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I 

 

Abstract 

 

Functionally graded materials (FGMs) refer to the composite materials where the 

compositions or the microstructures are locally varied so that a certain variation of the 

local material properties is achieved. Determination of compositional gradient and the 

process of making an FGM are dependent on its intended use. In this study, new possible 

applications of FGM and its production process were investigated. Three possible 

application of FGM were proposed.  

First, the novel technique in producing ultra fine grain of difficult-to-work materials 

by equal-channel angular pressing (ECAP) process at ambient temperature was 

developed by using FGM. For this study, Ti as the difficult-to-work material was tightly 

encapsulated in a hollow host material made of Al-based FGM matrix. The Al-based 

FGM as a host material assists the deformation of Ti. The ECAP process was simulated 

by the finite element method (FEM) to determine the appropriate compositional gradient 

of Al-based FGM and the position to embed Ti wire. FEM was conducted with Ti 

embedded into a different host material type as well as different die channel geometry. 

The strain distribution of the specimen after a single ECAP pass was analyzed. From the 

obtained results, it is found that the strain distribution in Ti is strongly influenced by the 

host material and the shape of the die channel. An experimental work was carried out to 

confirm the ability of the proposed technique in producing ultra fine grain of Ti. The host 

material was prepared by embedding Al-Al3Ti alloy into Al.  Three types of the Al-Al3Ti 

alloys with different Al3Ti volume fractions were used to prepare the host materials. 

ECAP for specimens was carried out for up to eight passes by route A. The 

microstructure and hardness of ECAPed specimens were investigated. The changes in 

microstructure and the increase in the hardness value of Ti with increased number of 

ECAP passes are evidences showing that Ti is successfully deformed by this technique.  

Second, new types of FGM crash boxes with stepwise strength gradient in longitudinal 

directions were proposed. The property of the proposed FGM crash boxes were analyzed 

using FEM. Crash behavior of the crash box under axial quasi-static and dynamic impact 

loads were studied. The obtained load-displacement curves and the crash failure patterns 

then were evaluated to assess the effect of the stepwise strength gradient of the crash-box. 
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Moreover, four different shapes of cross-sectional i.e. square, circle, pentagon and 

hexagon were considered. The results show that the FGM crash box is superior to than 

the homogeneous crash box in overall crashworthiness. Although there were no trigger 

mechanism introduced, the FGM crash boxes experience the progressive crushing 

initiated at the impact side.  

Third, the FGMs were applied in pipe and pressure vessel field. A solution procedure 

for finite element thermo-visco-plasticity and creep analysis in an FGM thick-walled 

pressure vessel subjected to thermal and internal pressure was presented. The thick-

walled pressure vessel was replaced by a system of discrete rectangular cross-section ring 

elements interconnected along circumferential nodal circles. The property of FGM was 

assumed to be continuous function of volume fraction of material composition. The 

thermo-visco-plasticity and creep behavior of the structures were obtained by the use of 

an incremental approach. The obtained results show that the material composition 

significantly affects the stress as a function of time at the inside and outside surface of 

thick-walled pressure vessel. The use of FGM can adjust the stress distribution in the 

structure.  

Moreover, one of the FGM fabrication method, centrifugal casting, was investigated. 

Two types of centrifugal casting method namely, centrifugal solid-particle method 

(CSPM) and centrifugal mixed-powder method (CMPM), were used to fabricate Al/SiC 

FGM. Formations of graded distribution of SiC particles within molten Al by CSPM and 

CMPM under huge centrifugal force were examined and simulated. The movement of 

SiC particles in viscous liquid under centrifugal force was explained theoretically based 

on Stoke’s law. The effect of composition gradient of particles on viscosity was taken 

into account. Also, the effect of temperature distribution on viscosity and density were 

considered. A computer code to simulate the formation of compositional gradient in an 

Al/SiC FGM manufactured by CSPM and CMPM was developed. From the obtained 

results, it was found that the SiC particles can be graded from inner to outer surface of 

Al/SiC FGM by CSPM. Meanwhile by CMPM, the SiC particles can be dispersed on the 

surface of Al/SiC FGM. The graded distribution in Al/SiC FGM under huge centrifugal 

force was significantly affected by the mold temperature but less affected by the initial 

temperature of molten Al and casting atmosphere.  



III 

 

Acknowledgments 

 

During the development of my graduate studies in the Nagoya Institute of Technology 

several persons and institutions have collaborated directly and indirectly with my 

research. That is why I wish to dedicate this section to recognize their support. 

First I would like to thank to ALlah, who gave me energy and courage to complete 

this thesis. I wish to extend my thanks to Prof. Yoshimi Watanabe and Assoc. Prof. 

Hisashi Sato for giving me the opportunity to study in their laboratory, for leading and 

helping me to achieve my goals. They have encouraged me, prepared me for the next step 

from the first day I came to the lab. From the system established in the lab, regular lab 

meetings, discussions and team working, I feel that I have gained interesting experiences. 

Finally, I thank them for their understanding, patience and professionalism. 

 I am also really grateful to Assoc. Prof. Miura, Prof. Tsukamoto, Dr. Kunimine, Ms. 

Yamada, Mrs. Suzuki, Ms. Asai and all the lab members for the continuous guidance and 

support during my study in Japan. It seems not complete if I do not mention some lab 

members’ name here. Thanks are due to my colleges, Mizuno, Tabushi, Furukawa, 

Shibuya and Nishimura for their help during the experiments.  

I would next like to thank the Ministry of Higher Education of the Malaysia 

Government for providing me with the scholarship to pursue my study in Japan. Thanks 

also to the support from “Tokai Region Nanotechnology Manufacturing Cluster in 

“Knowledge Cluster Initiative” by Ministry of Education, Culture, Sports, Science and 

Technology of Japan.  

Finally, I would like to thank my parents, my wife, my son and my family members 

for their love, support and encouragement.  

 

 

 

 

 

 

 



IV 

 

Table of Contents 

 

Abstract          I 

Acknowledgement         III 

Table of Contents         IV 

 

Chapter 1 – Introduction and Literature Survey 

1.1 Functionally graded materials       1 

1.2 Manufacturing process of FGMs       2 

1.3 Application of FGMs        3 

1.4 Experimental and numerical approach      4 

1.5 Thesis outline         6 

References          7 

 

Chapter 2 – Finite Element Analysis of Severe Plastic Deformation of Difficult- 

to-Work Material by Equal-Channel Angular Pressing at Ambient Temperature 

2.1 Introduction         8 

2.2 FEM analysis for the strain distribution in specimen induced by ECAP  10 

2.3 Results and discussion        16 

2.3.1 Influence of the position of Ti in matrix on strain inhomogenity along Ti  16 

2.3.2 Influence of the host material on strain inhomogeneity along Ti  18 

2.3.3 Effect of die geometry        19 

2.4 Conclusions         21 

References          22 

 

Chapter 3 – Experimental Study on Severe Plastic Deformation of Ti by Novel  

Equal-Channel Angular Pressing 

3.1 Introduction         23 

3.2 Experimental procedure        24 

3.2.1 Preparation of FGM billet       24 

3.2.2 ECAP Process         26 



V 

 

3.2.3 Characterization         26 

3.3 Results and discussion        27 

3.3.1 FGM billets before ECAP       27 

3.3.2 Change of microstructure of sample deformed by ECAP   31 

3.3.3 Microstructural characterization      31 

3.3.4 Hardness          38 

3.4 Conclusions         40 

References          40 

 

Chapter 4 – A Numerical Crashworthiness Investigation of FGM Crash Boxes  

under Axial Quasi-static and Dynamics Loading 

4.1 Introduction         42 

4.2 FGM crash box         43 

4.3 Finite element modeling        48 

4.4 Results and discussion        52 

4.4.1 Failure patterns of FGM crash boxes      52 

4.4.2 Load-displacement curves       55 

4.4.3 Energy absorption characteristics      58 

4.5 Conclusions         64 

References          64 

 

Chapter 5 – Thermo-Visco-Plasticity and Creep Analysis of Thick-Walled  

Pressure Vessels made of Functionally Graded Materials 

5.1 Introduction         66 

5.2 Finite element formulation of thermo-visco-plasticity and creep analysis  67 

5.3 Results and discussion        71 

5.3.1 Verification of finite element model      71 

5.3.2FGM Thick-walled pressure vessels      73 

5.4 Conclusions         83 

References          84 



VI 

 

Chapter 6 – Formation of Compositional Gradient in Al/SiC FGM Fabricated  

under Centrifugal Force: Solid-Particle Method and Mixed-Powder Method 

6.1 Introduction         85 

6.2 Microstructure of Al/SiC FGM fabricated by CSPM and CMPM  87 

6.2.1 Experimental procedure        87 

6.2.2 Al/SiC FGM fabricated by CSPM      88 

6.2.3 Al/SiC FGM fabricated by CMPM      91 

6.3 Numerical simulation of compositional gradient in Al/SiC FGM   93 

6.3.1 Theory of simulation        93 

6.3.1.1 Particle segregation process model       94 

6.3.1.2 Heat conduction process model       95 

6.3.2 Compositional gradient in Al/SiC FGM fabricated by CSPM   97 

6.3.3 Compositional gradient in Al/SiC FGM fabricated by CMPM             103 

6.5 Conclusions                   107 

References                    108 

 

Chapter 7 – Summary and Conclusions                109 

 

List of Publications                   111 

 



1 

 

Chapter 1 

 

Introduction and Literature Survey 

 

1.1 Functionally Graded Materials  

Functionally graded materials (FGMs) refer to the composite materials where the 

composition or the microstructure is locally varied so that a certain variation of the local 

material properties is achieved.  The materials can be designed for specific function and 

applications. Various approaches based on the bulk (particulate processing), preform 

processing, layer processing and melt processing are used to fabricate the FGMs [1]. The 

concept of FGM was fist considered in Japan in 1984 during a space plane project. That 

time the aim is to fabricate a space plane body's material with improved thermal 

resistance and mechanical properties by gradually changing (grading) compositions. 

Therefore, the space plane body is resistant to severe condition from temperature gap 

(about 1000 deg. C gap) in between the inside and the outside. 

The structural unit of an FGM is referred to as an element or a material ingredient 

[1]. It is a conceptual unit for constructing an FGM that includes various aspects of its 

chemical composition, physical state and geometrical configuration. According to 

Miyamoto et al. [1] the term material ingredient, probably expresses the overall concept 

best.  Generally, there are two main types of FGMs i.e. continuous graded materials and 

discontinuous graded materials. In the simplest FGMs, two different material ingredients 

change gradually from one to the other as illustrated in Fig. 1.1(a). In the second type, 

the material ingredients change in a discontinuous way such as the stepwise gradation 

illustrated in Fig. 1.1(b).  

A material can be considered to be an FGM even if the gradation of the material 

ingredients is limited to a specific location in the material such as the interface, a joint, 

or a surface. As long as the material incorporates the FGM concept it can be categorized 

as an FGM. Therefore, an FGM can be produced from a homogeneous material and then 

processed with different condition such as heat treatment and deformation. 
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Fig. 1.1 Type of FGM structure: (a) continuous and (b) discontinuous. 

 

1.2 Manufacturing Process of FGMs 

There is wide variety of processing methods to fabricate FGMs available today [1−4]. 

The processing methods can be classified into those based on constructive processing 

and those based on mass transport [2]. In the first class, the FGM is constructed layer-

by-layer starting with an appropriate distribution of the FGM’s constituents. These 

techniques are called constructive processes because gradients are literally constructed 

in space. Meanwhile in the second class of FGM process, the gradients within a 

components are depend on natural transport phenomena such as the flow of fluid, the 

diffusion of atomic species, or the conduction of heat. FGMs can be manufactured by 

centrifugal casting [3], sequential slip casting [5], thermal spraying [6], physical vapour 

deposition (PVD) [7], chemical vapour deposition (CVD) [7] and laser cladding [8]. 

Powder metallurgy, a constructive processing method, is a one of the most important 

methods of producing FGMs. Generally, this method consists of three main steps. At 

first, materials desired in powder form are weighed and mixed. Next step is stepwise 

staking of premixed powder according to a predesigned spatial distribution of the 

composition. Last step is a sintering. By this method, the FGM fabricated usually have 

the stepwise structure, and it is difficult to produce the FGM with continuous gradient. 

An example of natural transport phenomena method is centrifugal method. FGMs 

are fabricated under a centrifugal force, by which it is possible to produce the FGMs 
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with continuous gradients. Fabrication methods of FGMs under the centrifugal force are 

classified into three categories, namely centrifugal method (application of centrifugal 

casting), centrifugal slurry method (centrifugal sedimentation) and centrifugal 

pressurization method (simple pressurization by the centrifugal force). In case of 

centrifugal method, a centrifugal force applied to a homogeneous molten metal, 

dispersed with ceramics particles or intermetallic compound particles, drives the 

formation of the desired gradation. The composition gradient is then achieved primarily 

by the difference in the centrifugal force produced by the difference in density between 

the molten metal and solid particles [9, 10]. It is known that the motion of particles in a 

viscous liquid under a centrifugal force obeys the Stokes' law [10−12].  

In contrast, slurry with two types of solid particles, high-velocity particle and low-

velocity particle, is subjected to the centrifugal force during the fabrication of FGMs by 

the centrifugal slurry method [13]. After complete sedimentation occurs, liquid part of 

the slurry will be removed, and therefore, it does not become a part of FGM. Third one 

is the centrifugal pressurization method, by which the centrifugal force is only used for 

simple pressurization. In this method, compositional gradation should be formed prior 

the application of centrifugal force [14, 15]. 

 

1.3 Application of FGMs 

Nowadays the researches on FGMs have been carried out intensively. Since the concept 

developed in aeronautics field in 1984, FGMs are also a concern in the other fields such 

as industrial materials, optoelectronics, biomaterials, and energy materials.  FGMs offer 

great promise in applications where the operating conditions are severe. Potential 

applications include those structural and engineering uses that require combinations of 

incompatible functions such as refractoriness or hardness with toughness or chemical 

inertness with toughness. In aerospace and nuclear energy applications, reliability rather 

than cost is the key issue. On the other hands, in applications such as cutting tools, 

machine parts and engine components, which require wear, heat, mechanical shock and 

corrosion resistance, the key issues are the cost/performance ratio and reliability. 

Examples of available commercial FGM products are high performance cutting tools of 
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tungsten carbide/cobalt based FGMs and razor blades of an iron aluminide/stainless steel 

FGM [1].  

There are many potentially useful applications of the FGM concept which is not 

limited to the fields discussed in this report as well as the manufacturing processes of 

FGMs.  In this study, three possible applications of FGMs were discussed. For the two 

first proposed applications, the stepwise gradations FGMs were used. Meanwhile for the 

third proposed application, the continuous graded materials were chosen to be applied in 

tube and pressure vessel field. 

 

1.4 Experimental and Numerical Approach 

In analyzing the possible applications of FGMs proposed in this study both experimental 

and numerical works were carried out. In engineering applications, there are many 

types of numerical method that usually used such as finite difference method (FDM), 

finite volume method (FVM), finite element method (FEM), boundary element method 

(BEM) and mesh-free method. However in this study, for the numerical analysis only 

FEM was considered. FEM are widely used in diverse fields to solve static and dynamic 

problems. The advantages and disadvantages of FEM are listed in Table 1.1 

In FEM the solution procedure is very typical. The main steps in implementation of 

FEM are summarized as follow: 

a)  Discretization of the domain into a set of finite elements. 

b)  Defining an approximate solution over the element. 

c) Weighted integral formulation of the differential equation. 

d)  Substitute the approximate solution and get the algebraic equation 
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Table 1.1 Advantages and disadvantages of FEM 

 

Advantages Disadvantages 

Able to handle very complex geometry A general closed-form solution, which 

would permit one to examine system 

response to changes in various parameters, 

is not produced. 

Able to solve a wide variety of 

engineering problems 

The results obtains only "approximate" 

solutions 

Able to handle complex restraints It has "inherent" errors. 

Able to handle complex loading Mistakes by users can be fatal. 

 

      The main challenge to implement FEM in analyzing FGMs structures is to describe 

the material properties of FGMs. To describe the material properties of FGMs by 

theoretical approach is not easy. The estimation of material properties for phase 

composites by theoretical approaches are split into microscopic and overall studies. The 

prediction methods of overall material properties are generally classified into three 

group i.e direct, variational and approximation approaches. The direct method seeks 

closed-form analytic solution. Therefore a precise mathematical treatment becomes 

troublesome. On the other hand, the variational method such as Hashin Shtrikman’s 

bounds does not specify the details in the phase geometry but rather provide the upper 

and lower bounds for the overall properties. In the approximation approach, the self-

consistent model by Hill and the others, the mean field micro-mechanics models by 

Mori and Tanaka and Wakashima and Tsukamoto, the linear and modified rules of 

mixtures by Tamura and the unit cell model by Ravichandran are widely employed 

overall estimation [1−3]. The overall models are simple and convenient to predict the 

overall thermo-mechanical response and material properties. However, in this study, the 

conventional modeling of FGMs, the rule of mixture is considered. Although, the 

macroscopic properties of FGMs cannot be accurately described by the rule of mixture, 
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but by dividing the FGMs structure into significantly small size of mesh and the material 

properties considered at every integration points is gives reasonable results when 

analyzing the FGMs structure by FEM.  

In this study, FEM is used to determine the appropriate FGMs structure for the 

proposed application to reduce number of experimental works carried out. Experimental 

work still required to be performed in order to prove the workability of the proposed 

FGMs applications.      

 

1.5 Thesis outline 

In Chapter 2, the novel technique in producing ultra fine grain of difficult-to-work 

materials by ECAP process at ambient temperature was developed by using FGM. The 

ECAP process was simulated by the FEM to determine the appropriate compositional 

gradient of Al-based FGM and the position to embed Ti wire.  

In Chapter 3, an experimental work was carried out to confirm the ability of the 

proposed technique in producing ultra fine grain of Ti. The microstructure and hardness 

of ECAPed specimens were investigated.  

In Chapter 4, new types of FGM crash boxes with stepwise strength gradient in 

longitudinal directions were proposed. Finite element analysis was performed in order to 

determine the crash behavior of the crash boxes. The crashworthiness characteristics of 

FGM crash boxes were discussed.  

Chapter 5 discussed the possible application of FGM in pipe and pressure vessels 

field. The analysis of thermo-visco-plasticity and creep characteristics of the FGM thick-

walled pressure vessels were carried out using FEM. The obtained results show that the 

use of FGMs can adjust the stress distribution in the structure.  

Finally Chapter 6 describes the promising mass manufacturing of FGMs, centrifugal 

casting. The fabrications of Al/SiC FGM using two types of centrifugal casting method 

namely, solid-particle method and mixed-powder method, were carried out. The 

formation of graded distribution of SiC particles within molten Al by centrifugal solid-

particle method and centrifugal mixed-powder method were examined and simulated.  
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Chapter 7 present the overall conclusion and recommendation for future work in this 

research area. 
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Chapter 2  

 

Finite Element Analysis of Severe Plastic Deformation of Difficult-to-

Work Material by Equal-Channel Angular Pressing at Ambient 

Temperature 

 

2.1 Introduction 

Equal-channel angular pressing (ECAP) invented by Segal et al.[1] in 1977 is one of the 

severe plastic deformation (SPD) techniques, which has great potential for producing 

ultrafine grain materials in bulk. Figure 2.1 shows a schematic illustration of ECAP 

process. As shown in Fig. 2.1, the ECAP process is performed by pressing a specimen 

through a die consisting of two intersecting channels meeting at an angleφ  and outer 

corner meeting at an angleϕ . This process has the advantage that a large plastic strain 

can be induced without changing the cross section of the specimen. Because of it, a 

larger plastic strain is imposed by repeating several passes. In addition, the ECAP 

process has four standard routes: route A (no rotation), route BA (90° back and forth 

rotation between passes), route BC (90° in the same direction between passes), and route 

C (180° in the same direction between passes). Therefore, the property of the induced 

strain can be controlled by the processing route. 

In the case of the deformation of a high-strength material using ECAP, an elevated 

temperature is often required [2, 3].  In particular, Ti alloys are difficult to deform, and a 

higher pressing-temperature is required to increase their ductility during the deformation. 

This is because Ti and Ti alloys have limited numbers of slip systems owing to the 

crystal having a hexagonal close packed (hcp) structure [4, 5]. In previous studies, the 

ECAP process for Ti has been performed under elevated temperatures [3−8]. In previous 

studies, this ECAP process for Ti was carried out at elevated temperatures up to 450 °C, 

and they suggested that the lowest temperature for deforming Ti successfully was 200 

°C [8]. Therefore, it is very difficult to deform Ti by ECAP at room temperature. 
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Fig. 2.1 ECAP die geometry featuring the die angle φ, outer corner angle ϕ, and outer 

fillet radius R. 

 

Recently, the present authors have proposed a new technique of ECAP at ambient 

temperature [9]. The proposed ECAP process is carried out by embedding a difficult-to-

work material into an easy-to-work material. According to our previous study, Ti 

(difficult-to-work material) has been successfully deformed by embedding it into pure 

Al (easy-to-work material) at room temperature. However, the proposed method has the 

problem that a crack is generated at the interface between Ti and pure Al during ECAP. 

In order to solve this problem, it is considered that the easy-to-work material should be 

an Al-based alloy or an Al-based functionally graded material (FGM). This is because it 

is better to decrease the difference in mechanical property between the difficult-to-work 

material and the easy-to-work material. Moreover, the amount of strain induced in Ti by 

the proposed ECAP is still unclear. 
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In this study, a comprehensive examination of the deformation of a difficult-to-work 

material using ECAP at room temperature is carried out by the finite element method 

(FEM). For this study, Ti as the difficult-to-work material is embedded into an Al-based 

alloy and an Al-based FGM matrix. The strain distribution in a specimen induced with 

single-pass ECAP depending on the position of Ti, the material for the matrix, and the 

geometry of die channels are discussed. From the obtained results, the capability of the 

proposed ECAP process to deform difficult-to-work materials is also discussed.  

 

2. 2 FEM Analysis for the Strain Distribution in Specimen Induced by ECAP 

FEM simulation was performed using the implicit finite element code Marc. The 

solution procedure is based on the full Newton-Raphson iterative-increment procedure. 

For the convergence criteria, the relative displacement criterion and relative residual 

force criterion are used, and convergence is obtained if one converges. Two-dimensional 

plane strain modeling is applied since material flow in the z-direction is restricted [10] 

for a single ECAP pass. A plane representing the ECAP specimen was divided into a 

mesh of 1200 equal four-node quadrilateral elements with 21 nodes in the x-direction 

and 61 nodes in the y-direction. The frictional coefficient between the die channel inside 

and the specimen is assumed to be zero because the specimen is lubricated during the 

experiment of ECAP. The geometry of the die channel is also shown in Fig. 2.1. The die 

channel and puncher made of die steel (DC53) produced by Daido Steel Co, Ltd. were 

considered to be rigid. The puncher moved down along the inlet channel at a constant 

velocity of 4 mm/s. To describe briefly the experiment of ECAP, the dummy specimen 

is used to push the specimen out of the die channels. After being pressed by the puncher 

for 50 mm, the specimen is pushed out by the dummy specimen. The schematic process 

of ECAP is shown in Fig. 2.2.  

Figure 2.3 shows two types of specimen used in this simulation. For one specimen 

shown in Fig. 2.3(a), Ti with a length of 20 mm and a width of 1 mm is embedded at the 

end of the host material. The other specimen shown in Fig. 2.3(b) has the structure in 

which Ti is embedded in the middle of the host material. The host material is either an 

alloy or FGM with gradient strength. The FGM matrix is made by combining two 
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different Al alloys with the higher-strength alloy on the inner side, as defined in Table 

2.1. The dimensions of the host material are 60 mm in length and 10 mm in width, and 

for the FGM matrix, the second layer is 40 mm in length and 5 mm in width. In the 

simulation, each material is defined as a different deformable body. For simplicity, the 

nodes at the interface belong to both materials and the separation of nodes is not 

considered.  

 

 

 

Fig. 2.2 ECAP process: (a) the initial deformation stage, (b) during steady-state of 

ECAP, and (c) the final stage after ECAP. 
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Fig. 2.3 Schematic of ECAP specimens: (a) Ti embedded at the end and (b) Ti 

embedded in the middle of specimen.  The representative line defined along Ti is 

indicated. 

 

As listed in Table 2.1, pure Al, Al-5%Ti, and Al-10%Ti are used as the host 

materials. The material properties of Al-5%Ti and Al-10%Ti are determined from the 

material properties of pure Ti and Al on the basis of the law of mixture. Although these 

material properties are inaccurately described, it is adequate to show the different 

strengths of these alloys used in this simulation. Young’s modulus, E, Poisson’s ratio, ν , 

and yield stress, yσ , for Al are 71 GPa, 0.33, and 22.5 MPa, respectively. On the other 

hand, E, ν , and yσ  for Ti are 116 GPa, 0.32, and 140 MPa, respectively. The strain 

hardening for both materials can be presented as follows, 

( )[ ]   (2.1),5.31
7.0Py

AlAl εσσ +=
 

( )[ ] (2.2),1
25.0Py

TiTi εσσ +=  

where σ  is the flow stress and Pε  denotes the equivalent plastic strain. 
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Table 2.1 List of the specimens defined on the basis of Fig. 2.3. 

 

Sample Alloy 1 Alloy 2 

H1 Al Al 

H2 Al-5 mass%Ti  Al-5 mass%Ti 

H3 Al-10 mass%Ti  Al-10 mass%Ti 

FGM1 Al Al-5 mass%Ti 

FGM2 Al Al-10 mass%Ti 

FGM3 Al-5 mass%Ti Al-10 mass%Ti  

 

 

Firstly, the finite element calculation was validated by comparing with analytical 

solution. Since the frictional effect is neglected, the obtained results can be compared 

with equivalent strain presented in following equation [11] 

(2.3).
22
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In this equation, φ  = 90° and ϕ = 37.5°, which corresponds to R = 5.15 mm, were 

considered as the size of the ECAP die. The equivalent strain estimated using Eq. (2.3) 

is 0.99 while the obtained value calculated by FEM is 1.08. This estimated value is in 

good agreement with that calculated by FEM. This means that the present FEM analysis 

is valid as the analysis method for strain distribution in ECAPed specimens. 
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Fig. 2.4 Deformed geometry changes during ECAP: (a) Before ECAP; (b) and (c) after 

single pass of pure Al without and with Ti embedded, respectively. 

 

Figure 2.4 shows the comparison of deformed geometry after a single ECAP pass. 

As shown in Fig. 2.4, the equal-quadrilateral-element mesh is distorted by passing 

through the angular shear zone. Moreover, it is seen from Fig. 2.4(b) that shear 

deformation in the outer part of the ECAP sample is smaller than in another part. This is 

in agreement with the results of previous studies [2, 12−15]. 
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Fig. 2.5 Comparison of distribution of the equivalent strain in the specimen after single 

ECAP pass: (a) pure Al and (b) Ti embedded in pure Al (H1). 

 

The deformation of a specimen during the ECAP process is inhomogeneous. The 

calculated strain varies along the specimen axis and the transverse direction from top to 

bottom. Figure 2.5(a) presents the distribution of equivalent strain in the pure Al sample 

after a single ECAP pass. As can be seen, the difference in the shape of specimen at the 

head and tail also shows that the deformation is inhomogeneous along the longitudinal 

direction. In order to quantify the degree of strain inhomogeneity, the coefficient of 

variance of the equivalent strains, CV, introduced by Patil et al. is used [16]. The 

coefficient of variance of the equivalent strains is defined as  

(2.4),
Stdev

aveε
ε

=CV  

where εStdev is the standard deviation of equivalent strain and 
aveε is the average of the 

equivalent strains along a chosen section of the specimen.  
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2.3 Results and Discussion 

2.3.1 Influence of the Position of Ti in Matrix on Strain Inhomogenity along Ti  

In order to determine the best position for embedding Ti in the host material, three 

different positions were considered. As the initial structure, two types of specimen 

shown in Fig. 2.3 are considered in this simulation. Figures 2.4(c) and (b) show the 

deformed geometry and the distribution of the equivalent strain in specimen H1 with Ti 

embedded in the middle after a single ECAP pass, respectively. As can be observed, the 

deformation and the strain distribution are inhomogeneous in both the longitudinal 

direction and transverse direction. Moreover, it is seen from Fig. 2.4(c) that the amount 

of shear strain in Ti is less than that in the host matrix. 

Figure 2.6 shows strain distributions along the neutral axis of the specimen for 

sample H1 and FGM2.  Figures 2.6(a), (b), and (c) are results obtained for specimens in 

which Ti is embedded at the front end, in the middle, and at the rear end of the specimen, 

respectively. For comparison, the strain distributions in specimen without Ti are also 

shown in those figures. In the case of the specimen without Ti, strain distribution along 

the neutral axis is relatively homogeneous. On the other hand, equivalent strains in 

samples H1 and FGM2 drastically dropped in the part with Ti, and the strain distribution 

in another region is similar to that of Al without Ti. Comparing the strain distributions in 

Ti between H1 and FGM2, it is found that Ti embedded in the middle has the most 

homogeneous strain distribution and the highest equivalent strain. Therefore, it can be 

concluded that the middle part in the host material of an ECAPed specimen is the 

appropriate position to induce SPD in a difficult-to-work material.  
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Fig. 2.6 Variation of equivalent strain along neutral axis of specimen with Ti in different 

positions: (a) at the front end, (b) in the middle, and (c) at the rear end. The schematic 

illustrations in graphs show the position of Ti. The dash lines indicate the interface 

between alloys. 



18 

 

2.3.2 Influence of the Host Material on Strain Inhomogeneity along Ti  

To investigate the effect of the properties of the host material, FEM analysis was carried 

out using a different host material, as shown in Table 2.1. Figure 2.7 presents variation 

of equivalent strain inside Ti as a function of the normalized distance along Ti shown in 

Fig. 2.3. Figures 2.7(a) and (b) are ECAPed specimens with host materials of the 

homogeneous matrix (H1, H2 and H3) and composite matrix (FGM1, FGM2, and 

FGM3), respectively. Comparing the strain distributions along Ti embedded into 

homogeneous and FGM host materials, the strain distribution along Ti in FGM host 

materials is more homogeneous than that in the specimen with homogeneous materials. 

Also, the equivalent strain along Ti in the specimen with FGM host materials is 

relatively higher than that in the specimen with homogeneous materials. From these 

results, it is found that FGM is better than a homogeneous material as the host material 

in ECAP.  

Moreover, it is found that the strain distributions of Ti in H3 and FGM3 show almost 

no difference and only show a small difference from that of Ti in FGM2. For these three 

specimens, Ti is embedded in the same inner layer material (Al-10%Ti) and is 

distinguished by the outer layer material. The outer layer materials of H3, FGM3, and 

FGM2 are Al-10%Ti, Al-5%Ti, and Al, respectively. Because FGM3 has almost similar 

strengths of the outer and inner layer materials, the strain distribution of Ti in FGM3 

becomes similar to that in H3. On the other hand, a significant difference in the strength 

between the outer and inner layer materials of FGM2 gives a different strain distribution 

of Ti. These results show the significance of the gradient in strength of the host material.  
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Fig. 2.7 Variation of equivalent strain along Ti: (a) embedded into homogeneous matrix 

and (b) embedded into composite matrix. 

 

2.3.3 Effect of Die Geometry 

The amount of strain in the specimen deformed by ECAP strongly depends on the shape 

of the die channel.  In order to study this effect, an angle φ = 90° and different outer 

fillet radii R were considered.  Also, the strain distributions of Ti in the specimen 

prepared using an ECAP die with an outer fillet radius R = 5.15 mm with φ = 90°, φ = 

105°, and φ = 120° were studied.   
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Fig. 2.8 Variation of equivalent strain along Ti embedded into FGM3: (a) with different 

outer fillet radii, R and (b) with different die angles, φ. 

 

Figures 2.8(a) and (b) show the variation of equivalent strain along Ti with different 

die outer filler radii, R, and die angle, φ, respectively. When the angle of the die channel 

is fixed, the strain induced in Ti is increased by reducing R. On the other hand, a die 

with φ increment reduces the strain induced in Ti. From these results, it is found that the 

strain of Ti is controlled by die geometry. 

Average equivalent strain, εave, and coefficients of variance of the equivalent strains, 

CV, along Ti were calculated for each specimen. For comparison, only Ti embedded into 
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H2 and FGM3 at different die outer fillet radii, R, and die angles are shown in Table 2.2. 

The strain inhomogeneity decreases as the die outer fillet radii or die angle decreases.  

 

Table 2.2 Average equivalent strain εave and coefficient of variance of the equivalent 

strain CV (Eq. (2.4)) along Ti embedded into H2 and FGM3. 

 

φ 

(°) 

R 

(mm) 

H2  FGM3 

εave CV  εave CV 

90 0 0.564 0.108 
 

0.605 0.089 

90 5.15 0.459 0.110 
 

0.493 0.102 

90 10.3 0.164 0.145 
 

0.178 0.133 

105 5.15 0.281 0.109 
 

0.313 0.107 

120 5.15 0.156 0.158 
 

0.179 0.148 

 

 

2. 4 Conclusions 

FEM analysis is successfully carried out in order to investigate the deformation of a 

difficult-to-work material during the single ECAP pass at ambient temperature. It is 

possible to induce SPD into the difficult-to-work material at ambient temperature using 

the proposed technique. The selection of the host material is very important. In the case 

of SPD of Ti, an Al-based alloy or Al-based FGM should be selected as the host material. 

Apart from that, the position for embedding the difficult-to-work material and the die 

geometry are important factors for its SPD. For SPD of Ti using ECAP, it is suggested 

that Ti is embedded in the middle of the Al-based FGM host material and that an ECAP 

die with an outer fillet radius R = 5.15 mm and φ = 90° is used. 
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Chapter 3 

 

Experimental Study on Severe Plastic Deformation of Ti by Novel 

Equal-Channel Angular Pressing 

 

3.1 Introduction 

Equal-channel angular pressing (ECAP) process is preferred because a large plastic 

strain can be induced without any change in cross-sectional shape of the billet. Because 

of this, the deformation for the specimen can be repeated for huge strains. The multiple 

passes make it possible to induce different strains depending on the processing route 

[1−3]. The processing routes involved are, route A (no rotation), route BA (90° back and 

forth rotation between passes), route BC (90° in the same direction between passes), and 

route C (180° in the same direction between passes). Therefore, ECAP can induce huge 

strain by controlling the processing route.  

However, severe plastic deformation (SPD) of Ti and Ti alloys at ambient 

temperature by ECAP is very difficult due to their ductility [1]. When Ti and Ti alloys 

are deformed by ECAP, the ECAP processing is carried out under high temperatures [1, 

3−10]. This is because Ti and Ti alloys are difficult to deform due to hexagonal close 

packed (hcp) structure [1, 5]. In previous studies, the ECAP process for Ti has been 

performed under elevated temperatures up to 450 °C and it has been suggested that the 

lowest temperature for the successful deforming of Ti is 200 °C [7]. These studies show 

that it is very difficult to deform Ti by ECAP at ambient temperature. 

Several recent reports have demonstrated that it is possible to deform Ti through 

multiple passes of ECAP at ambient temperature by increasing the channel angle up to 

120°, under the processing speed of 2 mm/s [11−13]. For ECAP carried out in these 

studies, a special graphite lubricant containing ~15% MoS2 powder was used. Based on 

these studies, it was reported that Ti was successfully processed through up to eight 

passes with route BC. On the other hand, the authors have proposed an alternative 
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technique in processing Ti by ECAP at ambient temperature [14]. The proposed 

technique is the deformation of Ti by embedding a Ti wire into an easy-to-work material. 

In previous investigations, the deformation of Ti embedded in two different kinds of 

host material, namely homogeneous Al alloy and Al-based functionally graded material 

(FGM) with single-pass ECAP was carried out by the finite element method (FEM). 

Moreover, different positions of Ti embedded in the host material and different die 

geometry were considered. Based on the FEM results, an Al-based FGM matrix with the 

higher-strength alloy on the inner side was found to be a good host material. To reduce 

strain inhomogeneity along Ti, it has been suggested that Ti is embedded in the middle 

part in the host material and that an ECAP die with an outer fillet radius R = 5.15 mm 

and the two intersecting channels meeting at an angle 90° is used [14]. However, the 

workability of this technique is still questionable as no experimental work has been 

carried out so far. Moreover, the FEM was carried out only for a single ECAP pass and 

no data are available for multiple passes. 

In this study, an experimental work using novel technique is carried out. Ti wire is 

tightly encapsulated in a hollow of host material made of Al-based FGM. ECAP is 

performed under route A for up to eight passes. Effects of the ECAP process and the 

host material on the microstructure and the hardness of Ti are discussed.  

 

3.2 Experimental Procedure 

3.2.1 Preparation of FGM billet 

Figure 3.1 shows a schematic illustration of the FGM billet used in this work. The 

annealed Ti is embedded in the middle of the host material. Pure Ti (99.5%) with a 

diameter of 1.5 mm and a length of 20 mm is annealed at 800 °C for 5 min using a 

vacuum furnace. Pure Al (99.99%) and Al-Al3Ti alloys are chosen as an outer layer and 

inner layer of the host materials, respectively.  
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Fig. 3.1 A schematic illustration showing the assembly steps in preparing the FGM billet 

with stepwise gradient in strength: (a) Ti wire is inserted into a hole in the Al-Al3Ti 

alloy rod. (b)  The Al-Al3Ti/Ti composite is inserted into a hole in the pure Al rod. (c) 

The FGM billet is fabricated.     

 

FGM billets having 5, 11, and 21 vol% of Al3Ti in Al-Al3Ti alloy rod are prepared 

and designated as FGM1, FGM2, and FGM3, respectively. A rod-shaped ECAP billet of 

pure Al matrix with a diameter of 10 mm and a length of 60 mm is prepared by casting 

at 750 °C and machining. For the inner layer of the host material, Al-Al3Ti alloy rods 

with a diameter of approximately 12 mm and a length of 140 mm are prepared by 

casting at 800 °C (for Al-5 vol% Al3Ti) and 850 °C (for Al-11 vol% Al3Ti). For the Al-

21 vol% Al3Ti rod, the Al-21 vol% Al3Ti ingot was heated up to 850 °C and kept for 

one hour in argon atmosphere. The as-cast and annealed Al-Al3Ti alloy rods are 

machined into a rod dimension with a diameter of 5 mm and a length of 40 mm each. A 

narrow hole with 5 mm in diameter and 40 mm in depth is drilled into an edge surface of 

pure Al. A hole with 1.5 mm in diameter and 20 mm in depth is drilled into an edge 

surface of Al-Al3Ti alloy rods. The FGM billet is prepared by inserting an annealed Ti 

wire into a hole in the Al-Al3Ti alloy rod (Fig. 3.1(a)). Then, both the Ti wire and the 

Al-Al3Ti rod are press-fitted into a hole in the pure Al rod as shown in Fig. 3.1(b). By 

this method, an FGM billet with a gradient in strength can be obtained (Fig. 3.1(c)).  
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3.2.2 ECAP Process 

The FGM billets are subjected to ECAP using a die with geometry shown in Fig. 3.2. 

Each billet is pressed at ambient temperature and under pressing speed of 4 mm/min. 

Graphite oil is used as lubricant to minimize friction between the inner surface of the die 

channel and the billet. ECAP are performed under route A for two and eight passes.  

    

    Fig. 3.2 (a) Schematic of ECAP die channel geometry featuring the die angle φ, the 

outer corner angle ϕ, and the outer fillet radius, R. (b) A photograph of the ECAP die 

and the pusher. 

 

3.2.3 Characterization 

The ECAPed specimens are cut along the main axis of the billet about 10 mm in length 

at the middle of the ECAPed specimen in the parallel section as shown in Fig. 3.3. These 

ECAPed specimens for evaluation are polished with emery paper and Al2O3 suspension. 

The samples are etched by an etchant of 0.5% HF and 99.5% H2O. Microstructural 
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characterization is done by scanning electron microscope (SEM) and optical microscope 

(OM).  

 

 

Fig. 3.3 Specimen for microstructural characterization and microhardness test.  

 

Microhardness of as-annealed Ti and ECAPed Ti is measured using a Vickers 

microhardness tester under the load of 200 g for 30 s. Compression tests are carried out 

at ambient temperature. Cylindrical samples with a diameter of 10mm and a length of 10 

mm are cut from as-cast pure Al and Al-Al3Ti alloys for the compress tests. A strain rate 

of 6.6 x 10
-3

 s
-1

 is used. At least, three samples are tested for each material. 

 

3.3 Results and Discussion 

3.3.1 FGM Billets before ECAP 

Three FGM billets with stepwise gradient in strength have been prepared. Figure 3.1(c) 

shows the illustration of the FGM billet. Each FGM billet was prepared with the highest-

strength material (Ti wire) as the core, followed by Al-Al3Ti alloy in the middle, and 

pure Al as the outer layer. The difference between these three billets is the volume 

fraction of Al3Ti particles in Al-Al3Ti. Table 3.1 shows the results of compression tests 

and microhardness measurements of each material used in fabricating the FGM billets. 

The 0.2% proof stress and the hardness increase with the increase in volume fraction of 
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Al3Ti particles in Al-Al3Ti alloy. The difference between these two mechanical 

properties of Al, Al-Al3Ti alloys, and Ti make the stepwise gradient in strength of the 

FGM billets. The increments in the 0.2% proof stress and the hardness with increase in 

volume fraction of Al3Ti particles in Al-Al3Ti alloy indicate differences between FGM1, 

FGM2, and FGM3.   

 

Table 3.1 Mechanical properties of FGM billet components. 

 

Material 0.2%  Proof Stress 

(MPa) 

Hardness 

(Hv) 

Outer layer : 

Pure Al 

 

29 

 

21 

Middle layer:   

Al-5 vol% Al3Ti alloy 47 25 

Al-11 vol% Al3Ti alloy 62 33 

Al-21 vol% Al3Ti alloy 73 38 

Core: 

Ti 

 

- 

 

150 

 

 

Figures 3.4(a), (b) and (c) are SEM micrographs showing the microstructure of Al-

Al3Ti in FGM1, FGM2, and FGM3, respectively. Al3Ti particles in these FGMs are 

platelet in shape [15] and homogeneously distributed. Figures 3.5(a), (b) and (c) show 

the backscatter electron (BE) and secondary electron (SE) micrographs of annealed Ti 

and the OM macrograph of as-cast pure Al, respectively. The average grain size of as-

annealed pure Ti and Al was approximately 40 µm and 700 µm, respectively.     
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Fig. 3.4 The SEM micrographs of as-cast Al-Al3Ti alloys: (a) 5vol% Al3Ti, (b) 11vol% 

Al3Ti, and (d) 21vol% Al3Ti. 
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Fig. 3.5 The SEM micrographs of as-annealed Ti: (a) backscatter electron (BE) image 

and (b) the magnified secondary electron (SE) image. (c) The OM macrograph of as-cast 

pure Al. 
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3.3.2 Change of Microstructure of Sample Deformed by ECAP 

Figure 3.6 shows a composite billet shape before and after ECAP. Figures 3.6(b) and (c) 

are samples ECAPed for two passes and eight passes, respectively. As can be observed, 

only few small cracks exist on the billet surface after ECAP, even after eight passes. 

Thus, it is possible to continue ECAP process more than eight passes by the proposed 

technique.    

 

Fig. 3.6 Appearance of the FGM billets: (a) before ECAP, (b) after two passes, and (c) 

after eight passes.  

 

3.3.3 Microstructural Characterization 

The OM photograph in Fig 3.7(a) shows a typical macroscopic image of the parallel 

section of ECAPed FGM billet except for FGM3 after ECAP at eight passes. As can 

been seen, Ti is straightly embedded into Al-Al3Ti alloy. Small cracks are observed in 

Al-Al3Ti alloy and at the interface between Ti and Al-Al3Ti alloy as well as between Al-

Al3Ti alloy and Al. Figures 3.7(b) and (c) show the macroscopic images of the parallel 

section and the transverse section of FGM3 after 8 ECAP passes, respectively. Ti is 
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broken into small segments and many cracks are observed. The size of cracks is 

relatively bigger than the cracks observed in other ECAPed FGM billets. 

 

 

 

 

 

 

 

 

Fig. 3.7 The macroscopic image of ECAPed billets: (a) the parallel section of FGM2 

after two passes; (b) and (c) the parallel and the transverse section of FGM3 after eight 

passes, respectively. 

 

SEM micrographs in Figs. 3.8(a) and (b) show the microscopic structure of Ti in 

FGM1 after two passes and eight passes, respectively. Although no twins were observed 

in the as-annealed state (Figs. 3.5(a) and (b)), they are observed in ECAPed billets. The 

formation of twins increases as the number of passes increases. The formation of twins 

plays a major role in the plastic deformation of Ti by ECAP. This phenomenon is also 

observed on Ti encapsulated in FGM2 and FGM3 as shown in Figs. 3.8(c) to (f), 

respectively.  It is shown that Ti wire is well deformed by the proposed technique. The 

deformation mechanisms of Ti processed by ECAP are well explained in previous 

studies [1−5]. According to those studies, during the first pass for pure Ti, twin 

deformation take place initially and changing to dislocation slip mechanism afterwards. 

Comparing the microstructure of Ti encapsulated in FGM1, FGM2, and FGM3 after 

ECAP at two passes (Figs. 3.8(a), (c), and (e)) and eight passes (Figs. 3.8(b), (d), and 

(e)), the largest volume of twins are observed on Ti in FGM1. The difference of the 

volume of twins on Ti encapsulated in FGM1, FGM2, and FGM3 is the result of having 

different types of host materials. 
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Fig. 3.8 The SEM micrographs of Ti: (a) and (b) in FGM1, (c) and (d) in FGM2, and (e) 

and (f) in FGM3 after two passes and eight passes, respectively. 
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There is a possibility of an existence of a new phase after SPD of composite material. 

Energy-dispersive X-ray (EDX) analysis is performed with focus on the interface of Ti 

and Al-Al3Ti alloys. Figure 3.9(a) shows the SE image of the interface between Ti and 

Al-Al3Ti alloy of FGM1 after eight passes. Figures 3.9(b) through (d) show the BE 

image and the corresponding Ti distribution and Al distribution maps. Although the 

cracks are clearly observed at the interface between Ti and Al-Al3Ti alloy, no new phase 

is formed.  

 

 

Fig. 3.9 The micrograph of interface between Ti and Al-Al3Ti alloy: (a) SE image at low 

magnification and (b) the magnified BE image with Ti and Al distribution maps in (c) 

and (d), respectively. 

 

It is interesting to investigate the microstructure of the host material since it has a 

strong effect on the deformation of Ti [14]. Figure 3.10 shows the SEM micrographs of 

Al-Al3Ti alloys after ECAP for FGM1, FGM2, and FGM3. After ECAP, the initial Al3Ti 
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platelet particles (Fig. 3.4) that are severely fragmented and granular Al3Ti particles 

have been observed. The evolution of Al3Ti particles are investigated by measuring the 

aspect ratio and the particle length using an image analysis software. The aspect ratio is 

defined as the ratio of the maximum and the minimum lengths of the rectangle with the 

smallest area that can be drawn around the particle.    

Fig. 3.10 The SEM micrographs of Al-Al3Ti alloys: (a) and (b) in FGM1, (c) and (d) in 

FGM2, and (e) and (f) in FGM3 after two passes and eight passes, respectively. 
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Table 3.2 The average aspect ratio (AR) and particle length (PL) of Al3Ti particles 

before and after ECAP. 

 

Specimen 

0 pass 2 passes 8 passes 

AR PL AR PL AR PL 

FGM1  11.86 115.20 2.59 10.69 2.52 5.19 

FGM2  8.19 104.24 2.22 6.10 2.21 4.40 

FGM3  6.04 179.63 2.39 4.88 2.22 4.05 

 

Table 3.2 shows average aspect ratio and particle length of Al3Ti before and after 

ECAP for FGM1, FGM2, and FGM3. It is noted that the aspect ratio of Al3Ti particles 

in all specimens decreased with increasing the number of ECAP passes. Simultaneously, 

the length of Al3Ti decreases when the billet is deformed by ECAP. These results are in 

accordance with the results of previous studies on processing by ECAP for particle-

reinforced Al composites [16−19]. Regardless of the different initial size of Al3Ti 

particles due to the different processing conditions in preparing Al-Al3Ti alloys before 

ECAP, the average aspect ratio of Al3Ti is almost the same after ECAP at eight passes. 

However the reduction in the Al3Ti particles size is significantly different. Zhang et al. 

[17] reported that the number of fine Al3Ti particles still increases significantly with 

ECAP passes even after 15 passes. 

Considering the deformation of Ti in billets by ECAP, FGM3 with the highest 

mechanical properties in Al-Al3Ti alloy was expected to give the highest deformation to 

Ti. However, as mentioned above, the largest volume of twins in Ti is observed in 

FGM1. From Fig. 3.10, it is seen that the Al3Ti particles that enhance the strength of as-

cast Al-Al3Ti are severely fragmented. As a result, many small cracks/dimples are 

generated between the particles and the Al matrix. The number of crack increases with 

the increase in the number of ECAP passes. Moreover, the size of crack increases with 

the increase in the number of ECAP passes. These cracks provide enough space for Ti to 

bend or “move” to accommodate the strain induced by ECAP process. Therefore, the 
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deformation of Ti in the FGM2 and the FGM3 is less than the FGM1. It is important that 

the initial small granular shape of Al3Ti particle be considered. 

Macroscopic observation on Al in FGM billets are shown in Fig. 3.11. Figures 

3.11(a) and (b) show the typical macrographs of Al in FGM billet after two passes and 

eight passes, respectively. Initially, the as-cast Al comprises of large grains with an 

average grain size of 700 µm. After two passes, the grains are elongated (Fig. 3.11(a)) 

and after eight passes, the shear bands disappear and fine equiaxed grains are formed 

(Fig. 3.11(b)). The good ductility of Al facilitated the deformation of FGM billet by 

ECAP. The Al prevented the inner layer (Al-Al3Ti and Ti) to break (cut at the edge) 

after the several number of ECAP passes. Therefore it increases the possibility to 

continue further the ECAP process.   

As demonstrated above, not only the strength of host materials, but also the initial 

shape of Al3Ti particles plays an important role in deforming Ti by the proposed 

technique. Instead of using the platelet-shaped Al3Ti particles, the granular-shaped Al3Ti 

particles should be used or the Al-Al3Ti alloy should be replaced with single phase 

interlayer material such as Cu-Ni alloy. The granular shape of Al3Ti particle can be 

obtained by carrying out the ECAP process first on as-cast Al-Al3Ti and then re-cast at a 

temperature lower than the melting point of Al3Ti. In addition, a selection of the 

particle-reinforced Al composite in this study is interesting since the continuous gradient 

in strength of FGM billet can be obtained by applying centrifugal force during casting 

[15].  
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Fig. 3.11 The OM macrographs of Al in FGM2: (a) after two passes and (b) after eight 

passes.  

 

3.3.4 Hardness 

The average hardness values of Ti encapsulated in the FGM1, FGM2, and FGM3 after 

two passes and eight passes are listed in Table 3.3. It can be seen that the hardness value 

increases with the increase in the number of ECAP passes. The average hardness value 

of as-annealed Ti is 150 Hv.  Comparing the hardness value of Ti as-annealed and after 

ECAP, there is significant enhancement in the hardness by ECAP. The measured 

hardness values are compared with the published data on pure Ti processed by ECAP in 

order to evaluate the effectiveness of the proposed technique. Figure 3.12 shows the 

variation of the hardness of Ti as a function of the number of ECAP passes from the 

earlier reports with different ECAP conditions [3, 8, 11−13].  
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Table 3.3 The Vickers hardness value, Hv of Ti and its equivalent number of ECAP 

passes (EP) according with earlier reports
3,8,11−13)

 after ECAP. 

 

Specimen 

2 passes 8 passes 

Hv EP Hv EP 

FGM1 230 2.4 261 6.6 

FGM2 227 2.3 235 4.2 

FGM3 204 1.5 209 1.7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.12 A plot of hardness values versus number of ECAP passes obtained in earlier 

reports. Solid lines indicate the curve fit of the data in Region 1 and Region 2. Broken 

lines with arrows indicate an example of determination of the equivalent number of 

ECAP passes (EP).  
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The hardness of Ti as a function of the number of ECAP passes are divided into two 

regions, up to two passes and after two passes. Then, based on the data in each region, 

two curves are fitted as shown in Fig. 3.12. Comparing the measured hardness of Ti in 

this study with the earlier reports by using the two curve fits, the equivalent number of 

ECAP passes (EP) is determined as shown in Table 3.3. After two passes the equivalent 

number of ECAP passes for all FGM billets except for FGM3 is more than two passes. 

However, after eight passes, the equivalent number of ECAP passes for all FGM billets 

is less than the actual number of ECAP passes. This indicates that the proposed 

technique is effective in processing Ti by ECAP for the low numbers of ECAP passes. 

Although the ECAP process can be easily conducted at ambient temperature for higher 

number of ECAP passes, the increment of induced strain caused by it is not high.  

 

3.4 Conclusions 

The technique proposed in this study is a promising technique for SPD of Ti at ambient 

temperature and also can be applied to other difficult-to-work materials. The formation 

of twins and the increment of the hardness value in Ti by ECAP process are evidences 

that Ti can be deformed by the proposed technique. The stepwise gradient in strength of 

the Al-based FGM host material assists the deformation of Ti. The deformation of Ti 

depends on the properties of the host material. The Al prevents the inner layers (Al-

Al3Ti and Ti) to break (cut at the edge) after several ECAP passes. The existence of 

particles (platelet shape) in alloy (Al-Al3Ti) makes it more brittle and more porous, 

resulting in increased the possibility of cracks. 
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Chapter 4  

 

A Numerical Crashworthiness Investigation of FGM Crash Boxes 

under Axial Quasi-static and Dynamic Loadings 

 

4.1 Introduction 

In automobile industry, much effort has been made to reduce the damage of vehicle and 

injury of passengers during an accident. A car is designed with energy-absorbing 

systems to reduce injury of car passengers in high speed-collisions and the damage of 

car in low-speed collisions [1]. One of the energy-absorbing systems in automobile is a 

crash box. A crash box, which is installed between a front bumper and a front side 

member of an automobile, is designed to be deformed in a predetermined mode and 

expected to be collapsed with absorbing crash energy prior to the other body part. The 

crashworthiness of the crash box is expressed in energy absorption, E, and specific 

energy absorption (SEA). The energy absorption is equal to the area of the crash load-

displacement curve while specific energy absorption is defined as the amount of energy 

absorbed per unit mass crushed material [2−4]. Mainly the crashworthiness of crash box 

is affected by material properties, loading speed and geometrical dimensions [2, 5−7].  

Conventionally, the car crash box is made from homogeneous steel sheet or 

aluminum extrusions [4−7]. In order to enhance the crashworthiness, a crash box is 

usually equipped with crash beads, designed with many ridge lines [8, 9] or filled with 

metal foams or honeycombs [10−14]. However, the weight of crash box equipped with 

crash beads or designed with many ridge lines will increase as the perimeter 

(circumferential length) of crash box cross-sectional shape increased. Meanwhile, the 

addition of metal foams or honeycombs obviously increases the weight of crash box. 

Nevertheless, the presence of the metal foams in crash box raises the idea to apply the 

concept of functionally graded materials (FGMs) in efforts to improve crashworthiness 

of a crash box [14]. Weight reduction of the structure is one of important issues in car 

design without reducing ability of crash energy absorption. Other important issues are 
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the need for higher stiffness and strength of the car body structure and cost reduction 

[15]. Therefore, multifunctional materials have begun to be used in the design of car.  

Recently, functionally graded foam (FGF) materials have been investigated as 

energy absorber materials in crashworthiness applications [16, 17]. Sun et al. [14] 

introduced FGF fillers to fill thin-walled structures, aiming to improve crashworthiness. 

Their numerical simulations showed that the FGF material is superior to its uniform 

counterparts in overall crashworthiness. However, fabrication of an FGF material is 

uneasy. The fabrication method of FGF is based on investment casting replication of 

polymeric precursors which have been density-graded by non-uniform compression [18]. 

In this study, another design of FGM crash box is proposed. Namely the crash box made 

from stepwise material with strength gradient along longitudinal direction is obtained by 

dividing a homogenous structure into several segments and then conducting different 

heat treatment in each segment. A numerical crashworthiness investigation of the FGM 

crash boxes is carried out. Different FGM crash boxes with different stepwise strength 

gradient in longitudinal direction are designed, and their crash behaviors are analyzed by 

finite element method (FEM). The damage evolution is also considered in this analysis 

since the material may suffer damage and failure under crash loading conditions. 

Ignoring the material damages may lead over-predicts the load response [5]. The crash 

behavior of homogeneous crash box is also analyzed as reference. Two types of loadings 

are considered such as axial quasi-static and dynamic loading. The effects of the 

stepwise gradient in strength and the cross-sectional shape of crash box on the crash 

behavior are discussed.  

 

4.2 FGM Crash Box 

Figure 4.1 shows a set of schematic illustrations of the FGM crash box used in this work. 

The crash box was divided into several segments with the same size. Each segment was 

distinguished with its strength of the material to give stepwise strength gradient along 

longitudinal direction of crash box. Four different stepwise strength gradients were 

defined as shown in Figs. 4.2(a) to (d), namely, FGM1, FGM2, FGM3 and FGM4. 

Practically, such stepwise strength gradient can be obtained by dividing a homogeneous 



44 

 

crash-box

ridge line
rigid plate

rigid plate

tw

Cross-sectional shape

B
C D

A

Length, L = 280mm

Thickness, tw = 2mm

L

metal tube into several segments and then conducting heat treatments with different 

conditions in each segment. Such stepwise strength gradient also can be obtained by 

stacking and assembling different metals tube together.  

The material used in this study is an aluminum alloy EN AW-2024 T4. Density, 

Poisson’s ratio and Young’s modulus were assumed 2780 kg/m3, 0.33 and 73.1GPa, 

respectively. The stress-strain curves and other relevant material properties as listed in 

Table 4.1 are obtained experimentally by Fujda et al. [19]. The material labels A, B, C 

and D indicate the initial state and annealing temperature of 520, 540 and 560 °C, 

respectively. The stress-strain curves are shown in Fig. 4.3, which were obtained by 

tensile tests carried out at room temperature at a constant strain rate of 2.5 x 10
-4

 s
-1

. As 

for reference, the crash behavior of homogeneous crash boxes, namely, HA (the highest 

strength material, A) and HD (the lowest strength material, D), are also analyzed. The 

length of crash box, L, is 280 mm and the wall thickness, tw, is 2 mm.  

 

 

 

 

 

 

 

 

 

Fig. 4.1 A illustration of FGM crash box. 

 

In order to study the crashworthiness behavior for different cross-sectional shapes, 

four simple cross-sectional shapes of crash boxes, which were considered in this study, 

i.e., circle, square, pentagon and hexagon as shown in Fig. 4.4. The simulations were 

only performed for material FGM1 in case of circle, pentagon and hexagon cross-

sectional shape. All the simulations performed are listed in Table 4.2. Small letters ‘s’, 

‘c’, ‘p’ and ‘h’ at the front of crash box’s name denote the cross-sectional shapes of crash 

boxes, i.e., square, circle, pentagon and hexagon, respectively. Meanwhile capital letter 
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‘R’ at the end of crash box’s name denotes the inverse impact direction of FGM crash 

box. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2 (cont.) 
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Fig. 4.2 Distributions of yield stress ratio in a crash box along longitudinal direction: (a) 

FGM1, (b) FGM2, (c) FGM3, and (d) FGM4. A through D in each graph is present kinds 

of material shown in Table 4.1. (σy)A is the yield stress of material A. 

 

 

Table 4.1 Material Properties [19] 

 

Label A B C D 

State: Annealing 

Temperature 
Initial 520°C 540°C 560°C 

Ultimate tensile strength, 

σuts(MPa)  
571 510 462 391 

Yield Stress, σy (MPa) 464 259 237 209 

Strain to failure (%) 14.5 16.1 19.3 25.8 
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Fig. 4.3 The stress-strain curves for EN AW 2024 T4 at initial state (A) and after heat 

treatment at 520°C (B), 540°C (C) and 560°C (D). 

 

Diameter, ∅ = 120mm

45°
60°
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Fig. 4.4 The cross-sectional shape of FGM crash box. 
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Table 4.2 List of the FE simulations performed 

 

Code Material Impact direction 
Static/Initial Impact 

Velocity 

sFGM1 FGM1 Front 

quasi-static: 0.1m/s 

dynamic: 

15km/h 

30km/h 

45km/h 

sFGM2 FGM2 Front 

sFGM3 FGM3 Front 

sFGM4 FGM4 Front 

sFGM1R FGM1 Rear 

sFGM2R FGM2 Rear 

sFGM3R FGM3 Rear 

sFGM4R FGM4 Rear 

sHA A Front 

sHD D Front 

cFGM1 FGM1 Front 

pFGM1 FGM1 Front 

hFGM1 FGM1 Front 

 

4.3 Finite Element Modeling  

Simulation for crash behavior of crash box was carried out with the computer code 

ABAQUS explicit. The crash boxes were modeled using their complete dimensions, and 

the 4-node shell (S4R) element was selected for the mesh. The maximum size of element 

was set to be 5 mm. This size of mesh is the criteria recommended in automotive 

industries [5, 6, 13]. Two loading cases were considered, i.e., quasi-static and dynamic 

impact loading. The first case consists of a quasi-static compression configuration where 

the crash box was loaded in the axial direction with a constant speed of 0.1 m/s. In the 

second case, the crash box was subjected to a dynamic impact loading in the axial 

direction. A load of 500 kg impacted onto the front of crash box at an initial impact 

velocity. Three different initial impact velocities were considered, i.e., 15, 30 and 45 

km/h.  
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The front and rear plates were considered to be rigid. The material of crash box was 

modeled as an elastic-plastic material. The material of crash box may fail due to one or a 

combination of following failure mechanism: ductile failure due to nucleation, growth 

and coalescence of voids; shear failure due to fracture within shear bands; and failure 

due to necking instabilities [20, 21]. The detail explanation of these damage mechanisms 

and the damage models as well as its implementation in simulation can be obtained from 

Hooputra et al. [20] and ABAQUS Manual [21]. In this study, the ductile damage, shear 

damage and Müschenborn-Sonne Forming Limit Diagram (MSFLD) were used to 

describe the material failure. 

For a ductile damage initiation criterion, the equivalent plastic strain at the onset of 

ductile damage, pl

Dε  was assumed to be a function of the stress triaxiality and strain rate: 

( )plpl

D εηε &, . Here η= -p/q is the stress triaxiality, p is the pressure, q is the Mises 

equivalent stress, and is the equivalent plastic strain rate. For the shear damage 

initiation criterion, the equivalent plastic strain at the onset of shear damage, pl

Sε  was 

assumed to be a function of the shear stress ratio and strain rate: ( )pl

S

pl

S εθε &, . Here θS = 

(q + ksp)/τmax is the shear stress ratio, ks is a material parameter, andτmax is the maximum 

shear stress. A typical value of ks for aluminum is 0.3. The criterion for ductile and shear 

damage initiation, and , were met when the following conditions were satisfied: 

 ( ) 1
,

== ∫ plpl

D

pl

D

d

εηε
ε

ω
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 and ( ) 1
,

== ∫ pl

S

pl

S

pl

S

d

εθε
ε

ω
&

    (4.1). 

Here ωD and ωS are state variables that increase monotonically with plastic deformation 

proportional to the incremental change in equivalent plastic strain. In the present study, 

the relationship between pl

Dε and η and the relationship between pl

Sε and θS at a constant 

equivalent plastic strain rate for material A, B, C and D are shown in Fig. 4.5(a) and (b), 

respectively.  



50 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5 EN AW 2024 T4 at initial state (A) and after heat treatment at 520°C (B), 540°C 

(C) and 560°C (D): (a) ductile criterion, (b) shear criterion, and (c) MSFLD criterion. 
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Meanwhile for the MSFLD a forming limit curve, the equivalent plastic strain 

versus ratio of principal strain rates, α, as shown in Fig. 4.5(c), was assumed. In 

ABAQUS, the value of α during a given time increment, from t to t+∆t is computed 

using the following filtering method: 

    αt+∆t = (1 + OMEGA) αt + OMEGA
major

minor

ε
ε
∆

∆
,        (4.2) 

where ∆εminor and ∆εmajor are the principal values of the in-plane strain increment. The 

factor OMEGA used in conjunction with the MSFLD criterion was set to 0.001. The 

MSFLD criterion was met when the ratio of the current equivalent plastic strain to the 

equivalent plastic strain on the limit curve evaluated at the current values of α equal to 

one. 

Damage evolution starts once the damage initiation has been reached. The plastic 

displacement-based linear damage evolution law was used for each of the damage 

initiation criterion. The value of the plastic displacement, at which the damage variable 

reaches 1, was taken as 0.1.  

The contact between the rigid plate and the crash box was modeled using a node-to-

surface contact pair with a friction coefficient of 0.3. Meanwhile for the contact between 

crash box walls during deformation, a contact inclusions algorithm with a friction 

coefficient of 0.15 was used. In this study, the initial imperfections or triggers were not 

considered, since the predetermined mode was set by the crash box strength gradient 

itself. The obtained deformed shapes and load-deformation curves were then evaluated 

to assess the effect of the stepwise strength gradient of the crash box. The comparisons 

between simulation results and experimental results with the similar numerical approach 

for homogeneous crash box had been conducted in previous studies [5, 20, 21]. Their 

studies show the good qualitative agreement between simulation and experimental 

results. Therefore, in this study, the simulation results obtained are reasonable to observe 

the effect of the stepwise strength gradient on the crash behavior of crash box even 

though the experimental works are yet to be conducted.      
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4.4 Results and Discussion  

4.4.1 Failure Pattern of FGM Crash box 

Figures 4.6(a) to (f) show the typical crash patterns of crash boxes under axial loading 

for sFGM1, sFGM2, FGM3, sFGM4, sHA and sHD, respectively. The FGM crash boxes 

experience the progressive crushing as compressive loading proceeds. Although sHA 

and sHD have no trigger mechanism, the crushed crash boxes (Figs. 4.6(e) and (f)) also 

experience the progressive crushing. The progressive crushing initiated at one end of the 

crash box with the exception of the sFGM4 (initiated at the middle) and failure gradually 

spreading along the crash box’s length. The failure patterns are different depending on 

the material strength of crash box. For the crash box made from homogeneous material, 

sHA and sHD, the crushing failure pattern totally depends on the geometrical failure. On 

the other hand, for the crash box with stepwise strength gradient, the crushing failure 

pattern is also influenced on the material strength. The progressive crushing of the FGM 

crash box is more systematic than the homogeneous crash box. Crash deformation is 

initiated at a certain area where compressive strain is locally accumulated. For the FGM 

crash box, the deformation is started at the segments with lowest strength (segment A) as 

shown in Figs. 4.6(a) to (d). Then, plastic buckling arises at the above area and creates 

wrinkle. After the wrinkle is folded or failed, a new plastic buckling is caused at another 

area. The effect of the improvement of material ductility can be observed from the 

crushed sHA and sHD crash box (Figs. 4.6(e) and (f)). The sHD with better material 

ductility than sHA shows more stable collapse process. As can be observed in Fig. 4.6(f), 

some part of the sHA was systematically folded.     

Figures 4.7(a) to (d) show the typical crash patterns of sFGM1 crash boxes under 

quasi-static and dynamic impact loading with initial impact velocity of 15, 30 and 45 

km/h, respectively. As can be observed in these figures, the crash boxes experience 

almost similar crash failure pattern. For all load cases, the crushing starts at the side of 

impact. The first buckle can be seen at the front part of the crash box. Unlike in the case 

of quasi-static and dynamic loading with an initial impact velocity of 15 km/h, the 

wrinkles were observed along the length of the crash box at initial buckling for the crash 

boxes crushed with initial impact velocities of 30 and 45 km/h.  



53 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6 Typical crash patterns of the crash box under axial loading: (a) sFGM1 (b) 

sFGM2, (c) sFGM3, (d) sFGM4, (e) sHA and (f) sHD. 

 

The typical final shape of the crushed crash boxes under axial loading are presented 

in Fig. 4.8. The splaying mode was observed in all the crushed crash boxes. In sFGM1, 

sFGM2, sFGM3, cFGM1, pFGM1 and hFGM1, the failures were observed at the impact 

side. In contrast, in sFGM1R, sFGM2R and sFGM3R, the failures are caused at the 

opposite side. The failures are observed at both sides in sHA, sHD and sFGM4R. 

Different with the other crash boxes, only sFGM4 failed at the middle. A crash box with 

failures at the opposite side of impact is not preferable. It can be avoided by using 

trigger but it lowers the peak crushing load. 
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Fig. 4.7 The crash patterns of sFGM1 under different types of loading: (a) Quasi-static 

and (b), (c) and (d) dynamic impact loading with different initial impact velocities. 
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Fig. 4.8 The final shape of crushed crash boxes under quasi-static loading. 

  

4.4.2 Load-Displacement Curves 

Figure 4.9 shows the simulated crash load–displacement curves of the square cross-

sectional shape crash boxes with different stepwise strength gradient patterns under the 

quasi-static loading. The load fluctuates throughout the collapse. Although the 

composition of materials is the same in all crash boxes, their load-displacement curve is 

different. As can be observed, there are almost no difference in the value of the first 

buckling load. According to Nakazawa et al. [8], the main points to improve the impact 

energy absorption are ensuring high buckling load at ridge lines, minimization of 

buckling cycle time and minimization of load fluctuation. From Fig. 4.9, it is seen that 

sFGM1 meets the requirements specified above. Compared to other crash boxes, the 

load fluctuation and buckling cycle time of sFGM1 is the lowest.  
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Fig. 4.9 Load-displacement curves for square cross-sectional shape of crash boxes under 

quasi-static loading. 

 

In order to clarify the influences of cross-sectional shapes on the load, the analysis 

was carried out with various polygons, i.e., circle, square, pentagon and hexagon. Figure 

4.10 shows the load-displacement curves for crash boxes made of FGM1 with different 

cross-section shapes under quasi-static loading. As can be observed, the crash box 

buckling behavior is strongly depended on the cross-sectional shape. Crash box with 

hexagonal cross-sectional shape attained the highest first buckling load due to the extra 

ridge lines than the crash box with square and pentagon cross-sectional shape. However, 

in terms of load fluctuation and buckling cycle, the crash box with the square cross-

sectional shape shows the better minimization of load fluctuation and buckling cycle 

than others.  
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Fig. 4.10 Load-displacement curves for different cross-sectional shape i.e. circle, square, 

pentagon and hexagon. 

 

Figure 4.11 shows the typical load-displacement curves for a crash box under quasi-

static and dynamic impact loading with different initial impact velocities. The initial 

buckling load and load fluctuation increased with the impact velocity. The increasing of 

buckling load and load fluctuation has to be associated with inertia effects, since the 

material properties of aluminum alloys is assumed to be small sensitivity for the strain 

rates [5, 7].  
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Fig. 4.11 Load-displacement curves for sFGM1 under quasi-static and dynamic loading 

with different initial impact velocities. Arrows indicate initial buckling loads. 

 

4.4.3 Energy Absorption Characteristics 

In order to estimate the energy absorbing capability of the designed crash box 

comprehensively, the specific energy absorption (SEA), crush force efficiency (CFE) 

and crush force coefficient of variance (CV) were calculated. The SEA is defined as the 

amount of energy absorbed per unit mass crushed material [3]: 

   SEA=
Ah

LPmean

ρ
        (4.3) 

where Pmean, ρ, A, L and h are mean crush load, density, cross-sectional area, crushed 

length and initial length of a crash box, respectively. The CFE is ratio between the mean 

crush load, Pmean and the maximum load, Pmax, which is useful to measure the 

performance of a crash box. The CV is the ratio between the standard deviation of the 

crush load, Pstdev and the mean crush load, Pmean. A low CV means the minimum load 

fluctuation. These parameters were investigated from the load-displacement curves of 

the crash boxes and plotted in Figs. 4.12 to 4.15 for quasi-static and dynamic loading 
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with different initial impact velocity, respectively. Generally, a good crash box is the 

crash box with the highest SEA and CFE and the lowest CV value. However, from the 

parameters calculated, it is found that the highest SEA, the highest CFE and the lowest 

CV are belonging to different crash box. 

Considering the preferable square cross-sectional shape crash boxes, sFGM2 

records the highest SEA and CFE and the lowest CV value under quasi-static loading. 

The preferable crash boxes (sFGM1, sFGM2, sFGM3 and sFGM4) are determined by 

the crash pattern discussed in previous section. In case of the dynamic loading, the SEA 

of sFGM2 shows the highest value at different initial impact velocity. However, in terms 

of CFE, sFGM3 shows the best force efficiency under impact loading with v = 15 km/h 

and v = 45 km/h. In terms of load fluctuation, sFGM3 records the lowest load fluctuation 

at high initial impact velocity and sFGM1 records the lowest load fluctuation at low 

initial impact velocity.  

The effect of cross-sectional shape on the crashworthiness also can be clearly 

observed from the parameters calculated in Figs. 4.12 to 4.15. The crash box with 

hexagon cross-sectional shape (hFGM1) has the highest SEA in all cases except in case 

of the dynamic loading with the initial impact velocity of 30 km/h. It is reasonable since 

the hexagon cross-sectional shape has the highest number of ridge lines. In terms of CFE, 

the circle shape has the highest CFE in case of quasi-static and dynamic impact loading 

with v = 45 km/h and the pentagon shape has the highest CFE under dynamic impact 

loading with v = 15 km/h and v = 30 km/h. Conversely, in terms of CV, the square shape 

has the lowest CV in case of quasi-static and dynamic impact loading with v = 15 km/h.   
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Fig. 4.12 Energy absorption characteristics of crash boxes under quasi-static loading:  

(a) Pmax and SEA, and (b) CFE and CV. 
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Fig. 4.13 Energy absorption characteristics of the crash boxes under dynamic impact 

loading (v = 15km/h): (a) Pmax and SEA, and (b) CFE and CV. 

 

 

 

 



62 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.14 Energy absorption characteristics of the crash boxes under dynamic impact 

loading (v = 30km/h): (a) Pmax and SEA, and (b) CFE and CV. 
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Fig. 4.15 Energy absorption characteristics of the crash boxes under dynamic impact 

loading (v = 45km/h): (a) Pmax and SEA, and (b) CFE and CV. 
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4.5 Conclusions 

A new design of crash box with stepwise strength gradient in longitudinal directions has 

been successfully proposed. The crash behavior of FGM crash boxes with different 

stepwise strength gradients were investigated using FEM. The results of numerical 

simulations showed that the crash or folding patterns can be pre-determined by using 

FGMs. High crash energy absorption can be achieved by the proposed FGM crash box. 

Moreover, it is shown that the energy absorption characteristics of crash box are 

changed with different stepwise strength gradient in FGMs and the cross-sectional shape 

of the crash box. In designing an FGM crash box for certain purpose, the stepwise 

strength gradient in FGMs and/or the cross-sectional shape of the crash box can be 

changed depends on the type of loading. For an example, the stepwise strength gradient 

FGM2, which gives high crash force efficiency and low load fluctuation, is 

recommended for the crash box under the quasi-static load. In contrast, for the cross-

sectional shape of the crash box under the same loading condition, hexagonal is 

recommended.  
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Chapter 5 

 

Thermo-Visco-Plasticity and Creep Analysis of Thick-Walled Pressure 

Vessels made of Functionally Graded Materials 

 

5.1 Introduction 

The pressure vessels commonly used in industry is a thick-walled cylinder. From the 

strength analysis, if the homogeneous materials are used, the most dangerous point is 

located at the inner portion of the cylinder. However, if the functionally graded materials 

(FGMs) are used for the pressure vessels, this situation can be changed [1]. The 

composition and the morphology of FGMs gradually change over the volume; 

consequently, the material properties of the material change with position. Thus, the 

stress and strain distributions along the radius direction in a thick-walled cylinder can be 

changed by varying the material composition.  

The elastic analysis for a cylinder made of FGMs has been investigated by numerous 

researchers [1−6]. However, the pressure vessels are expected to expose to high 

temperature and pressure for long time. Therefore, the creep behavior and plastic 

deformation should be considered. Creep damage for most materials becomes significant 

at a temperature above 0.4TM, where TM is melting temperature.  

In this paper, the finite element method (FEM) is used to obtain the thermo-visco-

plasticity and creep behavior of FGM asymmetrical structure under thermal and 

mechanical loading. The structure is approximated by a set of finite elements. The 

element used to represent the structure is a four-node rectangular element. The FGM is 

characterized by continuously changing properties due to a continuous change in 

composition. The material properties in function of volume fraction of material 

composition are calculated at every integration points. The combination of two different 

materials is considered for an FGM. An incremental approach is used to handle the 

inclusion of creep behavior in finite element model. The creep strains are treated as 
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initial strains. The creep strains for a small time interval, ∆t at time t + ∆t are computed 

based on the stresses obtained from the previous time, t. The validity of the finite 

element model is verified for a homogeneous thick-walled pressure vessel. After that the 

model is demonstrated for FGM thick-walled pressure vessels. The numerical results of 

thermo-visco-plasticity with creep are presented to examine the effects of graded 

components on the stress distributions.   

 

5.2 Finite Element Formulation of Thermo-Visco-Plasticity and Creep Analysis  

This section presents the basic incremental equations for thermo-visco-plasticity and 

creep. The thick-walled cylinder is a geometric symmetry about a reference axis and can 

be solved using two-dimensional elements for an example 4-node rectangular element 

shown in Fig. 5.1. Therefore, the structure can then be represented by axisymmetric ring 

elements and analyzed in a similar fashion to that of a two-dimensional problem (r – z 

plane) using polar coordinates, (r,θ, z).  

 
Fig. 5.1 A rectangular element with nine integration points in r-z plane. 

 

The thermo-visco-plasticity was introduced by Zienkiewics and Cormeau [7]. The 

total change in strain during time interval is the sum of the changes in elastic, visco-

plastic, creep and thermal strain, i.e 

  ∆εεεεT
 = ∆εεεεe

 + ∆εεεεvp
 + ∆εεεεC

 + ∆εεεεth
    (5.1) 

where   

   ∆εεεεT
  stands for total change in strain, 

    ∆εεεεe
  stands for incremental elastic strain, 
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   ∆εεεεvp
  stands for incremental visco-plastic strain, 

   ∆εεεεC
  stands for incremental creep strain, 

and  

   ∆εεεεth  stands for incremental thermal strain. 

 

The incremental stress ∆σσσσ are then related to the elastic strains given by 

  ∆σσσσ =D(∆εεεεT
 − ∆εεεεvp

 − ∆εεεεC
 − ∆εεεεth

 )    (5.2). 

Here, D is a symmetric elasticity matrix(compliance matrix). The thermal strain is 

calculated from 

  ∆εεεεth
  = α∆T    (5.3) 

where α and ∆T are the coefficient of thermal expansion and the incremental 

temperature, respectively. The visco-plastic strains are generated at a rate that is related 

to the amount by which yield has been violated through the expression  

   
σ

Q
ε

∂
∂

= Fvp
&    (5.4). 

Here, F and Q are the yield condition and plasticity potential, respectively. The yield 

condition is given as 

  F=σeff
 
 − 3 µS    (5.5) 

where σeff
 
  and µS  are effective stress and shear modulus, respectively. Shear modulus is 

given in function of temperature as follow 

     µS  =µ0 














 −
+

dT

dT

T

TT M

M

µ
µ0

01         (5.6) 

where µ0, T, T0, TM , and 








dT

dTM µ
µ0

 are shear modulus at room temperature, instant 

temperature, room temperature, melting temperature and temperature dependence of 

modulus, respectively. F < 0 denoting the purely elastic region and F ≥ 0 denoting visco-

plasticity region. When the visco-plasticity is invoked, the visco-plastic strain rate is 

calculated by Eq. (5.4). Then the increment of visco-plastic strain is determined by 

multiplication of the visco-plastic strain rate, vpε&  by a time step ∆t; thus  
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     ∆εεεεvp = ∆t ( )vpε&    (5.7). 

The derivatives of the plastic potential function with respect to stresses are complex. 

However it can be evaluated numerically. The appropriate step to determine it can be 

found in Zienkiewics and Cormeau [7].   

  The increment of creep strain is determined by 

      ∆εεεεc  = 
eff

C

σ
ε

2

&
∆t 
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−−
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3
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2

2

  (5.8) 

where 
Cε&  is creep strain rate, and σr, σz, σθ and σrz are the radial, z-axis, circumferential 

and shear stress components, respectively. The creep strain rate is determined by the 

Coble creep equation. The Coble creep equation, which is applicable to fine-grain 

polycystalline materials [8, 9], is assumed 

 






−
Ω

=
RT

Q

d

D
eff

wC exp
40

3
σ

π
ε&   (5.9). 

Here, d, Dw, Q, Ω and R are grain size, boundary diffusion pre-exponential constant, 

boundary diffusion activation energy, atomic volume and gas constant coefficient, 

respectively. The increment of creep strain at any integration point is calculated when 

the temperature at the corresponding point above 0.4TM. The increment of total strain are 

obtained from the relationship between strain and displacement, where the incremental 

displacement can be calculated by a general equation in FEM, 

  ∆u = K-1 [∆R]          (5.10) 

where   

   K is stiffness matrix  

and   

   ∆R is incremental load matrix consisting of external load and body-loads 

vector caused by inelastic strain.  

The analysis is conducted by solving the heat conduction equation, stress equilibrium 

equation with visco-plastic constitutive equation and creep equation simultaneously. In 
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order to determine the temperature distribution at time t, a heat conduction equation of 

the following form is analyzed 

  HG
dz

dT
k

dz

d

dr

dT

r

k

dr

dT
k

dr

d

dt

dT
c z

r
rp +++=ρ    (5.11). 

Here, ρ, cp, k and HG are the mass density, specific heat, heat conductivity and heat 

generated, respectively. 

The FGM considered is made of two material components. The FGM thick-walled 

cylinder is assumed to be a kind of single solid phase where the material composition 

changes toward the radial direction. The compositional gradation in FGM is defined by 

the volume fraction given as follows 

  fA(ξ,η) = 1 − fB(ξ,η) = 
( )

innerouter

inner

rr

rr

−

−ηξ ,
     (5.12). 

where fA and fB are the volume fraction of material components A and B, respectively. 

Therefore, the thermal expansion coefficient, α, the Young’s modulus, E, and the 

thermal conductivity, k in a two-component system at integration point,(η, ξ), as related 

to the composition, are expressed as follows [10]: 

   α(η, ξ) = fAαA+ fBαB + fA fB

( )( )
BBAA

BABA

EfEf

EE

+

−−αα
              (5.13) 

        E (η, ξ) = fAEA+ fBEB + fA fB

( )( )
BBAA

BABA 11

EfEf

EEEE

+

−−
            (5.14) 

         k(η, ξ) = fAkA+ fBkB + fA fB

BAA

BA

/3 kkf

kk

+

−
                                         (5.15). 

The rest material properties are treated similar to the rule of mixtures approach. For an 

example, the density at integration point is given by: 

                        ρ(η, ξ) = fAρA+ fBρB                                                                          (5.16). 

In this study, the incremental deformation theory or known as the initial strain 

approach is applied. The advantage of this approach is that no iterative procedure is 

necessary as in the case of the initial stress approach [11]. A disadvantage of the 

incremental approach is the necessity of using very small load increments. Therefore in 
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this study the selection of time steps is very important. The time steps is set to be smaller 

than 

   ∆t =
( )

C3

14

ε

σ
&E

v eff+
    (5.17) 

The solution technique is then as follows: 

a) Initialize strain for all element in model. 

b) Compute temperature, displacement, strain and stress due to initial loads 

c) Set the time increment by Eq.(5.17). 

d) Determine the incremental thermal strain, the incremental visco-plasticity strain 

(if exceed the yield condition) and the incremental creep strain. 

e) Compute the incremental deformation by Eq. (5.10). 

f) Compute the incremental stress by Eq. (5.2). 

g) Update the stress, strain and deformation  

                  σσσσt+∆t
 = σσσσt

 + ∆σσσσ  

                  εεεεt+∆t
 = εεεεt

 + ∆εεεε  

            ut+∆t = u
t
 + ∆u 

h) Repeat step c) to g) for the next time step. 

 

5.3 Results and Discussion 

5.3.1 Verification of Finite Element Model 

To verify the validity of the present finite element model, it is applied to the case of a 

homogeneous isotropic thick-walled pressure vessel. For this purpose, a problem solved 

by Greenbaum and Rubinstein [12] is considered. The creep behavior of thick-walled 

pressure vessels with spherical-end closure as shown in Fig. 5.2 is recomputed. The 

obtained results are shown in Figs. 5.3 and 5.4. Excellent comparison between the two 

results is shown. The small difference between these two results may come from the 

different element type and mesh used. In the present study, the pressure vessel is 

modeled by 200 rectangular elements and 231 nodes. Meanwhile, in the previous study 

520 triangular elements and 301 nodes are used.    
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Fig. 5.2 Thick-walled pressure vessels with spherical end closure. 

 

 
 

Fig. 5.3 Stress relaxation at the junction of the cylinder closure. 

 



73 

 

 
 

Fig. 5.4 Effective stress contour line at time t=3 hours for the pressure vessel with a 

spherical end closure: (a) present study and (b) previous work [12]. 

 

 

5.3.2 FGM Thick-walled Pressure Vessels 

Figure 5.5 illustrates the model of one quarter of thick-walled pressure vessel with 

spherical end closure under mechanical and thermal loadings. Plane stress conditions are 

assumed. The structure is modeled by a total 200 rectangular elements and 231 nodes. 

As subject of study, Cu-Ni system is considered for the material of thick-walled pressure 

vessels. Three thick-walled pressure vessels with different material compositions are 

analyzed. The three thick-walled pressure vessels are homogeneous Cu-50%Ni alloy 

(H1), Cu-Ni FGM (Cu-rich at the outer surface, FGM1) and Ni-Cu FGM (Ni-rich at the 

outer surface, FGM2). The material properties of Cu and Ni are listed in Table 5.1. The 

thick-walled pressure vessels are loaded with pressure of 2 MPa at the inner surface and 

thermal loading as shown in Fig. 5.5. The initial temperature is held at 300 K over the 

entire thick-walled pressure vessels.       
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Fig. 5.5 Thick walled pressure vessels with spherical end closure under mechanical and 

thermal loading. 

 

Figures 5.6(a) to (d) show the temperature distributions along line A-A’ at the 

cylinder-end closure as a function of the normalized radius after 0.01, 0.5, 50 and 600 s, 

respectively. The abscissa represents the position of normalized thickness of the cylinder, 

i.e., 0.0 is the inner surface and 1.0 is the outer surface. Initially, the temperature 

difference between the inner surface and outer surface is large. However, this difference 

narrowed with increasing time. The increase in temperature of FGM1 is faster than the 

increase in temperature of FGM2 and H1. It is reasonable since in FGM1 content rich 

Cu than that in H1 and FGM2. Cu is well known as good thermal conductivity material. 

Figures 6.7(a), (b) and (c) indicate the radial stress, circumferential stress and z-axis 

stress contours at t = 10810 s, respectively. At this time the stresses have almost reached 

a steady-state condition. All the stresses are tensile at the entire thick-walled pressure 

vessels. These figures show a remarkable dependence on the gradation of components. 

For H1, almost no different in all stress components is observed. On the other hand, 

there are big different in all stress components of FGM1 and FGM2. It is noted that, the 
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high stress concentration area in FGM1 is close to the inner surface. Unlike FGM1, the 

high stress concentration area in FGM2 is close to the outer surface.  

 

Table 5.1 The material properties of Cu and Ni 

 

Parameter Unit Cu Ni 

Young‘s modulus, E GPa  110
 
 207

 
 

Poisson‘s ratio, v 0.35 0.31 

Density, ρ  kg/m3 7940 8880 

CTE, α  1/K 1.85x10-5 1.31x10-5 

Thermal conductivity, K W/m-K 385 60.7 

Specific heat, Cp J/kg-K 385 406 

Shear modulus at room  temperature, µ0  GPa  42.1 78.9 

Melting temperature, TM K 1356 1726 

Temperature dependence of modulus, 








dT

dTM µ
µ0

  
-0.54 -0.64 

Boundary diffusion 

      pre-exponential, Dw  m
3
/s  5x10

-15
 3.5x10

-15
 

Boundary diffusion activation energy, Q kJ/mol 104
 
 115 

Atomic volume, Ω  m
3
  1.18x10

-29
  1.09x10

-29
  

Grain size, d m 1x10-4 1x10-5 
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Fig. 5.6 (cont.) 
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Fig. 5.6 Temperature distribution in pressure vessel along line A-A’: (a) t = 0.01s, (b) t = 

0.5 s, (c) t = 50 s and (d) t = 600 s. 

 

 

 
 

 

Fig. 5.7 Stress contour line at time t = 10810 s for the H1, FGM1 and FGM2: (a) radial 

stress, (b) circumferential stress and (c) z-axial stress. 
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Figures 5.8 and 5.9 indicate the radial stress distributions and the circumferential 

stress distributions along a line A-A’, between the inner and outer surface at the 

cylinder-end closure junction at different times, respectively. At the early stage of 

heating, the compressive stress about 2 MPa appears on the inner surface as results of 

internal pressure. Then, with times change, the compressive stress decreases and the 

tensile stress appears near the inner surface. The radial stress and circumferential stress 

in H1 along line A-A’ become almost constant with the increasing in temperature. In 

contrast, the radial stress and circumferential stress in FGM1 and FGM2 are varies 

widely throughout the inner to outer surface. The effects of FGMs on the stress profiles 

are clearly observed. Therefore, the necessary gradation of material composition can be 

readily judged from the initial thickness of pressure vessel and the loading conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.8 (cont.) 
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Fig. 5.8 Radial stress distribution in pressure vessel along line A-A’: (a) t = 0.01s, (b) t = 

0.5 s, (c) t = 50 s and (d) t = 600 s. 
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Fig. 5.9 (cont.) 
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Fig. 5.9 Circumferential stress distribution in pressure vessel along line A-A’: (a) t = 

0.01s, (b) t = 0.5 s, (c) t = 50 s and (d) t = 600 s. 

 

 

Figures 5.10(a) and (b) show the variation of radial stress and circumferential stress as 

a function of time for thick-walled pressure vessels subject to internal pressure and 

thermal loading with different material compositions at inner and outer surface, 

respectively. From these figures it may be seen that the radial and circumferential stress 

at the both surfaces initially increases with time until reach the maximum value and then 

remain at the steasy state condition. The radial stress at the inner and outer surface in 

FGM1 and FGM2 are always lower than in H1. In contrast, the circumferential stress in 

H1 is in the middle between FGM1 and FGM2. However, there is tendency that the 

circumferential strees at the inner surface of FGM1 and at the outer surface of FGM2 

will decreases with further times change. 
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Fig. 5.10 (cont.) 
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Fig. 5.10 Radial and circumferential stress changes with time at the junction of 

spherical-end closure of pressure vessels: (a) and (c) at the inner surface, and (b) and (d) 

at the outer surface. 

 

 

5.4 Conclusions 

A finite element model has been developed to analyze the thermo-visco-plasticity with 

creep behavior of FGM thick-walled pressure vessels. The validity of the model is 

verified by comparing the results obtained for a thick-walled pressure vessel of 

homogeneous isotropic material. Then, it is demonstrated for FGM thick-walled 

pressure vessels. It is found that the stress distributions in thick-walled pressure vessels 

are significantly changed if FGMs are used. The gradient in FGM can be tailored to 

obtain the desired stress distribution in order to change or lower the stress concentration 

at the critical point that might be initiate the failure of a certain structure. The obtained 

results show that the promising application of FGMs in pipe and pressure vessels 

industry. 
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Chapter 6 

 

Formation of Compositional Gradient in Al/SiC FGM Fabricated 

under Centrifugal Force: Solid-Particle Method and Mixed-Powder 

Method 

 
6.1 Introduction 

Centrifugal casting is one of the effective methods for fabrication of particulate-type 

functional graded material (FGM) [1−2]. Centrifugal casting of particulate reinforced 

composite is solidification of a suspension of molten alloy and particles under 

centrifugal force. Particle segregation during casting with the centrifugal casting occurs 

due to the difference in density between the particles and molten alloy [3]. The 

particulate-type FGM fabricated by the centrifugal casting showed interesting properties 

that are not obtained in conventional monolithic materials, such as gradual changes in 

hardness, wear resistance, Young’s modulus, etc [4]. Comparing centrifugal casting 

method with the other FGM fabrication methods such as chemical vapor deposition, the 

plasma spray technique and various powder metallurgy techniques, the centrifugal 

casting method is the easiest and inexpensive to produce relatively large FGM 

components. 

Al/SiC FGM are presently produced by centrifugal casting method. During 

solidification, the SiC particles are moved to the outer part of spinning mold because of 

their higher density than the Al melt. The process of SiC segregation evolves together 

with heat transfer process. The segregation process of SiC particles and the heat transfer 

process define changes of physical properties in Al melt and these physical properties 

changes influence the evolution of these two processes [5]. Conventionally, in 

fabrication of Al/SiC FGM, homogeneous Al/SiC composite ingot is melted at 

temperature higher than melting temperature of Al in a crucible and then is cast in a 

spinning mold. This technique is referred to as centrifugal solid-particle method (CSPM) 
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[6]. Compositional gradient in Al/SiC FGM is formed from the inner surface to outer 

surface.  

Recently, as practical centrifugal casting method, the centrifugal mixed-powder 

method (CMPM) was developed [2, 7]. It was reported in Watanabe et al. [2] that the 

CMPM has good prospects in fabrication of functionally graded grindstone for grinding 

or sharpening tools. In this method, a powder mixture of Al and SiC particles is inserted 

into a spinning mold. Then, Al ingot is melted and poured into spinning mold with the 

powder mixture. As a result, the molten Al penetrates into the space between particles 

by the pressure due to the centrifugal force. At the same time, powder of Al is melted by 

the heat from molten Al ingot poured from crucible. Finally, an FGM ring with SiC 

particles distributed on its surface can be obtained. 

However, to obtain the compositional gradient desired for certain application is not 

easy. Many experiments should be conducted by changing casting conditions. The 

critical processing parameters that decide the final formation of compositional gradient 

in Al/SiC includes the processing temperature, rotating speed of mold, pouring rate of 

melts etc. One of the main problems in centrifugal casting is to determine the 

temperature distribution during casting by experimental techniques as the mold rotates at 

a very high speed during solidification. In this work, an effort has been made to fabricate 

Al/SiC FGM by CSPM and CMPM under huge centrifugal force. The centrifugal force 

of 1120 times of gravity acceleration, G number equal to 1120 G, is considered huge 

since the common centrifugal force used in centrifugal casting is less than 200 G. 

Moreover, the final formation of compositional gradient in Al/SiC FGM fabricated is 

numerically predicted. The validity of the method for engineering the desired 

composition gradient in Al/SiC FGM is discussed by comparing the simulation results 

with the experimentally obtained gradient. The effects of different casting conditions on 

the final formation of compositional gradient in Al/SiC FGM are investigated. 
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6.2 Microstructure of Al/SiC FGM Fabricated by CSPM and CMPM 

6.2.1 Experimental Procedure 

The Al/SiC FGMs in hollow cylinder shape were produced by using CSPM and CMPM. 

Figure 6.1 shows the configuration of the system where the castings were carried out. 

The chamber was designed to be used under vacuum condition. For Al/SiC FGM 

fabricated by CSPM, the material used was Duralcan (25 vol. % SiC-Al alloy 

composite) ingot. The ingot is melted at 1023 K in crucible and then cast in a spinning 

mold. The mold rotates at 5000 rpm, allows the molten alloy experiences about 1120 

times of gravity acceleration. The temperature of mold is kept at 773 K for 10 minutes 

after the melt ingot completely released from the crucible. Twenty minutes later, the 

motor speed is reduced to 2500 rpm and kept rotates for one hour. After a day, the 

fabricated Al/SiC FGM has the outer diameter of 80 mm, the length of 178 mm and 

thickness of 5 mm is removed out. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.1 Vacuum centrifugal casting system: (a) the schematic drawing and (b) picture. 

 

In case of CMPM, pure Al ingot is used. A mixture of Al and SiC particles is first 

inserted into the spinning mold. Then, Al matrix ingot is melted and poured into the 

spinning mold. The rest casting parameters are same as for CSPM. The diameters of Al 

and SiC particles are 425-850 µm and 1 µm in average, respectively. The Al/SiC FGM 

(a) (b)
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is also fabricated using SiC particles with average diameter of 30 µm. The Al-

20vol.%SiC powder mixture is prepared by mix together 0.032 kg of Al and 0.009 kg of 

SiC particles.   

The microstructures of the Al/SiC FGM are observed using scanning electron 

microscope (SEM). SEM specimens are cut from the cross-sectional plane and the 

surface plane of the Al/SiC FGM as shown in Fig. 6.2. For the cross-sectional plane, the 

specimens are mechanically polished and the compositional analyses on these planes are 

made by electron-dispersive X-ray spectroscope (EDX) and image analysis software.  

 

1.00.0

Normalized thickness
 

Fig. 6.2 Specimens taken from centrifugal cast materials. 

 

 

6.2.2 Al/SiC FGM Fabricated by CSPM 

Figure 6.3(a) shows the Al/SiC FGM made by the centrifugal solid-particle method. It 

can be observed from the figure that the obtained FGM has few defects. Two different 

layers can be observed clearly from the sliced plane of Al/SiC FGM (Fig. 6.3(b)). The 

outer layer contains richer SiC particles than the inner layer and many voids can be 

observed in inner layer. The gradient pattern obtained in the casting then is examined by 

SEM/EDX. Micrographs are taken across the cross-section at various locations and are 

shown in Fig. 6.4. The Al/SiC FGM thickness is normalized, where 0.0 and 1.0 

correspond to the inner and outer peripheries, respectively. It can be seen from the 
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micrographs that the SiC particles move toward the outer surface and the Si particles 

move toward the inner surface owing the higher density of SiC and lower density of Si 

than Al matrix, respectively. It is also seen from the micrographs the trend of SiC 

particles concentration from the inner surface to the outer surface. Near to the inner 

surface, there is almost no SiC particle. The SiC particle concentration increased sharply 

in the middle zone and then almost remained with high SiC particle concentration 

towards the outer surface. This pattern is different from the patterns of SiC particle 

concentration in Al/SiC fabricated under low G number [8] for which the SiC particle 

concentration gradually increases towards the outer surface. 

 

Al

Al/SiC

20mm

(a)

(b)

 

Fig. 6.3 Al/SiC FGM fabricated using CSPM. 
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Fig. 6.4 Microstructures of Al/SiC FGM fabricated by centrifugal solid-particle method 

(taken at various thicknesses). 

 

Figure 6.5(a) shows the backscatter electron (BE) micrograph on the cross-section 

of Al/SiC FGM. It can be clearly observed the existence of Si. As comparison, the BE 

micrograph and the corresponding Al and Si distribution maps of as-received Al/SiC 

ingot are shown in Figs. 5(b), (c) and (d), respectively. The initial size of Si and SiC 

particles are approximately about 2 µm and 10 µm, respectively. 
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Fig. 6.5 (a) The BE image of Al/SiC FGM fabricated by CSPM. (b) to (e) BE image, the 

corresponding  Al and Si distribution maps and EDX analysis of the as-received Al/SiC 

ingot, respectively. 

 

6.2.3 Al/SiC FGM Fabricated by CMPM 

Figures 6.6(a) and (b) show the overall Al/SiC FGM fabricated by CMPM with the 

average diameter of SiC particles equal to 1 µm and 30 µm, respectively. The outer 

surface of the Al/SiC FGM was covered by SiC particles. Observing the SE images of 

the outer surface of Al/SiC FGM as shown in Figs. 6.7(a) and (b), is found that SiC was 

agglomerated on the outer surface. Figures 6.7(c) and (d) show the SE image on the 

cross-sectional surface of the Al/SiC FGM with the average diameter of SiC particles 

equal to 1 µm and 30 µm, respectively. In case of the average diameter of SiC particles 

equal to 1 µm, there is no SiC particle on the cross-sectional plane except a layer on the 

outer surface as a result of high centrifugal force (Fig. 6.7(c)). Meanwhile, in case of SiC 
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particles with the average diameter of 30 µm, few SiC particles are observed at the area 

near the outer surface, about 1 mm in depth from the outer surface.  

 

20mm

20mm

(a)

(b)

 

Fig. 6.6 Al/SiC FGM fabricated using CMPM with different diameter of SiC particle: (a) 

1 µm and (b) 30 µm. 

 

In case of SiC particles with the average diameter of 1 µm, the casting of Al/SiC 

FGM is also done for different spinning mold speed i.e. 1495 rpm (100 G) and 3500 rpm 

(550 G). Moreover, Al/SiC FGM is also fabricated at higher molten Al temperature i.e. 

1070 K. Although the results are not presented here, no observable difference was found 

with the results obtained for Al/SiC FGM fabricated with spinning mold speed of 5000 

rpm (1120 G) and Al melted at 1020 K. It was reported in previous study [7] that is is 

difficult to fabricated an FGM containing nano-particles by CSPM, which very small 

compositional gradient of nano-particle obtained. Instead, as shown in Figs. 6.7(a) to (d), 

SiC particle can be dispersed homogeneously close to the outer surface of Al/SiC FGM 

by CMPM regardless the particle size. Interestingly, it is possible to obtain the 
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compositional gradient of SiC particle in the Al/SiC FGM fabricated with high particle 

concentration at the outer surface by combining CSPM and CMPM.         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.7 Al/SiC FGM fabricated using CMPM with different diameter of SiC particle. In 

(a) and (c) the average diameter of SiC is 1 µm and (b) and (d) the average diameter of 

SiC is 30 µm. (a) and (b) present outer surface, and (c) and (d) show cross-sectional 

surface. 

 

 

6.3 Numerical Simulation of Compositional Gradient in Al/SiC FGM 

6.3.1 Theory of Simulation 

The motion of particles in a viscous liquid under a centrifugal force can be described 

based on the Stokes’ law [1, 8, 9]. Considering the movement velocity of a particle 

during centrifugal method, the movement velocity of a spherical particle in viscous 
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liquid depends on position of the ring-shaped mold along radial direction. The 

movement velocity of particles in viscous liquid can be written as  

   
η

ρρ
18

2

c

mc

GgD

dt

dx
−=         (6.1). 

Here, dx/dt, ρ, g, G, D and η  are velocity, density, gravitational acceleration, centrifugal 

force, particle diameter and the viscosity of the molten metal, respectively. The subscript 

indices ‘c’ and ‘m’ denotes particle and metal, respectively. The centrifugal force, G is 

represented as: 

  G = 
g

Nr 224 π
             ( 6.2) 

where r and N are radius of casting mold and velocity of mold rotation, respectively. It is 

obvious from Eq. (6.1) that the velocity of particles is depended on density and viscosity 

of molten metal. It is known that these two variables increase according to the 

temperature drop during solidification. The viscosity of the molten metal also increases 

according to the increase in number of particles in the suspension. At the same time the 

temperature distribution is also affected by the changes of physical properties in the 

molten metal. Therefore in order to predict the formation of compositional gradient in 

Al/SiC FGM, the process of particle segregation evolves together with heat transfer and 

phase transformation process. These two processes should be solved simultaneously.   

 

6.3.1.1 Particle segregation process model 

The particle movement in this simulation is not considered for an individual particle, but 

for group of the particles, namely the particle movement is calculated each region in 

FGM ring divided by same intervals along centrifugal force direction by using volume 

fraction of solid particles. In addition, it is assumed that particles move only along 

centrifugal direction. The cylindrical area of casting is divided into a number of 

cylindrical zones. During the solidification, the change of particle volume fraction in 

each zone is calculated. The movement of SiC particles in viscous liquid under 

centrifugal force is calculated by Eq. (6.1). With considering the suspension of particles 

in molten metal, the viscosity of molten metal can be written as [10]  
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  η=
( ) 2/5

max

0

1 VV−

η
            (6.3). 

Here, η0, V, and Vmax  are the viscosity of molten metal without particles, the volume 

fraction of particle and the maximum containable volume fraction of solid particles, 

respectively. The Vmax depends on the packing condition of solid particles in molten 

metal. It is known that theoretical value with even sphere particle case is ranged from 

0.52 for simple cubic packing to 0.74 for close packing. Moreover, the viscosity of 

molten metal is also influenced by temperature [11]. The relationship between viscosity 

and temperature is given by 

  






=
RT

Q
exp0ηη             (6.4) 

where Q and R are the activation energy and the gas constant, respectively. The 

relationship between the density of Al liquid and temperature is given by [12] 

    ρ = 2377.23 – 0.311(T – Tref)     kg/m3          (6.5) 

Tref is reference temperature and equal to 993.47 K.  

 

6.3.1.2 Heat conduction process model  

The analysis is conducted by solving the heat conduction equation and segregation of 

particles equations simultaneously. Finite element method (FEM) is used in determining 

the temperature distribution. The Al/SiC FGM fabricated is a geometric symmetry about 

a reference axis and can be solved using two-dimensional elements for an example 4-

node rectangular element shown in Fig. 6.8(b). Therefore, the cast can then be 

represented by axisymmetric ring elements and analyzed in a similar fashion to that of a 

two-dimensional problem (r – z plane) as shown in Fig. 6.8(a). In order to determine the 

temperature distribution at time t, a heat conduction equation of the following form is 

analyzed 

  HG
dz

dT
k

dz

d

dr

dT

r

k

dr

dT
k

dr

d

dt

dT
c z

r

rp +++=ρ       (6.6). 
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Here, cp, k and HG are the specific heat, heat conductivity and heat generated, 

respectively. For the phase transformation, the simple enthalpy method is implemented. 

The ρcp in Eq. (6.5) is replaced by effective heat capacity, ceff given by 

  ceff = s)( pcρ     for T < Ts, 

  ceff = 
sl

)(
TT

L
c fp −

+ρ     for Ts < T < Tl, and 

  ceff = l)( pcρ     for T > Tl      (6.7) 

where (cp)f is specific heat in the mushy zone. The superscripts ‘s’ and ‘l’ are denote 

solid and liquid, respectively. The boundary conditions (BCs) on casting surface and 

mold surface are incorporated in finite element formulation. The detail explanation on 

these BCs can be found in [3]. The simplest phase, φ state equation [5, 14] is assumed 

                       
sl

l

TT

TT

−

−
=φ            (6.8). 

The material properties of FGMs at each integration points, (ξ, ζ) are determined 

by the rule of mixture as a function of the particle volume fraction discussed in previous 

section. An exceptional for the thermal conductivity, k is determined based on 

micromechanical consideration [15] is expressed as 

   k = Vmkm+ Vckc + VmVc

cmm

cm

/3 kkV

kk

+

−
             (6.9). 
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Fig. 6.8 Axisymmetrical solidification problem: (a) overall model and (b) a 4-node 

rectangular element with nine integration points. 

 

6.3.2 Compositional Gradient in Al/SIC FGM Fabricated by CSPM 

The computer simulation is performed using a code developed in FORTRAN based on 

the theory explained in Section 6.3.1. The material properties and relevant data are given 

in Table 6.1. Considering the ratio of the thickness to the length of the FGM is too small, 

only a small cross-sectional plane at the middle of Al/SiC FGM is modeled as shown in 

Fig. 6.8(a). The thickness of cast and mold are 5 and 2 mm, respectively. The packing 

limit of volume fraction is set to be 0.43. The initial volume fraction of SiC and Si are 

set to be 0.2 and 0.1, respectively. To simplified the problem, the particles size assumed 

remain unchanged during solidification.  
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Table 6.1 The list of relevant data for casting simulation 

 

Parameter Value and dimension Parameter Value and dimension 

Outer mold radius 0.042 m Inner mold radius 0.04 m 

Specific heat of Al 

liquid 

1180 J/kg-K Specific heat of Al solid 870 J/kg-K 

Thermal conductivity of 

Al liquid 

151 W/m-K Thermal conductivity of 

Al solid 

210 W/m-K 

Viscosity of Al liquid 0.257 x 10
-3

 Pa/s  Latent heat 386 kJ/kg 

Solidus temperature of 

Al 

853 K Liquidus temperature of 

Al 

893 K 

Thermal conductivity of 

steel mold 

38 W/m-K Specific heat of steel 

mold 

460 J/kg-K 

Density of steel mold 7870 kg/m
3
 Initial mold temperature 773 K 

Heat convection 

coefficient 

60 – 200 W/m
2
-K  Initial mixed-powder 

temperature 

773 K 

Radiation coefficient of 

Al 

0.44 Radiation coefficient of 

steel mold 

0.9 

Density of SiC 3230 kg/m
3
 Density of Si 2329 kg/m

3
 

Specific heat of SiC 670 J/kg-K Specific heat of Si 794 J/kg-K 

Thermal conductivity of 

SiC 

77.5 W/m-K Thermal conductivity of 

Si 

130 W/m-K  

 

Simulation is first performed under conditions same as used in experiments for 

Al/SiC FGM fabricated using CSPM. Al/SiC FGM is fabricated under the vacuum 

condition with initial molten ingot temperature of 1023 K, centrifugal force of 1120 G 

and mold temperature of 773 K. Figure 6.9(a) show the cooling curves calculated at the 

inner surface of cast and at the inner and outer surface of mold for 1 s. The 

corresponding temperature distributions along the thickness of the cast at different time 

are shown in Fig. 6.9(b). As can be observed the temperature of cast and mold reached 
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the equilibrium temperature in less than 1 s. The final formations composition gradient 

of the Al/SiC FGM by simulation and experiment are shown in Fig. 6.9(c). Better 

agreement is observed between the trend of SiC particles distribution in simulation and 

experiments. From this figure, the steeper particle gradient along the radius direction can 

be observed. Such gradient type is appropriate gradient for the grinding wheel.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.9 (cont.) 

 

 



100 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.9 The simulation results of casting Al/SiC FGM using CSPM under vacuum 

condition, 1120 G, mold temperature of 773 K and ingot temperature of 1023 K: (a) 

casting cooling curve for 1 s, (b) the corresponding temperature distribution along the 

thickness, and (c) the final composition gradient of Al/SiC FGM. 

 

Then, the numerical analysis is done to investigate the effects of various casting 

conditions on the composition gradient of Al/SiC FGM. Here, the main purpose is to 

investigate the effects of mold temperature and initial ingot temperature on the 

composition gradient of Al/SiC FGM under 1120 G and vacuum condition. However, 

the effects of casting atmosphere and different G number on the composition gradient of 

Al/SiC FGM are also investigated. Two different heat BCs are considered i.e. radiation 

(vacuum) and heat convection. For convective BCs, the simulation is carried for three 

different values of heat transfer coefficient, h to describe different casting atmospheres 

such as normal air and argon. The three convective BCs are h100-h100 (100 W/m
2
-K for 

both at inner cast and outer mold surface), h200-h200 (200 W/m
2
-K for both at inner 

cast and outer mold surface) and h60-h130 (60 W/m2-K and 130 W/m2-K at inner cast 

and outer mold surface, respectively).  
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Figures 6.10(a) to (f) show the formation of compositional gradient of Al/SiC FGM 

fabricated by CSPM under various conditions. In these figures, only the volume fraction 

of SiC particles in function of normalized thickness is shown. From these figures, it is 

found that the effects of initial ingot temperature, casting atmosfere and G number on 

the compositional gradient of Al/SiC FGM fabricated at high mold temparature (773 K) 

are less significant than that fabricated at low mold temperature (573 K). It is also found 

that the gradient of particle volume fraction increases with increase of the centrifugal 

force and initial ingot temperature.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.10 (cont.) 
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Fig. 6.10 (cont.) 
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Fig. 6.10 The distribution of Si/SiC particle in Al/SiC FGM fabricated by CSPM: (a) 

and (b) with different initial ingot temperatures, (c) and (d) with different BCs, and (e) 

and (f) under different G numbers. 

  

 

6.3.2 Compositional Gradient in Al/SiC FGM Fabricated by CMPM 

The simulation for Al/SiC FGM fabricated by CMPM is similar with the simulation 

conducted for Al/SiC FGM fabricated by CSPM. Here, the mixture of SiC and Al 

powder, Al-20vol.%SiC, are placed inside the mold before casting. The mixture filled 

the inner mold with the thickness of 0.38 mm. The packing limit of volume fraction is 

set to be 0.6. Figure 6.11(a) shows the cooling curve at the inner surface of cast, initial 

mixture powder zone and outer surface of mold during solidification process under the 

vacuum condition with initial molten Al temperature of 1023 K and centrifugal force of 

1120 G. As can be observed, the temperature of initial mixed powder zone raised from 

773 K to above 900 K in less than 1 s. At this point, the powder of Al is melted by the 

heat from molten Al ingot and then SiC particles start move to the outer periphery with 

the relative time spent. The temperature distributions along the thickness of the cast at 

different time t are shown in Fig. 6.11(b). Comparing this figure with Fig. 6.9(b), there is 
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small different in temperature distribution as a result of different composition gradient of 

the Al/SiC FGM.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.11 (cont.) 
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Fig.6.11 The simulation results of casting Al/SiC using CMPM under the vacuum 

condition, 1120 G, mold temperature of 773 K and ingot temperature of 1023 K: (a) 

casting cooling curve for 1 s, (b) the corresponding temperature distribution along the 

thickness, and (c) the final formation composition gradient of Al/SiC FGM. 

 

The numerical and experimental final formation of composition gradient of the 

Al/SiC FGM fabricated by CMPM are shown in Fig. 6.11(c). A partcile free zone can be 

cleary seen with all particles concentrates at near the outer surface. It can be seen that, 

regardless the size of SiC particles, the similar composition gradient in Al/SiC FGM can 

be obtained. Comparing the volume fraction of SiC at the outer surface calculated in 

simulation with the experimental results, good agreement is showed in case of SiC 

particle size of 30 µm (also Fig.6.7(d)) but not in case of SiC particle size of 1 µm. The 

difference between experimental and simulation is mainly as the result of assumption 

made in simulation that all SiC particles are fixed in Al matrix. Experimentally, in case 

of SiC particle size of 1 µm, when the Al/SiC FGM removed from the mold, there are 

many SiC particles dropped out and some particles at the outer surface are easily 

removed.  
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Fig 6.12 (cont.) 
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Fig. 6.12 The distribution of Si/SiC particle in Al/SiC FGM fabricated by CMPM: (a) 

with different mold temperatures, (b) with different initial ingot temperatures, (c) with 

different BCs, and (d) under different G numbers. 

 

Figures 6.12(a) to (d) show the formation of compositional gradient of Al/SiC FGM 

fabricated by CMPM under various conditions. From these figures, it is found that there 

are no significant differences in the gradient of particle volume fraction in Al/SiC FGM 

fabricated by CMPM under huge centrifugal force with different initial temperatures of 

molten Al and casting atmospheres. However, there is possibility to have gradual 

gradient of particle volume fraction by decreasing mold temperature and G number. 

 

6.4 Conclusions 

A computer code to simulate the formation of compositional gradient in an Al/SiC FGM 

manufactured by CSPM and CMPM has been developed. The gradient pattern of SiC 

particles in aluminum matrix were analyzed at various time steps using simulation and 

the final formation are compared with the results obtained from experiments to validate 

the theory. The code developed for performing the numerical simulation is formulated in 

a simple manner. Therefore the parameters in code can be easily varied and thus can be 

employed to any type of particulate FGM systems. From the obtained results, it is found 

that the SiC particles can be dispersed on the surface or graded from inner to outer 
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surface of Al/SiC FGM by CMPM or CSPM, respectively. Moreover, unlike Al/SiC 

FGM fabricated under low centrifugal force, the graded distribution in Al/SiC FGM 

under huge centrifugal force is not strongly affected by the initial temperature of molten 

Al and casting atmosphere.  
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Chapter 7  

 

Summary and General Conclusions 

 

In Chapter 1, a general introduction about functionally graded materials (FGMs) 

concepts, their fabrications and applications are presented. Moreover, the approaches to 

handle the material properties gradient of FGMs in numerical analysis are explained.  

In Chapter 2 and Chapter 3, FGMs was proposed in severe plastic deformation of 

difficult-to-work materials using equal channel angular pressing (ECAP) at ambient 

temperature. As subject of study, ECAP billet was prepared by embedded Ti as difficult-

to-work materials into Al-based FGM. First, in Chapter 2, the ECAP process of this 

billet was simulated using finite element method (FEM). Then, in Chapter 3, the 

experimental work was carried out to confirm the workability of the proposed technique. 

From the stress-strain distribution predicted by FEM, the appropriate FGMs gradient, 

position and the condition of ECAP process were determined. Experimentally, the 

microstructure and hardness of ECAPed specimens were investigated. The changes in 

microstructure and the increase in the hardness value of Ti with increased number of 

ECAP passes are evidences showing that Ti is successfully deformed by this technique. 

In Chapter 4, the new type of crash box was designed. Instead of homogeneous 

material, FGMs were used to fabricate a crash box. An FGM crash-box was proposed to 

improve the crash worthiness and to reduce the body weight. FGM crash boxes with 

different stepwise strength gradient in longitudinal direction were designed and analyzed 

by FEM. Crash behavior of this crash-box under quasi-static compressive loads and 

impact loading was studied. The obtained load-displacement curves then were evaluated 

to assess the effect of the stepwise strength gradient of the crash-box. High crash energy 

absorption can be achieved by the proposed FGM crash-box. Folding pattern can be pre-

set by using FGM crash-box to improve the safety of passengers during accident.  

In Chapter 5, the analysis of thermo-visco-plasticity and creep characteristics of the 

FGM thick-walled pressure vessels was carried out using FEM. The material properties 
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of FGMs were continuous functions of volume fraction of material composition. The 

obtained results show that the material composition significantly affects the effective 

stress as a function of time at the inside and outside surface of thick-walled cylinder. 

The use of FGMs can adjust the stress distribution in the structure. 

In Chapter 6 the formation of compositional gradient in Al/SiC FGM fabricated under 

centrifugal force were investigated experimentally and numerically. Two types of 

centrifugal casting, solid-particle method and mixed-powder method were considered. 

The desired formation of compositional gradient can be obtained by choosing the 

appropriate centrifugal casting method with certain conditions.  

In summary, there are many potentially useful applications of the FGM concept 

which is not limited to the fields discussed in this report as well as the manufacturing 

processes of FGMs. The FGM can be applied in very wide field. However, the 

fundamental concepts especially the gradation of the material ingredients should be clear 

first before applied for a certain application.  
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