(1- β2
0.95) +K2*(1-0.692*(1- β2))* β2

0.8 

3. Elastic Modulus (E´): 

E´= (9*G´* K´)/ (3*K´+ G´) 

4. Poisson’s Ratio (ν´): 

ν´= (3*K´-2*G´)/ (2*(3*K´+ G´)) 

5. Coefficient of thermal expansion (α´): 

α´= β1*α1+β2*α2+ (α1-α2)/ (1/K1-1/K2)*(1/K´-β1/K1-β2/K2) 

 

G1: Shear modulus of metal layer  

G2: Shear modulus of ceramic layer  

K1: Bulk modulus of metal layer  

K2: Bulk modulus of ceramic layer 

α1: Coefficient of thermal expansion for metal layer 

α2: Coefficient of thermal expansion for ceramic layer 

β1: Volume fraction of metal  

β2: Volume fraction of ceramic 
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4. Problem formulation 

In the present thesis work, distribution of thermal residual stresses within the metal-
ceramic FGM, has been analyzed. The commercial finite element package ABAQUS has 
been used to study thermally induced stresses that   result from sintering process. In this 
thesis project, the cooling phase in the sintering process has been simulated. Uniform 
cooling of the specimen from sintering temperature (Ti) to room temperature (Tf) has 
been assumed. Moreover, the material has been assumed to be solid, piece-wise 
homogenous, isotropic and elastic. In order to optimize the design of the components of 
different geometries while minimizing the thermal residual stresses a parameter study 
has been performed. For example, the influence of number of interlayers, layer thickness 
and mixing ratio variation on the resulting stresses have been investigated. Both 
cylindrical and cuboid FGM components have been analyzed in the present work (see Figs 
4.1, 4.2).  

 

 

 

 

 

 

Figure 4.1. Schematic image of cylindrical metal-ceramic FGM 

 

 

 

 

 

 

 

Figure 4.2. Schematic image of metal-cermic FGM 
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5. Results  

The commercial finite element package ABAQUS has been used to analyze the 

distribution of thermal residual stresses in both cylindrical and cuboid metal-ceramic 

carbide FGMs. In cylindrical and cuboid geometries, the simulated models are considered 

to be axisymmetric and symmetric respectively, in order to reduce the numerical cost in 

the computation (see Figs 4.1, 4.2). Axisymmetric computational model was meshed 

using the four-node bilinear axisymmetric quadrilateral element (CAX4) of Abaqus finite 

element software and the number of elements for this model was 80000. Symmetric 

computational model was meshed using the eight-node linear brick (C3D8) element of 

Abaqus software and the number of the elements in this model was 56000. System of 

boundary conditions were symmetric (x=0 and z=0) and axisymmetric (x=0 and z=0) for 

symmetric and axisymmetric computational models respectively. Both models were 

assumed to cool from sintering temperature to room temperature (Tf=20˚C), with a 

uniform temperature field.  

Stiffness properties and coefficient of thermal expansion (CTE) of pure ceramic and metal 

which were used in finite element simulation are listed below: 

Metal:    Ceramic: 

Elastic modulus, E (GPa) = 200                                Elastic modulus, E (GPa) =570 
Poisson’s ratio, ν= 0.3                                                                            Poisson’s ratio, ν= 0.22 
CTE, α(K

-1 
)= 17.2*10

-6
                                                                            CTE, α(K

-1 
)= 6.1*10

-6 

 

Standard dimension for cylindrical geometry: (d=20 mm, h=20mm) 
Standard dimension for cuboid geometry: (a=40mm, b=20mm, h=35mm) 
 
 
 

 

 

 

 

 

 

 

 Figure 5.1. Axisymmetric computational model                             Figure 5.2. Symmetric computational model 
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5.1. Thermal residual stresses in the cylindrical metal-ceramic FGM 

5.1.1. Cylindrical metal-ceramic FGM with 6 layers and linear composition variation 

Dimension (20mm diameter and 20mm height) 

 

Table 5.1. Composition, height and materials properties of different layers 

Layer  Composition 

(vol %) 

Height, 

H (mm) 

Elastic 

modulus, 

E (GPa) 

Poisson’s 

ratio, 

ν 

Coefficient of thermal 

expansion (CTE), α(K
-1 

) 

1 Metal 100 6 200 0.3 17.2*10
-6

 

2 Metal80, Ceramic20 2 237.98 0.29 14.64*10
-6

 

3 Metal60, Ceramic40 2 293.621 0.27 12.17*10
-6

 

4 Metal40, Ceramic60 2 370.37 0.25 9.85*10
-6 

5 Metal20, Ceramic80 2 462.95 0.23 7.82*10
-6

 

6 Ceramic100 6 570 0.22 6.1*10
-6 

 

 

 

 

 

 

 

 

 

 

 

Figure  5.3. Computational model of 6 layers metal-ceramic FGM with linear composition variation 

Since cylindrical model has axisymmetric geometry, only the cross section of the model 

has been simulated. For cylindrical geometry, central axis is the axis of symmetry.    

Finite element simulation results of thermally induced stresses for cylindrical metal-

ceramic FGM consist of following: 

1. σ11 : Stress in the 1-direction (horizontal)   

2. σ22: Stress in the 2-direction (vertical) 

3. σ1: Maximum principal stress 

4. σe: Von Mises effective stress 
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5.1.1.1. The finite element simulation results of thermally induced stresses  

Based on the finite element simulation results for this model, layer 6 (ceramic 100%) is the layer where both 

Von Mises effective stress and maximum principle stress are high. For this model: (Max σe= 2.164*10
9
 Pa 

and Max σ1= 1.722*10
9
 Pa) 

 

 

 

 

 

 

 

 

 

 

                          (a) σ11    (b) σ22 

 

 

 

 

 

 

  

 

 

 

                                              (c) σ1           (d) σe 

 

Figure 5.4. FE-simulation results of thermally induced stresses for 6 layers cylindrical metal-ceramic FGM 
with linear composition variation through the graded region. 
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5.1.2. Cylindrical metal-ceramic FGM with 6 layers and non-linear composition variation 

Dimension (20mm diameter and 20mm height) 

a) First non-linear approach:  

β2=1-(Z-Z0/Z0)2 

b) Second non-linear approach: 

β2= (Z/Z0) 2  

Z=Height in the graded region  
Z0= Thickness of graded region (8mm) 
β2= Ceramic volume fraction 

  

 

 

                

 

                   

                                                                      

 

 

    

  

 

 

 

 

 

Figure 5.6. Computational model of 6 layers metal-ceramic FGM with non-linear composition variation. 
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5.1.3. Influence of non-linear composition variation on the resulting thermally induced stresses 

For the model with first non-linear approach: β2=1-(Z-Z0/Z0)
2
, layer 5 is the layer where both Von Mises effective 

stress and maximum principal stress are high. (Max σe= 2.625*10
9 

Pa and Max σ1= 2.108*10
9
 Pa). 

For the model with second non-linear approach: β2= (Z/Z0)
 2

, layer 6 (ceramic 100%) is the layer where both 
Von Mises effective stress and maximum principal stress are high. (Max σe= 2.625*10

9 
Pa and Max σ1= 

2.044*10
9
 Pa).

  

 

 

 

                  

 

 

                          (a) σ1                (b) σe 

                         

                                                          

 

 

 

 

                                                    (c) σ1               (d) σe 

                                     

 

 

 

 

                                                              

                                                                (e)  σ1                                         (f) σe 

Figure 5.7. FE-simulation results of thermally induced stresses for linear and non-linear composition 
variation through the graded region in 6 layers metal-ceramic FGM. 
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5.1.4. Influence of number of layers on the resulting thermally induced stresses 

Dimension (20mm diameter and 20mm height) 

For the model with 4 layers, layer 4(ceramic 100%) is the layer where both Von Mises effective stress and 
maximum principle stress are high. (Max σe= 2.008*10

9
 Pa Max σ1= 1.723*10

9
 Pa). 

For the model with 6 layers, layer 6 (ceramic 100%) is the layer where both Von Mises effective stress and 

maximum principle stress are high. For this model: (Max σe= 2.164*10
9
 Pa and Max σ1= 1.722*10

9
 Pa). 

For the model with 10 layers, layer 10 (ceramic 100%) is the layer where both Von Mises effective stress 

and maximum principal stress are high. (Max σe= 1.816*10
9
 Pa and Max σ1= 1.667*10

9
 Pa). 

 

 

 

 

 

 

  

 

  
  

(a) σ1   (b) σ1                                      (c) σ1 

 

 

 

 

 

 

 

 

 

 

            (d) σe                             (e) σe                                                                (f)σe 

Figure 5.8. FE-simulation results of thermally induced stresses for 4 layers, 6 layers and 10 layers cylindrical 
metal-ceramic FGM. 
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5.1.5. Influence of specimen dimension on the resulting thermally induced stresses 

For the model with 6 layers and dimension (20mm diameter and 20mm height), layer 6 (ceramic 100%) is 

the layer where both Von Mises effective stress and maximum principle stress are high. For this model: 

(Max σe= 2.164*10
9
 Pa and Max σ1= 1.722*10

9
 Pa). 

For the model with 6 layers and dimension (30mm diameter and 12.5 height), layer 6 (ceramic 100%) is the 
layer where both Von Mises effective stress and maximum principal stress are high. (Max σe= 2.801*10

9
 Pa 

and Max σ1= 2.098*10
9
 Pa). 

 

               Dimension (20mm diameter and 20mm height)                                         Dimension (30mm diameter and 12.5 mm height) 

 

 

 

 

 

 

 

                          

 

                              (a) σ1                                                                                       (b) σ1    

 

  

                                           

 

                                        

 

 

 

 

                                               (c)σe                                                          (d) σe  

 

Figure 5.9. FE-simulation results of thermally induced stresses for 6 layers cylindrical metal-ceramic FGM 
with 1. Dimension (20 mm diameter and 20 mm height), 2. Dimension (30 mm diameter and 12.5 height).  
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5.2. Thermal residual stresses in the cuboid metal-ceramic FGM 

5.2.1. 6 layers metal-ceramic FGM with cracking during sintering between layer 4 and 5. 

Dimension (40*20*35 mm) 

 

Table 5.2. Composition, height and materials properties of different layers. 

Layer Composition 

(vol %) 

Height, 

H (mm) 

Elastic 

modulus, 

E (GPa) 

Poisson’s 

ratio, 

ν 

Coefficient of thermal 

expansion (CTE), α(K
-1 

) 

1 Metal 100 15 200 0.3 17.2*10
-6 

2 Metal80,ceramic20 4 237.98 0.29 14.64*10
-6

 

3 Metal60,ceramic40 4 293.621 0.27 12.17*10
-6

 

4 Metal40,cermic60 4 370.37 0.25 9.85*10
-6

 

5 Metal20,ceramic80 4 462.95 0.23 7.82*10
-6

 

6 Ceramic 100 4 570 0.22 6.1*10
-6

 

 

 

 

 

 

 

 

 

Figure 5.10. 6 layers cuboid metal-ceramic FGM with crack     Figure 5.11. Computational model of FGM block         

 

Since the cuboid model has symmetric geometry, only a fourth of the model has been 

simulated. For all cuboid models the faces which are visible for the viewer are outermost 

surfaces of the model.  

Finite element simulation results of thermally induced stresses for cuboid metal-ceramic 

FGM consist of following: 

1. σ11 : Stress in the 1-direction (horizontal)   

2. σ22: Stress in the 2-direction (vertical) 

3. σ1: Maximum principal stress 

4. σe: Von Mises effective stress 
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5.2.1.1. The finite element simulation results of thermally induced stresses  

Based on the finite element simulation results for this model, layer 6 (ceramic 100%) is the layer where both 

Von Mises effective stress and maximum principal stress are high. (Max σe=1.336*10
9
 Pa and Max 

σ1=9.022*10
8 

Pa). 

 

 

 

 

 

 

 

 

 

 

                                              (a) σ11                  (b) σ22 

 

 

 

 

 

 

 

 

 

 

                                                        (c) σ1       (d) σe 

 

 

Figure 5.12. FE-simulation results of thermally induced stresses for 6 layers cuboid metal-ceramic FGM. A 
sample of this geometry showed cracking during sintering between layer 4 and 5. 
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5.2.2. Influence of number of layers on the resulting thermally induced stresses 

 Dimension (40*20*35 mm) 

For the model with 10 layers, layer 10 (ceramic 100%) is the layer where both Von Mises effective stress 
and maximum principal stress are high. (Max σe= 1.208*10

9
 Pa and Max σ1= 9.567*10

8
 Pa). 

For the model with 6 layers, layer 6 (ceramic 100%) is the layer where both Von Mises effective stress and 

maximum principal stress are high. (Max σe=1.336*10
9
 Pa and Max σ1=9.022*10

8 
Pa). 

 

 

 

 

 

 

 

 

 

                                            (a) σ1                     (b) σ1   

 

 

 

 

 

 

 

 

 

                                                     (c) σe                                                                       (d) σe 

 

Figure 5.13. FE-simulation results of thermally induced stresses for 6 and 10 layers cuboid metal-cermic 
FGM. 
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5.2.3. Cuboid metal-ceramic FGM with 10 layers and non-linear composition variation 

 

Dimension (40*20*35 mm) 

 

 

Table 5.3 Materials properties of different layers. 

     Layer Height, 

H (mm) 

Elastic modulus, 

E (GPa) 

Poisson’s ratio, 

ν 

Coefficient of thermal 

expansion (CTE), α(K
-1 

) 

1 (Metal) 10 200 0.3 17.2*10
-6

 

2 2.5 247.74 0.287 14.151*10
-6

 

3 2.5 357.9 0.257 10.184*10
-6

 

4 2.5 424.014 0.243 8.595*10
-6

 

5 2.5 474.61 0.234 7.367*10
-6

 

6 2.5 512.881 0.227 6.956*10
-6

 

7 2.5 540.757 0.223 6.526*10
-6

 

8 2.5 558.281 0.220 6.258*10
-6

 

9 2.5 568.396 0.219 6.131*10
-6

 

10 (Ceramic) 5 570 0.22 6.1*10
-6

 

 

 

 Strongly Non-Linear Approach 

             Vf=√ (2*h)/h0 – (h/h0)2
 

                h= Height in the graded region 
                h0= Thickness of graded region (20 mm) 
                Vf= Ceramic volume fraction 
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5.2.4. Influence of non-linear composition variation on the resulting thermally induced stresses  

Dimension (40*20*35 mm) 

For the model with strongly non-linear approach: Vf=√ (2*h)/h0 – (h/h0)
2
, layer 5 is the layer where both 

Von Mises effective stress and maximum principal stress are high. (Max σe= 2.6*10
9 

Pa and Max σ1= 
2.302*10

9
 Pa). 

For the model with 10 layers and linear approach, layer 10 (ceramic 100%) is the layer where both Von 
Mises effective stress and Maximum principal stress are high. (Max σe= 1.208*10

9
 Pa and Max σ1= 

9.567*10
8
 Pa). 

 

 

 

 

 

 

 

 

                                                        (a) σ1                                                                  (b) σe 

   

 

 

 

 

 

 

 

                                                      (c) σ1                                                                      (d) σe      

Figure 5.14. FE-simulation results of thermally induced stresses for linear and non-linear composition 
variation through the graded region in 10 layers metal-ceramic FGM. 
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5.2.5. 6 layers cuboid metal-ceramic FGM with total relative density: 92.1%     

Dimension (40*20*37 mm) 

 

Table 5.4 Relative density and porosity in each layer. 

Layer Height, 

H (mm) 

Metal volume fraction, 
( %) 

Relative density, 
(%) 

Porosity, 
( %) 

1 (Metal) 10 100 100.7 0.0 

2 7 80 98.1 1.9 

3 5 60 95.0 5.0 

4 5 40 89.4 10.6 

5 5 20 81.4 18.6 

6(Ceramic) 5 0 70.1 29.9 

 

 

 Effective materials properties for the porous composite materials  

 

I. Elastic modulus (E**): 

       E**= E** (1-VP) 2 

          E*= Elastic modulus for solid composite material  

          VP= porosity  

II. Poisson’s Ratio(ν**) 

       ν**= ν* 

           ν*= Poisson’s ratio for solid material  

III. Coefficient of thermal expansion (CTE), α**: 

        α**= α* 

            α*= Coefficient of thermal expansion (CTE) for solid material 
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5.2.6. Influence of porosity on the resulting thermally induced stresses 

For the porous model with total relative density: 92.1%, layer 2 (Vp= 1.9%) is the layer where both Von 

Mises effective stress and Maximum principal stress are high. (Max σe= 8.483*10
8
 Pa and Max σ1=5.382*10

8
 

Pa). 

For the non-porous model, layer 6 (ceramic 100%) is the layer where both Von Mises effective stress and 

maximum principal stress are high. (Max σe=1.336*10
9
 Pa and Max σ1=9.022*10

8 
Pa). 

 

 

 

 

 

 

                                                                     

 

                                                                   

                                                             (a) σ1                                                                     (b) σe 

 

 

 

 

 

 

 

 

                                                    (c) σ1                                                                       (d) σe                                                              

Figure 5.15. FE-simulation results of thermally induced stresses for non-porous and porous 6 layers cuboid 
metal-ceramic FGM. 
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5.2.7. Influence of thickness variation on the resulting thermally induced stresses 

  Dimension (40*20*35 mm) 

For the model with non-uniform thickness of graded layers, layer 5 (metal 20% and ceramic 80%) is the 
layer where both Von Mises effective stress and maximum principal stress are high. (Max σe= 1.94*10

9
 Pa 

and Max σ1= 1.487*10
9 

Pa). 

For the model with uniform thickness of graded layers, layer 6 (ceramic 100%) is the layer where both Von 

Mises effective stress and maximum principal stress are high. (Max σe=1.336*10
9
 Pa and Max σ1=9.022*10

8 

Pa). 

 

 

 

 

 

 

 

 

 

 

                                       (a) σ1                                                                                            (b) σe                                                                                                     

 

 

 

 

 

 

 

 

 

                                                         

                                           (c) σ1                                                                                           (d) σe     

Figure 5.16. FE-simulation results of thermally induced stresses for 6 layers cuboid metal-ceramic FGM with 
uniform and non-uniform thickness of graded layers. 
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5.2.8. Influence of specimen dimension on the resulting thermally induced stresses 

For the model with dimension (50*50*35mm), layer 10 is the layer where both Von Mises effective stress 
and maximum principle stress are high. (Max σe= 1.221*10

9
 Pa and Max σ1= 9.697*10

8
 Pa). 

For the model with dimension (40*20*35), layer 10 (ceramic 100%) is the layer where both Von Mises 
effective stress and maximum principal stress are high. (Max σe= 1.208*10

9
 Pa and Max σ1= 9.567*10

8
 Pa). 

 

Dimension (40*20*35 mm)                                                                 Dimension (50*50*35mm) 

 

 

 

 

 

  

 

 

 

 

                            (a) σ1                                                                                              (b) σ1                                                                                                                 

 

 

 

 

 

 

 

 

 

  

                                (c) σe             (d) σe 

Figure 5.17. FE-simulation results of thermally induced stresses for 10 layers cuboid metal-ceramic FGM 
with 1.Dimension (40*20*35 mm) and 2. Dimension (50*50*35). 
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6. Discussion and conclusion  

Based on the finite element simulation results for cylindrical metal-ceramic FGM, non-
linear composition variation does not have any improving effect on the resulting thermal 
residual stresses. In fact, neither first non-linear approach nor second non-linear 
approach can decrease the amount of thermally induced stresses remarkably. 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 
interlayers has no improving effect on the resulting thermally induced stresses. As the 
dimension of the specimen changes from (20mm diameter and 20mm height) to (30mm 
diameter and 12.5 height), 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. 

The finite element simulation results for cuboid metal-cermic FGM indicate that, non-
linear variation in composition results in increasing the thermal residual stresses. In fact, 
this approach enhances the amount of both maximum principal stress and Von Mises 
effective stress substantially. Thermal residual stresses will be reduced when the amount 
of the layers porosity is considered. Porous specimen shows less stresses in comparison 
with non-porous specimen. Non-uniform thickness of graded layers results in increasing 
thermal residual stresses. By this approach the amount of both maximum principal stress 
and Von Mises effective stress will increase. As the dimension of the specimen changes 
from (40*20*35mm) to (50*50*35mm), this change in dimension results in increasing of 
thermally induced stresses. In fact, by changing the dimension the amount of both 
maximum principal stress and effective Von Mises stresses enhance slightly. Increasing 
the number of layers results in increasing the amount of maximum principal stress while 
the amount of Von Mises effective stress reduces. 

Effect of plasticity have not been included in the present analysis, it is clear from the Von 
Mises stress levels predicted that some plastic yielding will occur in the specimen but it is 
difficult to tell exactly how they will affect the stress distribution. 

 

Suggested future work: 

1. Present analysis is purely elastic. Effect of plastic yielding in metal need to be 
included. 

2. Experimental testing of metal/ceramic composite material should be done for 
different mixing ratios. This will give better knowledge of elastic and plastic 
properties of the composite, and also strength data. 

3. More accurate data on the thermal expansion coefficient is needed. Especially at 
high temperatures (T=1100˚C). 

4. More advanced micromechanical analysis of the sintering process may provide 
useful information on for example optimal choice of grain sizes to minimize 
porosity.  
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8. Appendix 

 

8.1. Cylindrical FGM  

 6 layers with linear composition variation 

σ11(Pa) σ22(Pa) σ1(Pa) σe(Pa) 

Max=1.184*10
9
 Max=1.718*10

9
 Max=1.722*10

9
 Max=2.164*10

9
 

Min=-1.367*10
9
 Min=-7.762*10

8
 Min=-4.321*10

8
 Min=4.88*10

6
 

 

 6 layers with first non-linear approach: β2=1-(Z-Z0/Z0)2 

σ1(Pa) σe(Pa) 

Max=2.108*10
9
 Max=2.625*10

9
 

Min=-7.22*10
8
 Min=5.243*10

6
 

 
 6 layers with second non-linear approach: β2= (Z/Z0) 2 

σ1(Pa) σe(Pa) 

Max=2.044*10
9
 Max=2.626*10

9
 

Min=-4.378*10
8
 Min=7.319*10

6
 

  

 4 layers with linear composition variation : 

σ1(Pa) σe(Pa) 

Max=1.723*10
9
 Max=2.008*10

9
 

Min=-3.509*10
8
 Min=5.166*10

6
 

 

 10 layers with linear change in composition: 

σ1(Pa) σe(Pa) 

Max=1.667*10
9
 Max=1.816*10

9
 

Min=-4.72*10
8
 Min=4.372*10

6
 

 

 6 layers with dimension (30mm diameter and 12.5mm height): 

σ1(Pa) σe(Pa) 

Max=2.098*10
9
 Max=2.801*10

9
 

Min=-2.695*10
8
 Min=1.013*10

7
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8.2. Cuboid FGM 

 6 layers with dimension (40*20*35mm) and linear composition variation: 

σ11(Pa) σ22(Pa) σ1(Pa) σe(Pa) 

Max=7.654*10
8
 Max=8.619*10

8
 Max=9.022*10

8
 Max=1.336*10

9
 

Min=-8.096*10
8
 Min=-1.148*10

9
 Min=-2.384*10

8
 Min=1.219*10

6
 

 

 10  layers with dimension (40*20*35mm) and linear composition variation: 

σ1(Pa)
 

σe(Pa)
 

Max= 9.567*10
8
 Max=1.208*10

9
 

Min=-1.681*10
8
 Min=1.364*10

6
 

 

 10 layers with dimension (40*20*35mm) and non-linear composition variation: 

σ1(Pa)
 

σe(Pa)
 

Max= 2.302*10
9
 Max=2.6*10

9
 

Min=-5.641*10
8
 Min=2.244*10

6
 

 

 6 layers porous specimen with dimension (40*20*37mm): 

σ1(Pa)
 

σe(Pa)
 

Max= 5.382*10
8
 Max=8.493*10

8
 

Min=-1.526*10
8
 Min=1.328*10

6
 

 

 6 layers with non-uniform thickness of graded layers: 

σ1(Pa)
 

σe(Pa)
 

Max= 1.487*10
9
 Max=1.94*10

9
 

Min=-2.765*10
8
 Min=2.15*10

6
 

 

 10 layers with dimension (50*50*35mm): 

σ1(Pa)
 

σe(Pa)
 

Max= 9.697*10
8
 Max=1.221*10

9
 

Min=-1.516*10
8
 Min=1.409*10

6
 

 


