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Abstract

When the Al-based composite containing solid particles is deformed by severe
plastic deformation (SPD) method, the shape, the size and the spatial distributions of
solid particles in the composite changes drastically. However, the distribution mechanism
of solid particle by SPD for the Al-based composite is not clear. This is because that
previous studies concerning with SPD for metal-based composite have focused on grain
refinement and its mechanical properties. In this thesis, fragmentation and distribution
mechanisms of solid particles by SPD for the Al-based composite are investigated.
Especially, as a model material of the Al-based composite, Al-AlsTi composite
containing AlsTi intermetallic particles is used.

Initially, fragmentation mechanism of a platelet AlsTi particle in an Al-AlsTi
composite during compression testing is investigated using 3-dimensional (3D)
microstructural observation and crystallographic analysis. The AI-AlsTi composite
comprises platelet AlsTi particles in an o-Al matrix is deformed by compression. To
clarify the fragmentation process of a platelet AlsTi particle, the same area
microstructural observation is performed. Based on the obtained results, it is found that
the fracture surface of a platelet AlsTi particle is {112} 5. This means that cracks
initiated in the platelet AlsTi particle are preferentially propagated along the twin
boundary of {112} ,,7; after deformation twinning. It is concluded that the fragmentation
of platelet AlsTi particle in the Al-AlzTi composite preferentially occurs at twin boundary
after deformation twinning.

Furthermore, changes in the spatial distribution of the fragmented AlzTi particles



in an Al-AlsTi composite during equal-channel angular pressing (ECAP) are investigated
by Morisita index, 1s. ECAP is performed under the processing routes of A and B¢ up to 8
passes and AlsTi particles size are gradually decreases as increasing the number of ECAP
passes. The AlzTi particles in the specimen deformed using route A are aligned along the
deformation axis, while particles in the specimens deformed with route B. are formed
into groups. Evaluation of the spatial distributions of AlsTi particles in the Al-AlzTi
composite based on the 1 results indicate that both processing routes generated aggregate
distributions. After 5 passes using routes A and B, the homogeneity of the spatial
distribution is increased. During 8 passes of ECAP under route B¢, the AIl-AlsTi
composite shows the more homogenous distribution than route A. These variations in the
spatial distributions of the AlsTi particles can be explained by the occurrence of the
material flow of the a-Al matrix during ECAP using routes A and Bc. Although, spatial
distributions of spherical AlsTi particles in an Al-AlsTi composite by ECAP is
investigated and spherical AlsTi particles are not fragmented by ECAP. It was found that
changes in the spatial distributions of spherical AlsTi particles in an Al-AlsTi composite
by ECAP depend on the particle size. In addition, stress concentration develops more
easily for specimens with the smaller size particles compare to the specimens which have
larger size particles. Hence, the spatial distributions and stress concentration are
depending on the particles size of the spherical AlsTi particles in an Al-AlsTi composite.
Moreover, effects of particles shape on the fragmentation behavior and spatial
distribution of AlsTi particles in ECAPed Al-AlsTi composite are investigated. The three
different shape particles such as spherical, polyhedral and granular AlsTi particles in Al-

AlsTi composite are used. Changes in the spatial distributions of fragmented spherical,



polyhedral and granular AlsTi particles in deformed Al-AlsTi composite depend on the
particle size and spatial distribution of AlzTi particles is controlled by the material flow
of the a-Al matrix. Finally, fragmentation of AIlsTi particles occurs by stress
concentration around the AlsTi particles and fragmentation behavior depends on the
AlzTi particles shape.

Consequently, the fragmentation behavior of platelet AlsTi particles in Al-AlsTi
composite by multi-directional forging (MDF), symmetric rolling (SR) and asymmetric
rolling (ASR) are investigated. These SPD processes can be applied easily as industrial
processing comparing with ECAP. The platelet AlsTi particles in Al-AlsTi composites
are fragmented by MDF, SR and ASR. The results show that compression and rolling can
be used to modify the distribution of platelet AlsTi particles in Al-AlsTi composite. It is
found that ASR can modify the distribution of platelet AlsTi particles more severely as
compare to SR and MDF. Distribution depending on the material flow of the a-Al matrix
in the composites.

Grain refining performance of Al-AlsTi composite containing platelet AlsTi
particles by SPD is investigated with the use of as-cast Al. It is well known that AlzTi
particles in Al-AlsTi composite play the role of good heterogeneous nucleation sites for
solidification of molten Al. Because of this, grain refinement of as-cast Al occurs by
addition of the Al-AlsTi composites deformed by ECAP and MDF is studied. It is found
that ECAP and MDF for the Al-AlsTi composite are an effective process to enhance the

graining refining ability for the as-cast Al.
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Chapter 1

General introduction

1.1 Metal matrix composite

The matrix component is a metal in which the reinforcement is distributed
such a composite material is called as metal matrix composite (MMC) [1-12].
MMCs are made by dispersion of reinforcements such as fibers, particles, whiskers
into the base metal. The continuous or discontinuous reinforcement can be
embedded into base metal. The most commonly used base metals are aluminum,
titanium, magnesium, copper and their alloys. The dispersion of reinforcement
particle into the metal matrix is shown in Fig. 1. The concept of MMC is first
considered by scientists during the launch of satellite in 1957 [2]. Scientists are
looking for spacecraft materials with lighter and stronger components than glass
fiber reinforced polymers (GFRPs) at that time. The space race is mainly
concentrated to fabricate MMCs with have the properties of light-weight, high
strength, high-temperature resistance, stiffness and low coefficient of thermal
expansion. However, MMCs found uses in variety of real-world applications such
as aerospace, ground transportation, thermal management, industry,
infrastructures and other numerous applications by the mid of 1990s.

The characteristic of MMCs are determined by three entities such as
matrix, reinforcement and interface [4,5]. In addition, factors that influencing the
characteristics of MMCs are matrix alloy composition, matrix-reinforcement
interface, reinforcement volume fraction, orientation, geometric arrangement of
reinforcement and heat treatment. The effective selection of reinforcements and

matrix permits the development of MMCs with attractive physical and mechanical



properties. Generally, MMCs are fabricated by solid state (powder metallurgy and
diffusion bonding), liquid state (casting, spray deposition and infiltration) and
vapor deposition processes [2-12]. Recently, the majority of MMCs comprise
discontinuous reinforcement with particles or whiskers in the metal matrix are
fabricated [5-12]. Furthermore, the distribution of reinforcements in the matrix has
been receiving significant attention [5,6]. The various factors affecting distribution
of reinforcements in MMC are processing, microstructure and mechanical

behavior of discontinuous reinforcement.

1.2 Severe plastic deformation of MMC

When the MMC comprises reinforcement, particles are undergoing
severe plastic deformation (SPD), the shape, the size and the distribution of
reinforcement particles changes drastically [3, 5-12]. This is because that the
matrix around the reinforcement particles in the MMC is severely deformed by
SPD. SPD is helpful to reduce or eliminate porosity, excellent particle-to-particle
bonding, homogeneity of particles with in the composite and it leads to improve
the mechanical and physical properties of MMC. SPD can introduce plastic strain
higher than conventional methods. The investigation of microstructure of MMCs
processed by SPD has been limited. MMCs exhibit outstanding high strength, high
corrosion resistance and excellent mechanical properties compare with coarse
grain materials. In addition, several methods have been developed to fabricate
ultrafine-grain (UFG) materials using SPD [1,5-12]. Many different techniques
based on the SPD principles are equal-channel angular pressing (ECAP), multi-

directional forging (MDF), accumulative roll-bonding (ARB) and high-pressure



torsion (HPT) [5-12]. Among these processing methods, ECAP is the most popular
SPD processing [3,5].

ECAP is a metal working technique that can achieve a high strain without
any dimensional changes of the specimens. ECAP makes the grain to be finer with
a required number of passes and the finial grain size of the specimen achieves sub-
micrometer size. Figure 1.2 shows a schematic illustration of the ECAP process.
Sabirov et al. subjected ECAP on the Al6061-20%Al.03 powder metallurgy MMC,
they have reported that ECAP leads to an increase of the uniformity of the particle
distribution [5]. Chang et al. have suggested that ECAP can provide relatively
homogeneous microstructure and enhance mechanical properties of the MMCs [3].
Also, some researchers have found that MDF can increase structure homogeneity
of MMC was reported [10, 12]. Figure 1.3 shows a schematic illustration of the
MDF process with the sequence of pass.

Jamaati and Toroghinejad studied that ARB process produces a better
distribution of alumina particles in the aluminum matrix [8]. ARB is a roll-bonding
process that cause accumulatively intense plastic straining into the specimen as
shown in Fig 1.4. Alizadeh and paydar have developed aluminum matrix
composite through ARB process [9], and it is found that mechanical properties of
the composite increases by ARB process.

Aluminum based MMCs are gaining importance because of their
excellent mechanical properties, good strength-to-weight ratios, high specific
strength, stiffness and hardness. When the Al-based composite containing solid
particles is deformed by SPD, distributions of solid particles are changes
drastically. However, distribution mechanism of the solid particle by SPD for the

Al-based composite is not clear. In this thesis, fragmentation and distribution



mechanisms of solid particles by SPD for the Al-based composite are studied.
Especially, as a model material of the Al-based composite, Al-AlsTi composite
comprises AlsTi intermetallic particles is used. In addition, grain refining
performance of Al-AlsTi composite comprises AlsTi intermetallic particles by

SPD is investigated with the use of as-case Al.

1.3 Thesis outline

This thesis is presented in seven chapters.

In chapter 1, previous researches concerning with SPD for metal-based
composites are described. Based on this background, contents of this thesis are
discussed.

In chapter 2, fragmentation mechanism of a platelet AlsTi particle in an
Al-AlzTi composite during compression test is investigated using 3-dimensional
(3D) microstructural observation and crystallographic analysis. To calrigy the
fragmentation process of a platelet AlsTi particle, same area microstructural
observation is performed. From obtained results, it is found that the fracture
surface of a platelet AlsTi particle is {112}, and cracks are preferentially
propagated along the twin boundary of {112}, after deformation twinning.

In chapter 3, changes in the spatial distribution of the fragmented AlsTi
particles in an Al-AlzTi composite during ECAP are investigated by Morisita index,
I5. ECAP is performed under the processing routes of A and B¢ up to 8 passes and
AlzTi particles are aligned along the deformation axis using route A, while
particles in the specimens deformed with B. are formed into groups. Spatial
distribution of AlsTi particles based on the /; results indicate that both processing

routes generated aggregated distributions. After 5 passes using routes A and Bc,



the homogeneity of the spatial distribution is increased. These variations in the
spatial distributions of the AlsTi particles can be explained by the occurrence of
the material flow of the a.-Al matrix during ECAP using routes A and Bc. Although,
spatial distributions of spherical AlsTi particles in an Al-AlsTi composite by ECAP
Is investigated and spherical AlsTi particles are not fragmented by ECAP. In
addition, stress concentration develops more easily for specimens with smaller size
particles compare to the specimens which have larger size particles.

In chapter 4, effects of AlsTi particles shape on the fragmentation
behavior and spatial distribution of AlzTi particles in ECAPed Al-AlsTi composite
are investigated. In this chapter, spherical, polyhedral and granular AlsTi particles
are used. Changes in the spatial distributions of fragmented spherical, polyhedral
and granular AlsTi particles depend on the particle size. Moreover, it is found that
fragmentation of AlsTi particles occurs by stress concentration around AlzTi
particle.

In chapter 5, the fragmentation behavior of platelet AlsTi particles in the
Al-AlzTi composite by MDF, symmetric rolling (SR) and asymmetric rolling
(ASR) are presented. This SPD processes can be applied easily as industrial
processing comparing with ECAP. The obtained results show that the platelet
Al3Ti particles in the Al-AlzTi composites deformend by MDF, SR and ASR are
also fragmented and distributed depending on material flow of o-Al matrix in the
composites. Therefore, these SPD processing methods can be used to modify the
distribution of platelet AlsTi particles in the Al-AlsTi composite.

In chapter 6, grain refining performance of Al-AlzTi composite comprises
the platelet AlsTi particles deformed by SPD is investigated with the use of as-cast

Al. It is well known that AlsTi particles in Al-AlsTi composite play a role of good



heterogeneous nucleation sites for solidification of molten Al. Because of this,
grain refinement of as-cast Al occurs by addition of the Al-AlsTi composite into
molten Al. In this chapter, grain refinement performance of Al-AlzTi composites
deformed by ECAP and MDF is studied. As a result, it is found that both of ECAP
and MDF for the Al-AlsTi composite Using the obtained results, the grain refining
ability of the Al-AlsTi composite are an effective process to enhance its graining
refining ability for the as-cast Al.

Finally, chapter 7 describes the summary and conclusion of all chapters

in this study.
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Chapter 2
Fragmentation mechanism of a platelet AlsTi particle in Al-based composite

by compression test

2.1 Introduction

It is well known that the Al-AlsTi composite is an effective grain refiner
for as-cast Al and its alloys [1-5]. This Al-AlsTi composite contains intermetallic
platelet AlsTi particles with D022-type crystal structure in the a-Al matrix and
Al3Ti particles play the role of good heterogeneous nucleation sites for a-Al. In a
previous study, the AIl-AlzTi composite was subjected to severe plastic
deformation (SPD) by equal-channel angular pressing (ECAP) and its grain
refining ability for as-cast Al was investigated [3]. When the Al-AlsTi composite
is deformed by ECAP, the number of AlzTi particles increased due to their
fragmentation. Because of this, the Al-AlsTi composite deformed by ECAP had
better grain refining ability compared with the undeformed Al-AlsTi composite.
Similarly, it has been reported that the cold rolling for the Al-AlsTi composite
enhances its grain refinement ability [4]. Therefore, it is important to understand
the fragmentation process of platelet AlsTi particles by SPD for the Al-AlzTi
composite as a method for enhancement of its grain refinement ability.

In addition, AlzTi has a good lattice matching with Al, and that this is one
of the reasons why AlsTi provides a good heterogeneous nucleation site for a-Al

[1-9]. Watanabe et al. have reported that the {112} 5,57; plane is the most effective

nucleation site for Al because it can have good lattice matching with Al [5, 10].

Furthermore, they found that an AlsTi particle having {112} 5,7 on its surfaces is

more effective as a nucleus for Al [5]. As a possible reason, if the platelet AlzTi

10



particles are preferentially fragmented on the {112} 5 57; trace by ECAP, this partly

explains the high grain refinement ability of ECAP processed Al-AlzTi composite.
Sato et al. have reported that cracks in the platelet AlsTi particles

preferentially propagate along {112} ;1 When the AlsTi particle in Al-AlsTi

composite is fragmented by ECAP [11]. However, the fragmentation of the platelet
AlsTi particles in the AI-AlzTi composite is discussed by microstructural
observation for the fragmented AlsTi particles in the deformed Al-AlsTi composite.
Because of this, the fragmentation mechanism of the platelet AlsTi particles in the
Al-AlzTi composite is not clear. In order to clarify the fragmentation process of
Al3Ti particles, it is important to perform the same area observation of the platelet
AlzTi particle in the Al-AlsTi composite during deformation.

In this study, the fragmentation process of a platelet AlsTi particle in Al-
Al3Ti composite during compression testing was investigated with the repetition
of microstructural observation on the same area. Moreover, the fragmentation
process of platelet AlsTi particles in Al-AlsTi composite is discussed based on the
results obtained by a combination of crystallographic analysis and 3-dimensional

(3D) observation.

2.2 Experimental procedure
2.2.1 Preparation of Al-AlsTi composite

A commercial Al-5 mass% Ti alloy ingot was cast at 1073 K in an
alumina crucible using an electrical resistance furnace under an argon gas
atmosphere as shown in Fig 2.1. The as-cast ingot was cut and polished to obtain
a specimen size of 5 x 5 x 5 mm?® for compression tests. This specimen contained

platelet AlsTi particles with a volume fraction of 11% in an o-Al matrix. In
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addition, the platelet AlsTi particle in the composite is single crystalline. Hereafter,
the Al-5 mass% Ti alloy will be called as the Al-AlsTi composite. Using this
composite, compression test was performed.
2.2.2 2D microstructural observation of Al-AlsTi composite during compression
The same area microstructural observation and compression testing were
repeated to investigate the microstructural change of a platelet AlsTi particle in an
Al-AlzTi composite during compression test. The specimen coordinate system for
microstructural observation was defined as shown in Fig 2.2. Initial microstructure
of the Al-AlsTi composite was observed by scanning electron microscopy (SEM)
and electron backscatter diffraction (EBSD). Furthermore, compression test was
performed up to a nominal strain of 5% at a strain rate of 107 /s. Subsequently, the
microstructure of the platelet AlsTi particle was observed at the same position
using EBSD. After that, the compression test was carried out up to the nominal
strain of 8% using the same specimen, and then microstructural observation is
performed again at the same position using EBSD. Moreover, EBSD measurement
was performed with an SEM acceleration voltage of 15 kV and step sizes of 0.1

umor 1.5 um.

2.2.3 3D microstructural observation of AlsTi particle in Al-AlsTi composite after

compression test

Three-dimensional (3D) microstructural observation of the platelet AlsTi
particle in the Al-AlsTi composite deformed by the nominal strain of 8% was
performed by the serial sectioning method to determine the crystal plane
orientation on the crack surface of the fragmented AlzTi particle [12-14]. Serial
images were obtained through repeated mechanical polishing and microstructural
observation using an optical microscopy (OM). Initially, near to the observation

12



particles, two indentations were made by a micro-Vickers hardness tester and the
serial images were obtained. The serial sectioning images are aligned and the
sectioning distances are measured. The sectioned images in this study were
approximately 10 pum thick. A 3D image of the platelet AlsTi particle was
reconstructed using the commercial reconstruction software AMIRA ver. 6.0 from

the serial sectioning images.

2.3 Results and discussion

2.3.1 Initial microstructure of Al-AlsTi composite

Figure 2.2 shows the initial microstructure of Al-AlzTi composite. From
this photo, it is seen that the coarse platelet AlzTi particles are distributed in the o-
Al matrix before compression test. In addition, the coarse platelet AlsTi particles
are not aligned in the longitudinal direction and no platelet AlsTi particles has
cracks. These microstructural characteristics of the Al-AlzTi composite are in
agreement with the previous studies [3-6, 15-19]. Using this Al-AlsTi composite,
the fragmentation process of the platelet AlsTi particles during compression test
was investigated. This investigation was performed by the same area observation

in the same area repeatedly.

2.3.2 Microstructural observation of AlsTi particle in Al-AlsTi composite during

compression test

Figure 2.3 is a stress—strain curve of the Al-AlsTi composite obtained
from the compression test. From the shape of this stress-strain curve, the Al-AlzTi

composite is greatly deformed during compression test. Same-area microstructural
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observations of a AlsTi particle in the Al-AlsTi composite were performed by

stopping the compression test at nominal strains of &= 5% and 8%.

Figure 2.4 (a) image quality (1Q) and inverse pole figure (IPF) maps of
the Al-AlsTi composite obtained before compression testing using EBSD. As seen
in this photograph, no crystal rotation or slip line was observed in the o-Al matrix.
This indicates that the specimen not plastically deformed before the compression
test. Figures 2.4 (b) and (c) are 1Q and IPF maps of the Al-AlsTi composite
obtained using EBSD after compression testing up to nominal strains of e=5% and
8%, respectively. It is seen that after compression tests, slip lines are observed in
the a-Al matrix as shown in the 1Q maps of Figs. 2.4 (b) and (c). Especially, many
slip lines are clearly visible at the nominal strain of £=8% and these slip lines are
heavily curled. In addition, a crack is generated in the AlsTi particle at a nominal
strain of €=5% and identified AlsTi particle shown by the rectangle formed dashed
white lines. Moreover, when the specimen was compressed up to e=8%, the same
Al3Ti particle was completely fragmented in Fig. 2.4 (c).

The microstructure of the marked rectangles in Figs. 2.4 was observed
under higher magnification to investigate the fragmentation process of the platelet
Al3Ti particle in more detail. Figures 2.5 (a) and (b) are highly magnified 1Q maps
of the AI-AlsTi composite compressed up to nominal strains of e=5% and 8%,

respectively. Trace analysis of {112} 5,7; in platelet AlsTi particle was carried out
and white lines in these figures are the traces of {112} 547 Figure 2.5 (a) shows

microstructure at the nominal strain of €=5%. Some boundaries and crack
generation are observed on the platelet AlsTi particle. Moreover, as seen in Fig.

2.5 (a), it is seen that these boundaries are parallel to the trace of {112} 57

Yamaguchi et al. reported that AlsTi is fragmented after deformation twinning
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with a twin boundary plane of {112},,,7; [20]. Hence, it is considered that the

boundary observed in Fig. 2.5 (a) is a deformation twin boundary. Furthermore,
increasing the nominal strain up to e=8% cracks propagated along the boundary

parallel to the {112}, trace, as shown in Fig. 2.5 (b). Therefore, it can be

expected that deformation twinning occurred in the platelet AlsTi particle during
compression and subsequently the crack propagated along the twin boundary with

{112} i51i- Moreover, the crystal plane orientation of the cracked surface of a

Al3Ti particle was determined by 3D microstructural observation in this study.

2.3.3 3D microstructural observation and crystallographic analysis of

fragmented AlzTi particle in Al-AlsTi composite

Figure 2.6 (a) is SEM micrograph of the fragmented AlsTi particle in the
specimen deformed up to the nominal strain of 8%. Several cracks are observed in
the fragmented AlzTi particle. In this study, the 3D shape of a fragmented AlzTi
particle shown in Fig. 2.6 (a) was visualized by serial sectioning. The
reconstructed 3D image was shown in Fig. 2.6 (b), which indicates the shape of a
fragmented AlzTi particle clearly visible. This 3D image was used to determine
the crystal plane orientation of the crack surface in the fragmented AlsTi particle
by the following procedure. Initially, the angle (#3p) between the observation plane
and crack surface was obtained by using the reconstructed 3D image. As a result,
the measured 6sp of a fragmented AlsTi particle was 89.7°. Furthermore, the angle
(fcal) between the crystal plane orientation of the observation surface in the
fragmented AlsTi particle and the predicted plane orientation of the crack surface
were calculated. The predicted crystal plane orientations of the crack surface were

{112} pigrio {1103 argmis {1123 A15i, OF (001) 557 @nd the crystal plane orientation of
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the observation plane was (5 2 -5). The 6ca can be calculated by the following

equation [21]:

1 3/a 2
hehy + kaky + 5 (hiko +kehy) +3 () il
3 a2 3/a\2
\/(h12 + k12 +hik, + Z(E) l12> <h22 + k22 +hky + Z(E) lzZ)

(2.1)

1

0., = cos™

where (h1, ki, 1) is the crystal plane orientation of the observation surface, (hy, k2,
I2) is the predicted crystal plane orientation. a and c are the uniaxial lattice constant
and the long axis lattice constant. In this study, the lattice constants of AlsTi with
a D02o-type structure are a = 0.3851 nm and ¢ = 0.8608 nm [22, 23]. The calculated
results for &ca are listed in Table 1. The 6ca are compared with &p (60 = 89.7°).
Furthermore, Table 1 shows that fca is closest to Gp when the crystal plane

orientation of the crack surface is {112} 5;57;. This results that the crack surface of
the fragmented AlsTi particle is {112} 57i. As already discussed, the boundary
plane of the deformation twin is {112} ,4r;. Hence, it is clear that the crack of the

fragmented AlsTi particle propagated along the twin boundary.

Somekawa et al. have reported that the formation of deformation twins in
magnesium (Mg) alloy [24]. It is found that deformation twins occur near the crack
tip when Mg alloy is deformed. Furthermore, they have investigated that twins
form at the initial stage of the deformation process and crack propagation occurs
along the twin boundaries [25]. This deformation process of the Mg alloy is similar
the fragmentation process of the AlsTi particle. Therefore, it is reasonable that the

crack in the AlsTi particle propagates along deformation twin boundary plane of

{112} Al3Ti-
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2.3.4 Fragmentation process of AlzTi particle in Al-AlsTi composite

In this section, the fragmentation process of platelet AlsTi particles in the
Al-AlzTi alloy during compression was discussed. From previous studies, it was
reported the deformation process of AlsTi [20] and the fragmentation process of
the platelet AlsTi particles in the ECAP-processed Al-AlsTi composite [11]. As
mentioned in Section 2.3.2, Yamaguchi et al. found that AlsTi particles are
fragmented after twin deformation with twin boundary plane of {112} a57i [20]. In
addition, some of the recent investigation of the formation process of the wear-
induced layer by sliding wear for Al-AlzTi functionally graded materials (FGMs)
[12]. That investigation observed many deformation twins in the fragmented AlsTi
particles of the worn Al-AlzTi FGMs. In addition, Sato et al. have found that the
fragmented AlsTi particles in the Al-AlzTi alloy deformed by ECAP consist of a
crack surface with {112}aismi [11]. From those previous studies results that the
platelet AlsTi particles are fragmented by crack propagation along twin boundaries
after deformation twinning. Moreover, Wang et al. have studied that higher shear
modulus of the particle provides the extra driven force for the interfacial cracking
in Mg alloys [26]. However, the crack in the AlsTi particles propagates along the
twin boundary plane rather than the interface between the matrix and the particle
in the present study. This is because that bonding strength between AlsTi particle
and a-Al matrix would be strong since the AlzTi has good lattice matching with
the Al. Considering the above findings in mind, it was concluded that platelet AlsTi
particles in the Al-AlzTi composite fragment by the following process shown in

Fig. 2.7 and described as follows:
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(1) When Al-AlsTi composite is plastically deformed, shear stress is transmitted

to the platelet AlsTi particles by shear deformation of the a-Al matrix.

(2) The platelet AlsTi particles are embedded in the a-Al matrix and the platelet
AlsTi particles deform under a constrained state. Moreover, deformation
twinning occurs in the AlsTi particles to relieve the stress around them (Fig.
2.7 (b)). Deformation twinning formed in particle may create shear stress

concentrations at the boundary.

(3)Furthermore, increasing shear stress around the platelet AlsTi particles. The
cracks are initiate in the twin-deformed particles and preferentially propagate
along the twin boundary of {112}asmi (Fig. 2.7 (c)). Finally, because a
relatively large hole is formed between fragmented AlsTi particles, ductile

fracture of the a-Al matrix would be enhanced.

2.4 Conclusions

The fragmentation process of platelet AlsTi particles in Al-AlsTi
composite during compression was investigated by the combination of EBSD and
3D microstructural evaluation with crystallographic analysis. Same-area
observation of a platelet AlsTi particle in the Al-AlsTi alloy during compression
deformation was performed. The obtained main results are as follows:
(1) The Al-AlsTi composite containing platelet AlsTi particles was deformed by
compression. The platelet AlsTi particle in the AI-AlsTi composite was
compressed up to a nominal strain of 5%, and a twin boundary parallel to a

{112} 5i57i trace was observed and it was found that the platelet AlsTi particle is
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first deformed by deformation twinning and in a direction parallel to the {112} 5 47

trace.

(2) Increasing the nominal strain up to 8%, cracks were generated in the same
platelet AlsTi particle. The cracks generated along with the twin boundary-initiated
fragmentation in the platelet AlsTi particle.

(3) The crystallographic analysis was performed on the fracture surface of the
fragmented platelet AlsTi particle with 3D microstructural observation. The
combination of EBSD and 3D microstructural observation indicated that the
crystal plane orientation of the fracture surface in the platelet AlsTi particle was
{112} aigmi.. The fragmentation of the AlsTi particle occurred along the {112} ajgri
plane. From these results, it is suggested that cracks initiated in the platelet AlsTi

particles preferentially propagate along the twin boundary of {112} 7 after

deformation twinning. The fragmentation of platelet AlsTi particles in Al-AlzTi

composite preferentially occurs at twin boundary after deformation twinning.
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Table 2.1. Predicted crystal plane orientation and calculated angle of crack
surface.

Predicted crystal plane
_ _ Calculated angle (6ca)) | Measured angle (63q)
orientation
{111} pjgri 83.8°
{110}A|3Ti 22.0° 89.7°
{112} 6y 90.0°
(002) i 107.2°
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Fig. 2.1. Schematic illustration of casting process.

Compression

Fig. 2.2. SEM photograph showing microstructure of Al-AlsTi composite before
compression together with specimen coordinates for microstructural observation.
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Fig. 2.3. A stress-strain curve of the Al-AlsTi composite obtained by
compression test.
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Fig. 2.4. (left) 1Q and (right) IPF maps of the Al-AlsTi composite (a) before
compression test and after compression tests up to nominal strains of (b) € = 5%
and (c) € = 8%.
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Fig. 2.5. Highly magnified 1Q maps of the Al-AlsTi composite compressed up to
nominal strains of (a) e=5% and (b) 8% together with {112} ;37; trace analysis.
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Fig. 2.6. (a) SEM photograph and (b) 3D image showing the fragmented platelet
Al3Ti particle at nominal strain of ¢ = 8%. Angle between the observation plane
and the fracture surface (6sq) was measured with 3D image.
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Fig. 2.7. Schematic representations showing the fragmentation process of the
platelet AlsTi particle in the Al-AlsTi composite under compression test: (a)
before deformation, (b) at the beginning of deformation and (c) after
deformation.



Chapter 3
Controlling factor for solid particles fragmentation in Al-based composite

by equal-channel angular pressing

3.1 Introduction

Recent years there has been an increasing interest to manufacture of
ultrafine-grain (UFG) materials, due to the unique properties [1-3]. In addition,
this UFG contains sub micrometer of grain size compare with other conventional
materials. Severe plastic deformation (SPD) processing is an innovative group of
metalworking techniques that can be used to produce bulk UFG materials [4]. SPD
can impose extremely high strains without any significant changes in the overall
dimensions of the materials and results in plastic deformation of materials. High-
pressure torsion (HPT) [5-7], equal-channel angular pressing (ECAP) [8-23],
multi-directional forging (MDF) [24-26], accumulative roll-bonding (ARB) [27-
29] and constrained groove pressing (CGP) [30] methods are few techniques works
based on the SPD principles. Among them, HPT and ECAP are effective
techniques to produce UFGs structure.

Figure 3.1 is a schematic illustration of ECAP die together with the
shearing patterns introduced during each ECAP pass. A rod or bar shaped billet is
repeatedly pressed through ECAP die with two channels that intersect at the bend
and ECAP technique induce large shear strain into the billet. The equivalent strain
(¢) accumulated by each ECAP passage can be calculated based on the angle
between the two parts of the channel (¢) and the outer curvature angle where the

two parts intersect (). The value of ¢ is calculated using the equation [9, 10].

e (®)+ O rvesee( @+ Q)] 00
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where N is the number of ECAP passes through the billet. Furthermore, the strain
induced by each ECAP passage can be modified by varying the processing route.
Moreover, several processing routes have been proposed for ECAP such as routes
A, Ba, Bcand C. During route A, the biller is pressed repetitively without rotation
and so shear deformation occurs in two directions. In contrast, route Bs and B.
involves rotating the billet 90° in the alternative and same direction during each
ECAP passage, respectively. While route C, the billet is rotated 180° in the same
direction. In this study, most commonly used ECAP processing such as route A
and B are performed. Route B impose a homogeneous strain following 4 passes
as shown in Fig. 3.1 and the final microstructure depends on the ECAP processing
route [8, 10].

Some of the previous studies investigated the microstructural changes
induced in metal-based composite by ECAP [12, 14]. Chang ef al. reported that
ECAPed 6061 Al-10vol% SiCy composites produce a uniform distribution of SiCy
clusters and ECAP enhance the mechanical properties of the material [12]. Sabirov
et al. investigated that ECAPed Al6061-20%Al>0; powder metallurgy metal-
based composite produce the homogeneity of the solid particles in the composite
[14]. In addition, Tan and Zhang reported that the secondary processing of
composites containing solid particles larger than a critical size can enhance the
homogeneous distribution of such particles [31]. From those previous studies, it is
found that the composites containing solid particles can enhance the homogeneous
distribution of these particles after ECAP processing.

Watanabe et al. studied the effects of processing routes A and Bc on
microstructure and texture development in Al-Al3Ti composite by ECAP [32].

Their results show that route A produces a highly anisotropic distribution of
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fragmented Al3Ti particles in the o-Al matrix, while route B¢ results in a
homogeneous distribution of the fragmented Al3Ti particles.

Sato and Watanabe investigated the fragmentation behavior of platelet
AlsTi particles in severely deformed Al-AlzTi composite by ECAP using routes A,
B¢ and C [33]. It is found that the distribution difference of Al3Ti particles in the
Al-Al3Ti composite by ECAP is controlled by plastic deformation of the a-Al
matrix. However, changes in the spatial distributions of platelet AI3Ti particles in
Al-Al3Ti composite during ECAP have never been evaluated quantitatively. To
evaluate the spatial distribution of platelet AlsTi particles the Morisita index, /s,
would be suitable method [26, 34-38] and this /s has been applied to the analysis
of spatial distributions of Al3Ti particles in Al-Al3Ti composite deformed by MDF
[26]. The spatial distribution of Al3Ti particles in the AI-AlzTi composite deformed
by ECAP has never been evaluated using /5.

In this study, the spatial distributions change of Al;Ti particles in the Al-
AlTi composite during ECAP are investigated. Variations in the spatial
distributions of these particles in the Al-Al;Ti composite by ECAP were
quantitatively evaluated using /s. First, the Al-Al3Ti composite contains platelet
Al;3Ti particles are prepared by casting and ECAP is performed up to 8 passes using
routes A and Bc. On the other hand, the effects of particles sizes in the spatial
distribution of spherical AlsTi particles in the Al-Al3Ti composite during ECAP is
studied and this Al-Al3Ti composite is prepared by spark plasma sintering (SPS).
Based on the obtained results, the distribution mechanism of Al3Ti particles in Al-

Al3Ti composite during ECAP are discussed.
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3.2 Experimental procedure
3.2.1 Specimen preparation of Al-AlsTi composites

First, one type of Al-Al3Ti composite was prepared by casting process. A
commercial Al-5mass%Ti alloy ingot was used as the starting material for the
ECAP. This alloy ingot contained platelet Al3Ti particles with volume fraction of
11vol% in an a-Al matrix [39-40]. The ingot was melted at 1073 K then the melt
was poured into a steel mold containing a hole with 15 mm in diameter and 180
mm in length. After that, lathe machining was carried out to obtain required ECAP
specimen size with 10 mm in diameter and 60 mm in length. Subsequently, each
specimen was homogenized at 773 K for 1 h by heating and then air cooled. These
specimens are used to perform ECAP process.

The other type of Al-AlsTi composite was prepared by SPS. Figure 3.1
was schematic illustration showing the fabrication process of Al-AlsTi composite
using SPS. At first, the spherical AlsTi particles were prepared by gas atomization
method as shown in Fig. 3.1 (a). Macrostructure of obtained spherical AlsTi
particles was shown in Fig. 3.2 and this spherical AlsTi particle was
polycrystalline. After that, the gas-atomized spherical AlsTi particles are sieved to
obtain three kinds of AlsTi particle sizes with different particle sizes. The particle
diameters of the sieved AlsTi particles are below 75 pm, 75-150 um and 150-250
pum. Subsequently, using three-dimensional motion mixer (Turbula mixer), these
sieved AlsTi particles are mixed with Al particles (99.9%) with 106-180 pm in
diameter. In addition, to minimize the powder particles aggregation while mixing
stearic acid was added as a process control agent. The volume fraction of the AlzTi
particles in the mixed-powder was 11 vol%. These mixed-powders were sintered

using the spark plasma sintering (SPS, SPS-515S Syntax Inc.) apparatus. The

32



sintering was performed at 550 °C for 15 min under the applied pressure of 45
MPa. The SPSed Al-AlsTi composite was cut to obtain the required size of ECAP
specimens with 10 mm in diameter and 30 mm in length. Finally, three kinds of
Al-AlzTi composites containing AlzTi particles with different diameter were
obtained. Specimen 1 which contains below 75 um AlsTi particles in the Al-AlzTi
composite, specimen 2 contains 75-150 pm AlzTi particles and specimen 3

contains 150-250 um AlsTi particles in the Al-AlzTi composites.

3.2.2 ECAP processing of Al-AlsTi composites

The ECAP die was constructed with an intersecting angle of ¢ = 90° and
an outer angle of curvature of ¥=20° between the two channels as shown in Fig.
3.3. During each pass of ECAP, this die subjected the test specimens to a nominal
equivalent strain of 1.01. The pressing speed of each ECAP specimen was 5
mm/min and a graphite oil were used as the lubricant. Each specimen was
subjected to up to 8 passes under route A or B at ambient temperature. Thus, the
total nominal equivalent strain induced in each specimen by the ECAP processing
over 8 passes was approximately 8.08. ECAP for the SPSed AI-AlI3Ti composite

was subjected up to 1 pass.

3.2.3 Microstructural observations of Al-AlsTi composites

The Al-Al3Ti composite was cut down the middle along the deformation
axis and then mechanically and chemically polished in preparation for
microstructural observations. Microstructures of the Al-Al;Ti composites before
and after ECAP were examined by scanning electron microscopy (SEM) and
optical microscopy (OM). During such assessments, the direction of

microstructural observation was important, and Fig. 3.4 provides the coordinate
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system applied to each specimen. The sizes and spatial distributions of the Al3Ti
particles were analyzed based on the SEM and OM images. Phase identification
was carried out by an X-ray diffractometer (XRD) analysis. Electron backscatter
diffraction (EBSD) analysis was also used to determine the crystal orientation
distributions of the A3 Ti particles. EBSD analysis were acquired at an acceleration
voltage of 15 kV and using a step size of 0.5 um. The average diameter of the Al3Ti
particles in each specimen was determined employing the Motic Image Plus
software package.

The spatial distributions of the Al3Ti particles in the Al-Al;Ti composite
before and after ECAP were evaluated on the basis of /s values [26, 34-38]. The
center of gravity of each Al3Ti particle in each observation area was initially used
to mark the particle position. The observation area was then divided into quadrats
(9), and the number of marked positions were counted in each area. In these
analyses, the observation area was divided into a total of 64 quadrats when
determining /s and the Al;Ti particles inside these quadrats were employed as the
sampling units. In addition, in order to evaluate strain distribution around Al/Al3Ti
interface in Al matrix for the SPSed AI-Al3Ti composite. Hencky equivalent strains

of Al matrix were calculated based on the shape of Al-matrix grain.

3.3 Results and discussion

3.3.1 Initial microstructure of Al-AlsTi composite prepared by casting

Figure 3.5 is an SEM photograph showing the initial microstructure of an
Al-Al3Ti composite prepared by casing and before ECAP process this composite
contained randomly distributed platelet Al;Ti particles in the o-Al matrix. The

average length of platelet Al3Ti particles was approximately 210 pm inside the
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observation area and these particles have no crack. This microstructure is in
agreement with previous studies [32-33, 39-41]. Using such Al-Al3Ti composites,

ECAP was performed up to 8 passes under route A or Be.

3.3.2 Microstructural changes induced in Al-AlsTi composites by ECAP

Figure 3.6 provides a set of photographic images showing the rod-shaped
Al-Al3Ti composite before and after ECAP up to 8 passes using route A or Be. In
Fig. 3.6(b), several small cracks are visible on the specimen surface following 8
passes using route A. In contrast, the Al-Al;Ti composite subjected up to 8 passes
using route B exits large cracks, as shown in Fig. 3.6(c). Figures 3.7(a)-(h) is a
set of SEM microstructures of Al-AlzTi composites after ECAP up to 8 passes
under route A. When 1 pass of ECAP is performed to the Al-Al3Ti composite,
severe cracking is observed in coarse platelet AlsTi particles as shown in Fig.
3.7(a). It is found that the AI3Ti particles fragmented during 1 pass are aligned
along the deformation axis compared to the initial particles shown in Fig. 3.5. In
addition, fragmentation of particles observed at center of the specimen and around
the specimens are different along the deformation axes. After 2 passes as shown in
Fig. 3.7(b), the Al;Ti particles are seen to be smaller compared to those in the
specimen after 1 pass. Furthermore, increment in the number of passes greatly
increased the degree of fragmentation of the Al3Ti particles along with the number
of cracks in the Al3Ti particles. In addition, the fragmented Al3Ti particles became
more closely aligned along the deformation axis with increases in the number of
ECAP passes. It was suggesting that the fragmented Al;Ti particles were forced to
migrate towards the shear plane. This is because route A induces unidirectional
shear deformation of the specimen. When ECAP was subjected up to 8 passes
under route A, the fine fragmented Al3Ti particle were uniformly distributed in the
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Al-Al3Ti composite as shown in Fig. 3.7(h). Figures 3.8(a)-(h) is a set of high-
magnification SEM microphotographs presents fragmented Al3Ti particles after up
to 8 passes using route A. Figure 3.8(a) shows that the Alz3Ti particles after 1 pass
maintained their platelet shape, and that each fragment was separately dispersed
in the AI-AITi composite. The fragmented AlsTi particles in the AI-AlTi
composite after 8 passes under route A show a granular shape and this
morphological change is attributed to the shear deformation induced by ECAP.
Microstructures of Al-Al3Ti composites by ECAP processing under route
B¢ up to 8 passes was shown in Fig. 3.9(a)-(h). When the ECAP was subjected
more than 2 passes, it shows fragmented platelet Al3Ti particles that are not aligned
along the deformation axis. In contrast, these particles also appear to aggregate to
produce several groups of particles. Watanabe et al. reported that Al-AlsTi
composites subjected to ECAP under routes A or Bc show two different
microstructures, such that the latter route generates a homogeneous distribution of
the fragmented Al3Ti particles in the a-Al matrix [32]. This phenomenon occurs
because route B¢ induces multidirectional shear deformation of the specimen. In
this study, fragmented Al3Ti particles under route A were observed to be aligned
along the deformation axis. In contrast, route B¢ produced several groups of the
Al3Ti particles. Thus, the spatial distribution of fragmented AlsTi particles in the
Al-Al3Ti composite after ECAP process varied depending on the processing route.
Figures 3.10(a)-(h) is a set of high magnification SEM microphotographs of
fragmented Al3Ti particles in specimens subjected ECAP under route Bc up to 8
passes. As discussed above, these fragmented Al3Ti particles aggregated to form
several groups. Compared to route A, applying 8 passes under route B. resulted in

finer fragments in the a-Al matrix. In addition, the average lengths of the
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fragmented Al;Ti particles in Al-Al;Ti composites groups obtained using route Bc
after 4 passes and 8 passes were 256 um and 248 pum, respectively. This average
length of the fragmented AlsTi particles group were similar to the initial average
length of platelet Al;Ti particles in the undeformed Al-Al;Ti composite before
ECAP. The shape of the Al3Ti particles after ECAP using routes A and B at 8
passes were found to transition from platelet to granular. Therefore, the
microstructural evolution of the AI3Ti particles in the Al-AlsTi composite was
dependents on the ECAP processing route.

Figures 3.11 were a set of histograms shows the summarizing of diameter
distributions of the Al;Ti particles in Al-Al;Ti composites before and after ECAP
up to 8 passes using routes A and Bc. These diameters of the Al3Ti particles were
calculated based on their areas, assuming that the particles were circular in shape
[33]. Figure 3.11(a) shows that before ECAP, the diameter of platelet Al3Ti
particles were relatively large. However, the particle size was decreased with
increases the number of ECAP passes. Because of this, the number density of Al3Ti
particles was also increased by ECAP. Figure 3.12 was a graph showing the
average diameters of the Al3Ti particles based on the histograms results. These
graph results that the average diameter decreased gradually with increasing
number of ECAP passes. However, the size reduction behavior is different between
processing routes A and Be, such that the AI-Al3Ti composite subjected to 8 passes
using route B: had much smaller Al3Ti particles. This was because of the route Bc
attributed to the greater number of shear planes and shear directions at 8 passes
comparing to route A.

Figures 3.13(a) and 3.13(b) shows inverse pole figure (IPF), phase and

kernel average misorientation (KAM) maps of the AI-Al3Ti composites after 8
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passes under routes A and B, respectively. The IPF maps present the crystal plane
orientations of AI-Alz3Ti composites observed at ND plane. The a-Al matrix was
seen to contain fine grains after 8 passes of ECAP. Watanabe et al. studied the
orientation relationship between AI3Ti particles and an Al matrix in Al-Al3Ti
functionally graded materials (FGMs) fabricated by centrifugal casting using
EBSD [42-43]. In addition, authors have reported that the plane-normal direction

of the platelet Al3Ti particles corresponded to the [001]4;;17. KAM analysis was a

useful means of characterizing local misorientation [44-47] and KAM values are
readily obtained from EBSD analysis. Figure 3.13 shows the KAM analyses with

5° threshold angle of a-Al matrix after 8 passes of ECAP under routes A and B..

From this images, it was confirms that the KAM values were lower in the Al-Al3Ti
composite after ECAP under route A. Ashby established that, when a two-phase
alloy is deformed, the dislocations induced in the crystal lattice allow compatible
deformation of two phases via geometrically necessary dislocations (GNDs) and
determined that KAM values are correlated with these GNDs [45]. The
relationship between indentation size and the density of GNDs was studied using
EBSD [46]. In this study, dynamic recrystallization was observed in the AI-AlzTi
composite after ECAP using both processing routes. In addition, the density of
GNDs in the a-Al matrix around the AITi particles decreased due to this
recrystallization, and fragmentation of Al3Ti particles are severely occurs.
However, the extent of fragmentation of Al3Ti particles in Al-Al3Ti composites
was found to vary depending on the number of ECAP passes for both routes A and

B..
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3.3.3 Spatial distribution of AlsTi particles in the Al-AlzTi composite

In a previous study, spatial distribution of Al3Ti particles in an Al-Al;Ti
composite were investigated up to 4 passes by ECAP using the 3D microstructural
analysis [33]. However, the spatial distributions have never been evaluated
quantitatively. In this study, spatial distribution of AlsTi particles calculated
quantitatively using the Morisita index, /s, by dividing the observation area into
small regions or quadrats of equal size [26, 34-38]. The value of /s is defined by

the equation

Ii=q'0 (3.2)

where ¢ is the number of quadrats in the total observation area and ¢ is calculated

as

i ni(n-1)

0= N(N-1)

3.3)

where n; (=1, 2, 3...g) is the number of the individual particles found in each
quadrat and N is the total number of individual particles inside the observation area.

This value is defined as

N=Y1,n (3.4)

Substituting the expression for o into Eq. (3. 2) gives

Z?ﬂ ni(ni_ 1)

Is=a-=3

(3. 5)

Is can be calculated from SEM images using Eq. (3. 5). Schematic

illustrations of /sand of various distributions are shown in Fig. 3.14. The particle
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distribution can be classified into three types such as Poisson’s (random), uniform
(regular) and aggregate distribution. When the calculated /svalue become 1 and it
indicates a Poisson distribution in which the particles are homogeneously
distributed throughout the matrix, uniform and aggregate distributions obtained
while /svalues of less than and greater than 1.

In previous study, the spatial distributions of Al3Ti particles in Al-Al3Ti
specimens deformed by MDF has been investigated using /5 [26]. In addition,
Watanabe et al. investigated the spatial distributions of Aly7Feo3Ti particles in
refiners fabricated by powder metal route on the basis of an /s analysis [38].
Therefore, I51s evidently an effective means of assessing the distribution of the
Al3Ti particles following ECAP specimens in this study.

Figure 3.15 shows /svalues of the Al3Ti particles in the ECAPed Al-Al;Ti
composites up to 8 passes under routes A and B. as a function of the number of
quadrats. It is found that the /svalues were close to 1 before ECAP. However, the
AlzTi particles are fragmented and dispersed in the matrix and so the /svalues were
increased after 1 pass. ECAP under both routes up to 4 passes, the fragmented
particles were increasingly dispersed and the /sremained above 1 as shown in Fig.
3.15. Particularly, the /svalue of the ECAPed Al-Al;Ti composites using route Be
increased after 3 passes and then decreased after 4 passes, while that of the
specimen ECAP processed under route A decreased after 2 passes. Furthermore,
after 5 passes, the /s values obtained using both processing routes decreased and
approached 1 with increases in the number of ECAP passes. This result indicates
that the fragmented Al;Ti particles were start to disperse homogeneously in the
matrix after 5 passes. Therefore, /5 values of the Al;Ti particles in the Al-Al;Ti
composites ECAP processed up to 8 passes under routes A and Be, associated with
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aggregate distribution. It means that the size of each aggregate is small, and the
particles have a Poisson's mode as shown in Fig. 3.14. However, the spatial
distribution obtained from each pass is different between routes A and B..
Moreover, this difference in spatial distribution of the Al3Ti particles can be seen
more clearly at the maximum number of quadrats (¢g=64). Because of this, the
changes in the spatial distribution of AlsTi particles in the AI-Alz3Ti composites
was discussed at the maximum number of quadrats in this study.

Figure 3.16 presents the changes in the /svalues at the maximum number
of quadrats (¢g=64) as a function of the number of ECAP passes. The Is values of
the specimens after ECAP using route A are seen to decrease with increases in the
number of ECAP passes. On the other hand, route B: shows increase or decrease
in the /5 values with increasing the number of ECAP passes. Furthermore, the /5
values for specimens ECAP processed using route B after 3 and 4 passes are
higher than those for route A specimens. This result is attributed to the tendency
of the route B¢ to form groups of fragmented AlsTi particles. After 5 passes both
processing routes increased the particle homogeneity although, after 8 passes using
route B¢, the specimens showed more homogenous distributions than those
processed with route A. Summarizes variations in the shape of cubic elements
induced by both ECAP processing routes was shown in Fig. 3.17. During ECAP
is performed under route A, the cubic elements undergo continuous change only
in the TD and RD planes, as shown in Fig. 3.17(a). These particles are fragmented
by unidirectional shear deformation because of this, the fragmented Al3Ti particles
are distributed along the deformation axis. In contrast, Fig. 3.17(b) shows that the
route B. induces changes in the TD, RD and ND planes. However, during ECAP

under route B the cubic element recovers its original shape after 4 passes and 8
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passes. Because of this, the fragmented Al3Ti particles form into groups. The
calculated /svalues for AlsTi particles in the deformed Al-Al3Ti composite suggest
that the spatial distributions various according to plastic flow of the a-Al matrix
by ECAP. Sato and Watanabe studied that the distribution of fragmented Al3Ti
particles in AI-Al3Ti composites during ECAP up to 4 passes appears to indicate
plastic flow of the a-Al matrix and this phenomenon is in agreement with previous

studies [33].

3.3.4 Controlling factor for AlsTi particles fragmentation

Tan and Zhang predicted the degree of homogeneity of granular SiC
particle distributions obtained the standard secondary processing of an AA8090
metal-based composite [31]. Their study determined that during extrusion or
rolling process of an AA8090 metal-based composite, the granular SiC particles
and matrix were deformed together and the particle distribution became more
homogenous. In addition, it was found that a uniform distribution of particles was
obtained when the particle size was larger than a critical value. However, the
similar deformation in the metal-based composites is obtained by secondary
processing even at the high reduction ratios. Because of this, the solid particle
distributions in composites by secondary processing are limited.

As discussed in Sections 3.3.2 and 3.3.3, large platelet Al3Ti particles
were distributed in the Al-Al3Ti specimen before deformation. When the Al-Al3Ti
composites deformed using route A exhibited a consistent reduction in Al3Ti
particle size with increasing the number of ECAP passes. In addition, the
fragmented AlsTi particles were distributed along the deformation because of the
uniaxial shear. On the other hand, the fragmented Al3Ti particles returned to their

initial positions after 4 and 8 passes under route B. and it did not result in consistent
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reduction of the AI3Ti particle size and. Furthermore, 8 passes of ECAP under route
B¢ produced a more homogenous distribution of Als3Ti particles compared to route
A because of the greater number of shearing directions. This results clearly reports
that movement of the fragmented Alz3Ti particles was similar to that expected from
material flow of the a-Al matrix. The distribution of Al3Ti particles is determined
by the appearance of material flow of the a-Al matrix after ECAP and distribution
becomes significantly more homogeneous with increasing number of passes.
Therefore, changes in the spatial distribution of the Al3Ti particles in the Al-Al;Ti
composite depend on the material flow of the a-Al matrix during ECAP. In
addition, fragmentation of the Al3Ti particles can be controlled by the ECAP

processing routes.

3.3.5 Initial microstructure of Al-AlsTi composite prepared by SPS

SEM micrographs showing initial microstructure of Al-AlsTi composites
fabricated by SPS are shown in Fig. 3.18. Figures 3.18 (a-c) are Al-AlzTi
composites containing spherical AlsTi particles in the range of below 75 um, 75-
150 um and 150-250 um, respectively. As shown in Fig. 3.18, spherical AlsTi
particles in all of specimens are uniformly distributed in the Al matrix. Figures 3.
19 (a-c) are size distributions of the AlsTi particles in the Al-AlsTi composites
containing spherical AlzTi particles in the range of below 75 pm, 75-150 pm and
150-250 um, respectively. Furthermore, average diameters of the AlsTi particles
obtained from Fig. 3.19 are presented in Table 3.1. Average diameter of spherical
AlsTi particles increases when the diameter of AlsTi particles increases. Figure
3.20 shows the XRD of the Al-AlsTi composites which contain three different size

spherical AlsTi particles. XRD traces of the AIl-AlsTi composites for all the
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specimens indicates the peak pattern of the AlzTi with DOy, structure and Al with
fcc structure. It is concluded that Al-AlsTi composite which contains spherical
AlsTi particles with D02, structure was successfully fabricated by the SPS

technique. Using this Al-AlsTi composites ECAP is carried out.

3.3.6 Microstructural changes of spherical AlsTi particles in the Al-AlsTi

composites by ECAP

Figures 3.21 (a-c) are SEM photographs showing microstructure of Al-
Al3Ti composites containing spherical AlsTi particles in the range of below 75 pm,
75-150 um and 150-250 pum, respectively after ECAP. As seen in Fig. 3.21, no
cracks are observed on AlzTi particles in all of ECAPed Al-AlsTi composites.
Moreover, AlsTi particles in ECAPed Al-AlsTi composites are not plastically
deformed regardless of ECAP. This means that the spherical AlsTi particles in the
Al-AlsTi composites are hardly fragmented by SPD. In previous studies, it is found
reported that platelet AlsTi particles in the Al-AlsTi composites are fragmented by
compression and ECAP processes [33, 41]. It is found that cracks generated along
with the twin boundary-initiated fragmentation in the platelet AlsTi particles.
According to those studies, cracks in the AlsTi particles are generated at
deformation twin and propagate along with the twin boundary. Therefore, it is seen
that the fragmentation behavior of AlsTi particles in the Al-AlzTi composite by

SPD is different depending on the shape of AlzTi particles.

3.3.7 Spatial distribution of spherical AlsTi particles by ECAP

Using the Eq. (3. 5) and SEM micrographs, the spatial distributions of the
AlsTi particles in ECAPed Al-Al3Ti composites is evaluated. Figure 3.22 (a) show

the /s curves of Al3Ti particles in AI-Al3Ti composites by ECAPed Al-AlsTi
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composites containing Al3Ti particles with below 75 um diameter respectively.
Before deformation, the /svalue is near to 1. When ECAP is performed for the Al-
AlTi composite, the AI3Ti particles are aggregated in the Al matrix and the
calculated /s5value becomes higher than before deformation. Figure 3.22 (b) is the
Iscurves of the Al-Al3Ti composites containing Al3Ti particles with 75-150 pm in
diameter deformed by ECAP. From Fig. 3.22 (b), difference of the /5 caused by
ECAP is not observed. It is seen that the Al-Al3Ti composite with relatively higher
Al3Ti particles has homogenous distribution. Figure 3.22 (c) shows the /scurves
of 150-250 um Al;Ti particles in Al-Al;Ti composites by ECAP. Before ECAP, the
larger size Al;Ti particles results the calculated /s less than 1. When ECAP is
performed at 1 pass, the Al3Ti particles in Al-AlzTi composite are aggregated in
the Al matrix and the /sbecomes more than 1.

When the particle size is smaller or larger to the matrix size the spatial
distribution becomes aggregated distribution after SPD. However, when the
particle is similar to the matrix size the spatial distribution arrangements becomes
uniform distribution. Therefore, the change in the spatial distribution of spherical
AlsTi particles in the Al-Al3Ti composites depends on the particle size. In addition,
the difference in the spatial distribution of the Al3Ti particles in the deformed Al-

Al3Ti composite is controlled by the material flow of the matrix by ECAP.

3.3.8 Hencky equivalent strain of the SPS fabricated Al-AlsTi composites by ECAP

As discussed in the above section, the change in the spatial distribution
of spherical AlsTi particles depends on the particle size in the Al-AlzTi composites.
To clarify this reason, strain distribution of the Al-AlsTi composites deformed by

ECAP is investigated. To compare the SPD caused by two different processing
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techniques, logarithmic strain or true strain must be used [48-51]. Onaka has
suggested that Hencky strain is suitable to present huge strain induced by SPD
processing [50]. Figure 3.23 (a) is a schematic representation of the simple shear
deformation caused by ECAP. When an equiaxed grain with diameter d is
deformed by simple shear deformation, equiaxed grain changes into an ellipsoidal
grain with thickness ¢ as shown in Fig. 3.23 (a). At this time, Hencky equivalent

strain (hequiv) induced by this simple shear deformation can be derived as

ey = ln{M} 3. 6)
v=(%) (3.7)

where yis a nominal shear strain. d values measured form Fig. 3.24 are presented
in Table 3.1. The measured c¢ values for the Al-AlsTi composites contain below
75 pum AlsTi particles, 75-150 um AlsTi particles and 150-250 pm AlsTi particles
are 36.7 um, 27.4 um and 24.8 um, respectively. Using the Eq. (3. 6), hequiv is
calculated. Figure 3.25 (a) presents the distribution of hequiv as a function of AlsTi
particles diameter. The hequiv distribution of the Al-AlsTi composite contains below
75 um spherical AlzTi particles is less compare to other the Al-AlsTi composites
which contain large size spherical AlsTi particles. However, hequiv distribution of
the AI-AlsTi composites increases with the increase in AlsTi particles size.
Moreover, the hequiv distribution indicates that the higher simple shear deformation
is measured in the Al-AlsTi composite which contains 150-250 um spherical AlsTi
particles as shown in Fig. 3.25 (a). It clearly indicates that larger simple shear
deformation occurs when the specimen has the large particle size among all the

specimens.
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3.3.9 The effect of AlsTi particles size on the stress concentration by ECAP

In previous studies, stress concentration developed by the particle was
investigated [52-54]. When the simple shear deformation develops the internal
stress o in the AlsTi particle by ECAP. Stress concentration around the AlsTi

particle is as same as the o. Mori et al. have derived internal stress o [52].

o =A(c/r) uf (3.8)
A =71 2-v)/ {4(1-v)} (3.9)

v and u are Poisson ratio and shear modulus of the particle, respectively. The

particle with radius r and grain boundary thickness 2c is shown in Fig. 3.26 (a). In

this study, ECAP die introduces the nominal strain 4 of 1.01 per pass and the
average AlsTi particles are shown in Table 1. Stress concentration as a function of
the average diameter of AlsTi particles is shown in Fig. 3.26 (b). Stress
concentration around the particles has notable change when the particle size
changes. This indicates that stress concentration depends more strongly on the
particle size during plastic deformation. In addition, the specimen with the smaller
particle size have greater stress concentration. However, when the particle size
increases there is a notable decrease in the stress concentration. Onaka et al. have
reported that stress concentration develops more easily for smaller particles in the
Cu-GeO; alloy [53]. Therefore, it is found that stress concentration develops more

easily for the Al-AlzTi composite which has smaller AlzTi particles.
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3.4 Conclusions

The microstructures and spatial distributions of Al3Ti particles in an Al-
AlTi composite during ECAP were investigated. Specially, variations in the
spatial distributions of Al3Ti particles in the Al-Al3Ti composite by ECAP using
routes A and Bc up to 8 passes were examined. In addition, the stress concentration
around the Al3Ti particles in the Al-Al;Ti composite were studied. The most
important results can be summarized as follows:
(1) An AI-Al3Ti composite containing large platelet Al3Ti particles in an a-Al
matrix was deformed by ECAP using routes A and Bc. The large platelet Al3Ti
particles were increasingly fragmented with increases in the number of ECAP
passes.
(2) The fragmented particles produced via routes A and B. were found to have
different spatial distributions. The Al3Ti particles in the specimen deformed using
route A were aligned along the deformation axis, while particles in the specimens
deformed with route B, are formed into groups, and had relatively homogenous
distributions.
(3) Increasing the number of ECAP passes, changed the Al;Ti particle shape from
platelet to granular. Due to particle fragmentation, the particle size decreased while
the number density increased using routes A and B.. Moreover, the average
diameter of the Al3Ti particles gradually decreased as the number of ECAP passes
increased. In addition, ECAP at 8 passes using route B generated much smaller
AlTi particles size compared to route A. Because route Bc involved a greater
number of shear planes and shear directions.
(4) Evaluation of the spatial distributions of Al3Ti particles in the AI-Al3Ti alloy

based on /s values showed the aggregate distributions for both routes A and B..
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After 5 passes using routes A and B, the homogeneity of the spatial distribution
was increased. Moreover, 8 passes with route B produced a more homogeneous
distribution compare to route A. Therefore, it is concluded that changes in the
spatial distributions of Al3Ti particles are dependent on the occurrence of material
flow of the a-Al matrix during ECAP with routes A and Be.

(5) The spherical Al3Ti particles in the Al-Al3Ti composite were not fragmented
by ECAP. It is found that the spatial distributions of Al3Ti particles in the Al- Al3Ti
composite deformed by ECAP results the aggregated distribution. The change in
spatial distributions of spherical Al3Ti particles depends on the particle size.
Uniform distribution of spherical Al3Ti particles in the AI-Al;Ti composite
obtained when the particles size was larger than critical size.

(6) Distribution of Hencky equivalent strain, heqiv, indicates that the highest
simple shear deformation occurs in the specimen which had the larger particle size
by ECAP. It was found that stress concentration develops more easily for
specimens with the smaller size particles compare to the specimens which have
larger size particles. This means that the specimen with larger particles size were

deformed more compare to the specimens which have smaller particle size.
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Table 3.1. The average diameters of spherical AlsTi particles and mean grain

size of Al-AlsTi composites.

Specimen

Average diameter of
spherical AlzTi particles

Mean grain size

Al-AlsTi composite
contains below 75 um
Al3Ti particles

19.6 um

46.9 um

Al-AlzTi composite
contains 75-150 um
Al3Ti particles

72.5 um

46.7 um

Al-AlsTi composite
contains 150-250 um
AlsTi particles

152.1 pm

48.4 um
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Fig. 3.1. Schematic illustration showing step by step fabrication procedure of Al-
AlzTi composite.

Fig. 3.2. SEM image of spherical AlzTi particles fabricated by gas atomization.
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Fig. 3.4. The specimen coordinate system for microstructural observations of the
Al-AlzTi composites during ECAP.
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Fig. 3.5. An SEM photograph showing the microstructure of an Al-AlsTi
composite that before ECAP.

Fig. 3.6. The rod-shaped Al-AlsTi specimens used for ECAP- (a) before
processing and after eight passes employing routes (b) A and (c) Be.
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Fig. 3.7. SEM photographs showing the microstructures of Al-AlsTi composites
by ECAP under route A (a) 1 pass, (b) 2 passes, (c) 3 passes, (d) 4 passes, (e) 5
passes, (f) 6 passes, (g) 7 passes and (h) 8 passes.
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Fig. 3.8. High-magnification SEM photographs showing the microstructures of
Al-Al3Ti composites by ECAP under route A (a) 1 pass, (b) 2 passes, (¢) 3
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Fig. 3.9. SEM photographs showing the microstructures of Al-AlzTi composites
by ECAP under route B. (a) 1 pass, (b) 2 passes, (c) 3 passes, (d) 4 passes, (e) 5
passes, (f) 6 passes, (g) 7 passes and (h) 8 passes.
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Fig. 3.10. High-magnification SEM photographs showing the microstructure of
Al-AlsTi composites by ECAP under route B (a) 1 pass, (b) 2 passes, (c) 3
passes, (d) 4 passes, (e) 5 passes, (f) 6 passes, (g) 7 passes and (h) 8 passes.
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Fig. 3.11. Histograms of Al3Ti particles diameters in Al-AlsTi composites by
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Fig. 3.12. The measured average diameters of Al3Ti particles in Al-Al3Ti
composite by ECAP under routes A and B. as functions of the number of passes.
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Phase Map

Fig. 3.13. (left) Inverse pole figure (IPF) maps, (center) phase maps and (right)
kernel average misorientation (KAM) maps of Al-AlsTi composites after 8
passes of ECAP under routes (a) A and (b) Bec.
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particles and (¢) 150-250 um AL Ti particles.
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AL Ti particles.
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Fig. 3.23. Schematic illustrations of shape changes caused by simple shear
deformation.

72



(@

ECAP-1 Pass [ =

(b)

Fig. 3.24. OM photographs of Al-Al,Ti composites contains spherical Al,Ti
particles (a) below 75 um AL Ti particles (b) 75-150 um ALTi particles and (¢)
150-250 um ALTi particles.
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Chapter 4
Effects of spherical, polyhedral and granular shape AlsTi particles in
fragmentation behavior of Al-based composite by equal-channel angular

pressing

4.1 Introduction

In recent years, high strength and lightweight materials have attracted
much attention in academic and industrial field applications. The Al-AlsTi
composite is one of the metal matrix composite (MMC) contains a greater potential
for aerospace and other structural application because of their superior properties
such as high specific strength and low density [1-3]. The Al-AlsTi composite
contains AlsTi intermetallic particles in Al matrix and this intermetallic particle is
very attractive due to higher melting point and relatively low density [1-4]. One of
the most important goals is to fabricate the Al-AlzTi composite with a homogenous
distribution of AlsTi particles in the Al matrix. Distribution of AlsTi particles will
affects the physical and mechanical properties of the Al-AlsTi composite. In order
to achieve excellent quality Al-AlsTi composite, it is important to identify the
relevant parameters affecting the uniformity of AlsTi particles distribution in the
Al matrix. However, studies concerning the homogenous distribution of AlsTi
particles in the Al-AlzTi composite is limited.

Several different techniques have been developed to fabricate MMCs [1-
11]. Especially, Ryu et al. have investigated that sintering technique can produce
more uniform grain distribution AlzTi particles in the AI-AlzTi composite
compared with conventional consolidation methods [6]. In addition, they have

reported that sintering pressure and the temperature had large effects on the final
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density of particles. On the other hand, Tan and Zhang have proposed a size
difference effect of matrix powder and reinforcement particles to obtain a uniform
distribution using Al-2.54Li-1.49Cu-0.91Mg-0.13%Zr alloy powders and SiC
particles [11]. It is found that the uniform distribution of SiC particles could be
expected only when the SiC particles size is not less than a critical size. Secondary
deformation processing can enhance the homogenous distribution of SiC particles.
Therefore, it is important to understand the selection of particles size, shape and
processing technique to obtain homogenous distribution in powder metallurgy
MMCs.

Spark plasma sintering (SPS) is a technique developed for sintering
ceramics and composite materials [6,9, 12-15]. Watanabe et al. have studied that
grain refining performance of Al-AlsTi composite manufactured by SPS [14].
Furthermore, it is found that AlsTi particles act as an effective heterogeneous
nucleation site particle for solidification of as-cast Al. This is because of the AlsTi
particles has good lattice matching with Al. In previous studies, the grain refining
performance of Al- AlsTi composite [16-18] before and after severe plastic
deformation (SPD) by equal channel angular pressing (ECAP) is investigated [19-
24)].

Sato and Watanabe have studied the spatial distribution of the platelet
Al3Ti particles in the Al-AlsTi composite by ECAP processing routes A, B¢ and C
[24]. Their results show that the change in the spatial distribution of the fragmented
Al3Ti particles depends on material flow of a-Al matrix during ECAP. However,
the spatial distribution of AlzTi particle in the Al-AlsTi composite by ECAP is not
investigated quantitatively. On the other hand, the spatial distribution of the

fragmented platelet AlsTi particles in the Al-AlsTi composite by multi-directional
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forging (MDF) [25-27] have been evaluated quantitatively using the Morisita
index, I [27]. It results that 1;[28-31] is an effective method to examine the spatial
distribution of the AlsTi particles quantitatively. However, the spatial distribution
changes polyhedral and granular AlsTi particle in the SPDed Al-AlzTi composite
Is unknown. Because the deformation of the AlsTi particles in the Al-AlsTi
composite depends on the particle shape, the spatial distribution change of the
Al3Ti particles in the composite with polyhedral or granular AlsTi particles would
be different from the platelet AlsTi particles. Therefore, it is important to evaluate
the distribution, size difference and shape of AlsTi particles in the SPDed Al-AlzTi
composite.

In this study, fragmentation behavior and spatial distribution of spherical
or polyhedral or granular shape AlsTi particles in the Al-AlsTi composite during
ECAP have been investigated. This spatial distribution of AlsTi particles in the Al-
AlzTi composite is quantitatively evaluated using /s In order to investigate the
effect of the particle size and shape effects, the Al-AlsTi composite with two
different sizes of spherical or polyhedral or granular particles is used. In addition,
the Hencky equivalent strain is calculated to describe the severe strain caused by
ECAP [33-39]. Based on the obtained results, the fragmentation behavior, spatial
distribution and effects of AlsTi particle shape in the Al-AlzTi composite during

ECAP were discussed.

4.2 Experimental procedure
4.2.1 Preparation of Al-AlsTi composites
At first, the AlsTi particles with D022 structure were prepared by gas

atomization or arc melting. The spherical and polyhedral AlzTi particles prepared

78



by gas atomization were shown in Fig. 4.1. On the other, granular AlsTi particles
was prepared by arc melting and this AlsTi particles was prepared by arc melting
of pure Al and pure Ti under an argon atmosphere as shown in Fig. 4.2.
Subsequently, the prepared AlsTi particles was homogenization at 1100 °C for 4
h. After that, the gas-atomized polyhedral AlsTi particles and arc melted granular
Al3Ti particles were sieved to obtain the AlsTi particles diameters in the range of
below 75 pm and 75-150 pum. The sieved AlsTi particles were mixed with Al
particles (99.9%, 106-180 um) by using three-dimensional motion mixer (turbula
mixer). In this study, the volume fraction of the AlsTi particles was 11 vol%.
These mixed-powders were sintered using SPS at 550 °C for 15 min under the
applied pressure of 45 MPa. Finally, four kinds of Al-AlzTi composites containing
Al3Ti particles with two different particles diameter were obtained. Specimen 1
which contains below 75 pum polyhedral AlsTi particles in the Al-AlzTi composite,
specimen 2 contains 75-150 um polyhedral AlsTi particles, specimen 3 contains
below 75 um granular AlzTi particles and specimen 4 contain 75-150 pum granular
AlsTi particles in the Al-AlsTi composites. In addition, Al-AlsTi composites

containing spherical shape AlsTi particles were prepared by SPS.

4.2.2 ECAP for the Al-AlzTi composites

The required size of ECAP specimens with 10 mm in diameter and 30
mm in length was obtained from machining. In this study, ECAP for the Al-AlzTi
composite was performed under the pressing speed of 5 mm/min at ambient
temperature and ECAP die which can give the nominal equivalent strain of 1.01
per passage. After ECAP specimen was cut at the middle along the deformation

axis for microstructural observation.
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4.2.3 Microstructural observations of Al-AlsTi composites

Microstructure of the Al-AlzTi composites before and after ECAP was
observed by scanning electron microscope (SEM) and optical microscope (OM).
The specimens were mechanically and chemically polished for microstructural

observation. The spatial distribution of AlsTi particles in the Al-AlzTi composites

was evaluated by the Is [27-31]. The Hencky equivalent strain (hequiv) Was a

quantitative analysis carried out to evaluate strain distribution around Al/AlzTi
interface in the Al-AlsTi composites deformed by ECAP. The mean size of Al
grains was calculated using mean linear intercept. The specimen was etched in
10% hydrofluoric acid solution and observed by OM for grain size determination.
The Vickers hardness (HV) of the Al-AlsTi composites were measured at room

temperature under a load of 4.903 N.

4.2.4 Microstructural observations of L1, intermetallic compound

The spherical and polyhedral shape L1, structure Alz7FeosTi and
Al25CuosTi particles were prepared by gas atomization as shown in Fig 4.14 and
4.15 (a). The L1, structure particles were mixed with Al particles (99.9%, 106-180
pm) by using three-dimensional motion mixer (Turbula mixer). Where the volume
fraction of particles was 11vol%. The mixed powder particles were sintered by

SPS.

4.3 Results and discussion

4.3.1 Microstructure of Al-AlsTi composites contain spherical or polyhedral

Al3Ti particles by ECAP
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Figure 4.3 shows the micrographs of pure Al before and after ECAP. It
is found that after 1 pass of ECAP the grain size of pure Al becomes small. In
addition, cracks are observed in the specimen after ECAP. SEM micrographs
showing microstructure of AIl-AlsTi composites containing spherical AlsTi
particles before ECAP as shown in Fig. 3.18. It is found that after ECAP there is
no deformation in spherical shape AlzTi particles in Al-AlsTi composites by ECAP

as shown in Fig 3.21.

SEM micrographs showing microstructure of AI-AlsTi composites
containing polyhedral AlsTi particles before and after ECAP as shown in Fig. 4.4.
Figures 4.4 (a) and (c) are the polyhedral AlsTi particles in the Al-AlsTi
composites in the range of below 75 um and 75-150 pum. When ECAP is performed,
deformation occurs in the polyhedral AlsTi particles as shown in Fig. 4.4 (b) and
(d). In previous studies, it is found that cracks generated along with the twin
boundary-initiated deformation and crack propagation along with the twin
boundary result in the fragmentation of particles in the Al-AlzTi composites [24,
10]. As seen in Fig. 4.5, the polyhedral AlsTi particles are severely fragmented in
the Al-AlsTi composites. Therefore, the polyhedral AlsTi particles in the Al-AlzTi

composites are severely fragmented by ECAP.

4.3.2 Microstructure of Al-AlsTi composites contain granular AlsTi particles by

ECAP

Figure 4.6 is a SEM photograph showing granular AlsTi particles
prepared by arc melting. Figures 4.7 showing the granular AlzTi particles in the
Al-AlsTi composites in the range of below 75 um and 75-150 um before and after

ECAP. The granular AlzTi particles in the Al-AlsTi composites are deformed by 1
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pass of ECAP as shown in Fig. 4.7 (b) and (d). It is found that deformation of the
granular AlsTi particles in the Al-AlsTi composite are severely occurs as shown in
Fig 4.8. It is found that the fragmentation of granular AlzTi particles are similar to
the fragmentation of platelet AlzTi particles. Hence, the fragmentation behavior of
Al3Ti particles in the Al-AlsTi composite by ECAP is different depending on the

shape and size of AlsTi particles.

4.3.3 Spatial distribution of AlsTi particles in the Al-AlsTi composites by ECAP

Spatial distributions of polyhedral or granular Al3Ti particles in the Al-
Al3Ti composite deformed by ECAP is quantitatively evaluated using the Is.
Figure 3.22 (a) and (b) are the /5 curves of the Al-Al3Ti composites containing
spherical AlsTi particles by ECAP. It is seen that the Al-AlsTi composite with
relatively higher AlsTi particles has homogenous distribution. Figures 4.9 (a-d)
is the Iscurves of the Al-Al3Ti composites containing polyhedral or granular Al;Ti
particles deformed by ECAP. From Fig. 4.9 (a) and (b), before ECAP the /sis near
to 1 and difference of the /s in the polyhedral Al;Ti particles caused by ECAP is
observed. It is seen that the Al-Al3Ti composite with fragmented Al;Ti particles
has aggregated distribution.

Figures 4.9 (c) and (d) shows the /scurves of the granular Alz3Ti particles
in Al-Al3Ti composites by ECAP. Before ECAP process, the granular Al3Ti
particles results the calculated /5is near to 1. When ECAP is performed at 1 pass,
the Al;Ti particles in Al-Al3Ti composite are aggregated in the Al matrix and the
Isbecomes more than 1. Particularly, small size (below 75 pm) of granular Al3Ti
particles in the AI-Al3Ti composite results the calculated /s more than 1compared

to large size granular Al3Ti particles. When the granular particle size is smaller to
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the matrix size the spatial distribution becomes aggregated distribution after ECAP.
However, when the particle shape is similar, the spatial distribution changes
depends on the particle size. Therefore, the change in the spatial distribution of
spherical or polyhedral or granular Al;Ti particles in the AI-Al3Ti composites
depends on the particle size. The spatial distribution of the spherical or polyhedral
or granular Al;Ti particles in the deformed Al-Al;Ti composite is controlled by the

material flow of the matrix by ECAP.

4.3.4 Distribution of the Hencky equivalent strain in the Al-AlsTi composites by

ECAP

It is found that the change in the spatial distribution of polyhedral or
granular AlsTi particles in the Al-AlsTi composites depends on the particle size.
Strain distribution around polyhedral or granular AlsTi particles in the Al-AlsTi
composite deformed by ECAP is evaluated quantitatively using Hencky equivalent
strain [32-38]. The mean grain size the AI-AlzTi composite which contain
polyhedral or granular AlsTi particles are calculated using mean linear intercept
form Figs. 4.10 and 4.11. The calculated mean grain size is presented in the Table
4.1. the distribution of hequiv @S a function of AlsTi particles diameter. The
measured thickness values for the Al-AlsTi composites contain polyhedral below
75 um AlsTi particles and 75-150 um AlsTi particles are 34.1 pm and 26.4 um,
respectively. In addition, the measured thickness values for the AIl-AlsTi
composites contain granular below 75 pum AlzTi particles and 75-150 pum AlzTi
particles are 36.9 um and 38.6 um, respectively. It is found that the hequiv
distribution of the Al-AlsTi composites contains polyhedral or granular below 75

pum AlsTi particles is less compare to other the Al-AlsTi composites which contain
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large size AlsTi particles as shown in Fig 4.12. However, hequiv distribution of the
Al-AlsTi composites increases with the increase in polyhedral or granular AlzTi
particles size. Moreover, the polyhedral AlsTi particles in the Al-AlzTi composites
results more Hencky equivalent strain compared to granular AlsTi particles in the
Al-AlzTi composites. As a possible reason for this Hencky equicalent strain is the
stress concentration around the polyhedral AlsTi particles different from granular
Al3Ti particles. It is concluded that large deformation of polyhedral or granular
Al3Ti particles in the Al-AlsTi composites occurs when the specimen has larger

particle size.

4.3.5 The Vickers hardness distribution of Al-AlsTi composites by ECAP

The distribution of Vickers hardness across the Al-AlsTi composites
before and after by ECAP is calculated as shown in Fig 4.13. In all the specimens,
it is found Vickers hardness values show the clear trend of improvement after
ECAP. This is because of the grain size of the Al matrix decreases with increasing
SPD. From this result, it should be noted that SPD by ECAP have a string impact

on the hardness of the Al-AlsTi composite as well as its grain size.

4.3.6 Microstructure of composites by ECAP

Figures 4.14 and 4.15 (b) shows the microstructure of fabricated
composite using SPS. It can be observed that Al>.7Feos3Ti and Al.sCuosTi particles
are dispersed in the Al matrix before ECAP, respectively. Using this composites
ECAP was carried out up to 1 pass. It is found that there is no deformation in the
spherical shape L1 structure Al>7FeosTi particles in the Al-11vol%Al; 7FeosTi
composite as shown in Fig 4.14. In addition, this result has agreement with

spherical shape DOz structure AlsTi particles in the AI-AlsTi composite.
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Furthermore, when ECAP is performed Al-11vol%Al2sCuosTi composite. It is
found that the polyhedral shape L1, structure Al.sCuosTi particles in the Al-
11vol%Al2sCuosTi composite deformed by ECAP as shown in Fig 4.15.
Especially, cracks are clearly visible in the specimen after ECAP. It is concluded

that deformation of particles in the composites depends on the particle shape.

4.4 Conclusions

Microstructure and spatial distributions of spherical or polyhedral or
granular AlsTi particles in the AI-AlsTi composite by equal-channel angular
pressing (ECAP) is investigated. One kind of spherical or polyhedral shape AlzTi
particles with two different size was prepared by gas atomization and other kind
of granular shape AlsTi particles with two different size was prepared by arc
melting. Using these composites, the shape and size effect of polyhedral or
granular AlzTi particles on the spatial distributions in Al-AlsTi composite were

studied. The obtained conclusions were as follows,

(1) ECAP was performed in the Al-Al;Ti composite, the spherical or polyhedral or
granular AlzTi particles were fragmented by ECAP. It is found that fragmentation
behavior depends on the AlsTi particles shape by ECAP.

(2) Spatial distributions of spherical or polyhedral or granular Al;Ti particles in the
Al- Al3Ti composite deformed by ECAP results the aggregated distribution. The
change in spatial distributions of spherical Al3Ti particles depends on the particle
size. Therefore, the spatial distribution of Al;Ti particles can be explained by the

material flow of the Al matrix by SPD.
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(3) Distribution of Hencky equivalent strain, hequiv, indicates that larger particles
size was deformed more compare to the specimens which have smaller particle

size.
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Table 4.1. Mean grain size of the Al-AlzTi composites.

Specimen Mean grain size of
(Al-AlzTi composite g : Mean grain size
) polyhedral particles
contains)
Below 75 um AlsTi particles 44.1 um 44.3 um
75-150 um AlsTi particles 47.7 pum 43.3 um
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Fig. 4.1. SEM photograph of AlsTi particles fabricated by gas atomization: (a)
spherical and (b) polyhedral.
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Fig. 4.2. Flow diagram for the fabrication of granular AlzTi particles.
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Fig. 4.3. OM of pure Al: (a) before ECAP and (b) 1 pass of ECAP.
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Fig. 4.4. SEM micrograph of Al-Al,Ti composites contains polyhedral AL, Ti
particles in the range of (a) below 75 um and (b) 75-150 um.

(b)

Fig. 4.5. High magnified SEM micrograph of Al-Al,Ti composites contains
polyhedral AL Ti particles after 1 pass of ECAP: (a) below 75 pm and (b) 75-150
pm.
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Fig. 4.6. SEM photograph of granular Al3Ti particles fabricated by arc melting.
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Fig. 4.7. SEM micrograph of Al-Al, Ti composites contains granular AL, Ti
particles in the range of (a) below 75 pm and (b) 75-150 um.
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Fig. 4.8. High magnified SEM micrograph of Al-Al;Ti composites contains
granular AL Ti particles after 1 pass of ECAP: (a) below 75 um and (b) 75-150
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Fig. 4.9. . and number of quadrats relations of the deformed Al-Al3Ti

composites contains polyhedral or granular AlsTi particles in the range of: (a)
polyhedral below 75 um AlsTi particles and (b) polyhedral 75-150 um AlsTi
particles, (c) granular below 75 pum AlsTi particles and (d) granular 75-150 pm
Al3Ti particles.
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(a)

(b)

Fig. 4.10. OM photographs of Al-Al, Ti composites contains polyhedral Al,Ti
particles in the range of (a) below 75 pm and (b) 75-150 um.
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Fig. 4.11. OM photographs of Al-AL Ti composites contains granular Al,Ti
particles in the range of (a) below 75 um and (b) 75-150 um.
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Fig. 4.12. Distribution of Henchy equivalent strain as a function of AlzTi
particles size in the deformed Al- AlzTi composite by 1 pass of ECAP.

97



(a)

50
45
40
35
30
25

20

Vickers Hardness, Hv

(c)

50
45
40
35
30
25

20

Vickers Hardness, Hv

26.6

43.2

Before ECAP

After ECAP 1 Pass

43.4

| 27.9 I
Before ECAP  After ECAP 1 Pass

(b)

50
45
10
35
30
25
20
15

10

Vickers Hardness, Hv

(d)

50
45
10
35
30
25
20
15

10

Vickers Hardness, Hv

44.6
27.9 I

Before ECAP After ECAP 1 Pass

43.78

28.1 I

Before ECAP After ECAP 1 Pass

Fig. 4.13. Distribution of Vickers hardness in the Al-AlsTi composite contain
polyhedral or granular AlsTi by ECAP: (a) below 75 um polyhedral AlsTi
particles, (b) 75-150 um polyhedral AlzTi particles, (c) below 75 um granular
AlsTi particles and (d) 75-150 um granular AlsTi particles.
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Fig. 4.14. SEM photograph of: (a) spherical Al>.7FeosTi particles fabricated by
gas atomization, Al-11vol%Al27Feo3Ti composite (b) before and (¢) after ECAP.
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Fig. 4.15. SEM photograph of: (a) polyhedral Al.sCuosTi particles fabricated by
gas atomization, Al-11vol%Al25CuosTi composite (b) before and (¢) after ECAP.
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Chapter 5
Fragmentation of platelet AlsTi particles in Al-based composite by severe

plastic deformation

5.1 Introduction

Adding Al-AlsTi composite containing platelet AlsTi particles can refine
the size of a-Al grains in as-cast Al [1-8]. As a possible reason effective grain
reefing because of AlsTi has good lattice registry with Al and this intermetallic
particles in the Al-AlsTi composite plays a role of heterogeneous nucleation site
for the a-Al [1]. It is found that the addition of the Al-AlsTi composite into the Al
melt can promote the as-cast Al having equiaxed and fine a-Al grains.

Grain refinement ability of the Al-AlsTi composite for the as-cast Al by
severe plastic deformation was investigated in the previous study [5]. This severe
plastic deformation for the Al-AlsTi composite have made by equal channel
angular pressing (ECAP) and its grain refinement ability was studied. It is found
that the platelet AlsTi particles in the Al-AlsTi composite are severely fragmented
by ECAP. In addition, the ECAPed AIl-AlsTi composite has higher grain
refinement ability than the undeformed Al-AlsTi composite. According to their
study, effect grain refinement ability of the Al-AlsTi composite comes from the
increases in the number of the AlsTi particles by ECAP which act as effective
nuclei for the a-Al. In previous studies, the plane disregistry between AlsTi and
Al have calculated and the results suggests that the {112} aizti plane of the AlsTi is
the most effective nucleation site for Al because this crystal plane of the AlsTi can
have the smallest plane disregistry with Al [6]. Furthermore, Sato and Watanabe

have found that the platelet AlsTi particles are preferentially fragmented along
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twin boundary plane of {112}aizti from 3-dimensional observation and
crystallographic analysis for the fragmented AlsTi particles in the ECAPed Al-
AlsTi composite [8]. Therefore, it is result that the enhancement of the grain
refinement ability of the Al-AlsTi composite by ECAP is caused by the increment
in the number of the AlsTi particles and the exposure of {112}aizTi plane on
fragmented surface.

In previous studies, Sato et al. have investigated effects of symmetric
rolling (SR) for the Al-AlsTi composite on its grain refinement ability and this
rolling can performed large specimen size compare to the small specimen size of
ECAP [5]. It is reported that the SR for the Al-AlsTi composite fragments the
platelet AlsTi particles and the number of the AlsTi particles increases in the Al-
Al3sTi composite. According to theirs study, they have suggested that the SR for
the Al-AlsTi composite can enhance its grain refinement ability for the as-cast Al
as well as ECAP. However, the problem of this technique is the particle size
reduction becomes saturated at reduction ratio of 45 %. This is because that the
fragmentation of the AlzTi particles hardly occurs since the longitudinal direction
of the platelet AlsTi particles are oriented parallel to the rolling direction. In order
to obtain severe fragmentation of the AlsTi particle, it is necessary to induce larger
shear strain for the AlsTi particles.

In recent years, the industries used to induce larger shear strain by
asymmetric rolling (ASR) and multi-directional forging (MDF) techniques. ASR
technique, which the circumferential velocities of the top and bottom rolls are
different [9-14]. The ASR can give larger shear strain uniformly throughout the
sheet thickness. Moreover, the ASR would be able to fragment the AlsTi particles

in the Al-AlsTi composite finer comparing with the SR. However, the distribution
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change of the platelet AlsTi particles in the Al-AlzTi composite by the ASR is still
unclear. On the other hand, Sato et al. reported that spatial distribution of AlsTi
particles in the Al-AlsTi composite during MDF [15] and it is expected that MDF
can also fragment the AlzTi particles in the Al-AlsTi composite.

In this study, the fragmentation behavior of the platelet AlsTi particles in
the Al-AlzTi composite by MDF or SR or ASR are investigated. Especially,
microstructure of the fragmented AlsTi particles in the Al-AlsTi composite
deformed by MDF or SR or ASR are observed. In addition, these severe plastic
deformation processes can be applied easily as industrial processing comparing
with ECAP. Based on the obtained results, the efficiency of MDF or SR or ASR

in fragmenting the platelet AlzTi particles in the Al-AlsTi composite is discussed.

5.2 Experimental procedure
5.2.1 Preparation of Al-AlsTi composites for MDF, SR and ASR

Specimens for MDF, SR and ASR were fabricated from a commercial Al-
5mass%Ti alloy ingot. This ingot contains platelet AlsTi particles with volume
fraction of 11% in an o-Al matrix and this ingot was cast at 800 °C using a graphite
crucible. At first, the specimen with dimensions of 10 x 14 x 19.5 mm? (aspect
ratio of 1.00: 1.40: 1.95) in rectangular shape were cut mechanically from this
ingot. Using this specimen MDF was carried out.

After that, the Al-AlsTi composite with 200 mm x 60 mm x 10 mm in
plate shape were mechanically cut from as-cast ingot. These obtained specimens

were used for the SR or ASR.
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5.2.2 MDF, SR and ASR for the Al-AlsTi composites

The MDF was performed on the Al-AlsTi composite up to 3 passes at the
strain rate of 6.7 x 10 1/s using an Instron-type compression machine. The
logarithmic strain induced by MDF one pass was 0.67 at room temperature. The
schematic illustration of die and plunger for MDF was shown in Fig 5.1. The
forging axis for MDF was changed by 90° pass-by-pass. In addition, the plunger
and die were used to keep the MDF specimen shape constant.

Furthermore, the SR and ASR were subjected on the Al-AlsTi composites
up to 10 passes at room temperature. Reduction ratio for 1 pass is 10% or 20%.
The circumferential velocity of the rolls for the SR is 2 m /min. In case of the ASR,
the circumferential velocity of the upper roll is 2 m /min and that of the lower roll
is 1.54 m / min. Therefore, asymmetrical ratio of the ASR used in this study is
130%. The conditions of the ASR and SR are summarized in Table 5.1.
5.2.3 Microstructural observation of the Al-AlsTi composites

2-dimensional (2D) microstructural observations of the Al-AlzTi
composites after SPD were carried out by scanning electron microscopy (SEM).
Figure 5.2 shows specimen coordinate system for microstructural observation of
MDFed Al-AlsTi composites. In addition, microstructures of the ASRed or SRed

Al-AlzTi composites were observed from TD as shown in Fig 5.3.
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5.3 Results and discussion

5.3.1 Initial microstructure of Al-AlsTi composites contain platelet AlsTi

particles

SEM micrographs showing microstructure of the Al-AlsTi composites
comprises platelet AlsTi particles before MDF and SR or ASR processes as shown
in Fig. 5.4 (a) and Fig 5.5 (a), respectively. The SEM micrograph of the Al-AlsTi
composites before SPD shows the coarse platelet AlsTi particles are distributed in
the o-Al matrix. In addition, longitudinal direction of the platelet AlzTi particles
are randomly oriented. This microstructure observed is similar with the
microstructure of the non-deformed Al-AlzTi composite reported in the previous

studies [6,7].

5.3.2 Microstructure of Al-AlsTi composites contain platelet AlsTi particles by

MDF

Figures. 5.4 (b) through (d) show the microstructures of the Al-AlsTi
composites after MDF up to 3 passes. It is observed that the platelet AlsTi particles
are fragmented by MDF. When 1 pass of MDF is subjected to the Al-AlsTi
composite, several cracks are observed in the platelet AlsTi particles as shown in
Fig 5.4 (b). Moreover, increasing the number of MDF passes, the cracks in the
Al3Ti particles also increase. In previous studies, it is found that cracks generated
along with the twin boundary-initiated deformation and crack propagation along
with the twin boundary result in the fragmentation of AlsTi particles in the Al-
AlzTi composites by ECAP and compression [8, 16]. Therefore, the platelet AlzTi

particles in the Al-AlsTi composites are severely fragmented by MDF.
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5.3.3 Microstructure of Al-AlsTi composites contain platelet AlsTi particles by SR

or ASR

Figures 5.5 (b) through (d) show that the platelet AlsTi particles in the Al-
AlzTi composites are fragmented by ASR or SR. It is observed that some AlsTi
particles are remained without fragmentation although large amount of the AlsTi
particles are fragmented by SR10 Fig 5.5 (b). Moreover, these fragmented AlsTi
particles are weakly oriented to RD. Meanwhile, the AlsTi particles in the ASR10
and the ASR20 are severely fragmented and the fragmented AlsTi particles are
strongly aligned to RD. From these results, it is seen that the ASR can induce larger

shear strain comparing with the SR.

Figures 5.6 (a) and (b) are graphs of the mean size and the aspect ratio
of the AlsTi particles as a function of total reduction ratio, respectively. The mean
size of the AlsTi particles are reduced as increasing total reduction ratio by ASR
or SR as shown in Fig 5.6. Comparing the mean sizes of the AlzTi particles in the
SR10, ASR10 and ASR20, the size of the AlsTi particles in the SR10 is the largest
under the same total reduction ratio. This result suggests that the ASR can induce
larger shear strain than the SR under the same reduction ratio. In addition, the mean
sizes of the AlsTi particles in the ASR10 and the ASR20 are saturated at total
reduction ratio of more than 60% while the mean size of the AlsTi particles in the
SR10 does not change anymore around total reduction ratio of 50%. Sato et al.
reported that the size of AlsTi particles are saturated at reduction ratio of 45%
when Al-Al3Ti composite is symmetric rolled at room temperature [6]. The result
of the SR10 in this present study is good agreement with that previous study.
Therefore, it is found from the saturation behavior of the AlsTi particle size that
the shear strain induced by ASR is larger comparing with the SR.
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The aspect ratio of the AlsTi particle in the SR10 is larger than those in
the ASR10 and the ASR20 as shown in Fig 5.6 (b). This means that the ASR can
fragment the AlsTi particles more severely and make more granular shaped AlzTi
particles. Hence, the ASR is more effective processing to fragment the AlsTi

particles in the Al-AlzTi composite.

5.3.4 Fragmentation process of the AlsTi particles in the Al-AlsTi composites by

SPD

At first, during MDF is performed to the AI-AlsTi composite, the cubic
elements undergo continuous change as shown in Fig. 5.7. AlsTi particles are
fragmented by shear deformation of the o-Al matrix during MDF 1 pass. When
the number of MDF passes increases the cubic elements undergo deformation in
all three planes as shown in Fig 5.7.

Figure 5.8 is schematic illustration showing fragment process of the
platelet AlsTi particle in the Al-AlsTi composite during the rolling process. Figure
5.8 (a) shows the undeformed Al-AlzTi composite comprises coarse platelet AlsTi
particles before SR or ASR. When the SR or ASR are subjected to the Al-AlsTi
composite, the platelet AlsTi particles are fragmented due to shear deformation by
the rolling as shown in Fig. 5.6 (b). It is found that the crack generated at the
fragmentation of the AlsTi particle propagates to its thickness direction and this
crack in the AlsTi particle propagates to TD as well as its thickness direction. This
is because of the plain strain deformation during SR or ASR [17, 18]. Moreover,
the fragmented AlsTi particles are oriented to shear direction and the plane normal
direction becomes close to ND. Figure 5.8 (c) shows that the small platelet AlsTi
particles with longitudinal direction parallel to TD are aligned to RD. in previous

studies, the fragmentation behavior of platelet B-AlFeSi particles in Al-7
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mass%Si—1 mass%Fe alloy by ECAP, MDF, ASR and SR were investigated [19].
It is found that the B-AlFeSi particles fragmented by ASR remains platelet shape
and crack in these particles propagates to TD and its thickness direction. This
fragmentation behavior of the B-AlFeSi particles is agreement with the present
results as shown in Fig. 5.8.

Considering the efficiency to fragment the platelet AlsTi particles in the
Al-AlzTi composite under the same number of passes, the ASR is more effective
than the SR because of its larger shear strain. However, if the plane normal
direction of the AlsTi particle becomes parallel to ND, the fragmentation of the
Al3Ti particles would not occur anymore even by the ASR. Therefore, it can be
concluded that the shear deformation from multiple direction is effective to

fragment the platelet AlsTi particle in the Al-AlsTi composite.

5.4 Conclusions

Microstructure and fragmentation process of the platelet AlsTi particles in
the Al-AlsTi composite by MDF or SR or ASR are investigated. The Al-AlzTi
composites are deformed by MDF or SR or ASR. The obtained conclusions were

as follows,

(1) Platelet AlzTi particles in the Al-AlsTi composite are fragmented by MDF, SR
and ASR. The ASR can fragment the platelet AlsTi particles refiner than the SR.
This is because that the ASR can induce larger shear strain comparing with the SR.
(2) Increasing the number of SPD processes, the fragmentation of Al3Ti particle

severely occurs in the Al- Al3Ti composite.
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(3) The ASR is more effective to fragment the AlsTi particles in the Al-AlsTi
composite rather than the SR. However, the shear deformation from multiple

direction is necessary in order to fragment the AlsTi particle refiner.
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Table 5.1. The conditions of the ASR and SR for the Al-AlsTi composites.

Name of . Circumferential velocity Reduction ratio
. Type of rolling
specimen of rolls for 1 pass
ASR10 Asymmetric Upper roll: 2 m/min 10 %
ASR20 rolling Lower roll: 1.54 m/min 20 %
SR10 Symmetrlc Upper roll: 2 m/ml'n 10 %
rolling Lower roll: 2 m/min
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Fig. 5.1. Schematic representations of the MDF process.
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Fig. 5.2. The specimen coordinate system for microstructural observations of the
Al-AlzTi composites during MDF.
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Fig 5.3. The specimen coordinate system for microstructural observation of Al-
Al3sTi composites by ASR and SR.
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Fig. 5.4. SEM photographs showing the microstructures of Al-AlsTi composites
by MDF (a) before MDF, (b) MDF-1 pass, (c) MDF-2 passes and (d) MDF-3
passes.
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Fig. 5.5. SEM photographs showing microstructures of (a) undeformed Al-Al3Ti
specimen, (b) SR10, (c) ASR10 and (d) ASR20. The SR10, the ASR10 and the
ASR20 are the specimens rolled at 5 passes.
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specimens as a function of total reduction ratio.
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Fig. 5.8. Schematic illustrations showing fragment process of platelet AlsTi
particle in the Al-AlsTi composite during the rolling process: (a) undeformed
specimen, (b) specimen rolled with small reduction ratio and (c) specimen with
large reduction ratio.
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Chapter 6
Grain refinement application of Al-based composite by severe plastic

deformation

6.1 Introduction

In recent years, grain refinement of as-cast Al by adding grain refiner has
attracted much attention in both academic and industrial field applications [1-13].
When the grain refiner is added into the as-cast Al, it dissolves into the melt and
releases the intermetallic particles to act as effective heterogenous nucleation site.
The popular grain refiners for as-cast Al are Al-Ti, Al-Ti-B and Al-Ti-C alloys [1-
13]. This is because those alloys contain the larger number of intermetallic
particles such as AlsTi, TiB2 or TiC particles. These intermetallic particles provide
a role of effective heterogeneous nucleation site for the a-Al. As a result, it is
found that the addition of the grain refiners into the pure Al melt can promote the
as-cast Al having equiaxed and fine a.-Al grains during solidification process. The
obtained equiaxed grain structure ensures the improved machinability, uniform
mechanical properties and various features. In addition, to obtain the equiaxed
grain structure of as-cast Al, the number effective heterogeneous nucleation
particles in grain refiners plays a major role.

In previous studies, grain refinement ability of the Al-Ti-C composite for
the as-cast Al by severe plastic deformation was investigated [6]. This severe
plastic deformation for the Al-Ti-C composite have made by equal channel angular
pressing (ECAP) and it is found that the number of intermetallic particles increases
after fragmentation [6]. In addition, it is reported that the ECAPed grain refiner

has better grain refining ability compare to the same refiner before ECAP. On the
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other hand, Zhang et al. investigated that the grain refinement ability of Al-AlsTi
composite contains platelet AlsTi particles are fragmented by ECAP [8].
According to their study, the ECAPed AIl-AlsTi composite has better grain
refinement ability compare to the Al-AlsTi composite before ECAP. In addition,
it is reported that the grain refinement ability of Al-AlsTi composite by ECAP
comes from the increases in the number of intermetallic AlsTi particles and these
particles can act as effective nuclei for the a-Al. Hence, ECAP is the effective
technique to improve the grain refinement ability of the Al-AlsTi composite.
However, in term of industrial application, the application of ECAP is limited
because the specimen obtained by ECAP is relatively small.

In previous studies, Sitdikov et al. have suggested the grain refinement
by SPD using multi-directional forging (MDF) process [4]. This process can
deform relatively large size of the specimen compare to other SPD techniques and
it is expected that MDF is suitable for industrial application.

In this study, microstructure evolution and grain refining performance of
the Al-AlsTi composite comprises the platelet AlsTi particles deformed by ECAP
and MDF are investigated. Especially, grain refinement ability of the Al-AlsTi
composite deformed by ECAP and MDF are evaluated. Based on the obtained
results, the grain refinement ability of the Al-AlsTi composite by ECAP and MDF

is discussed.

6.2 Experimental procedure
6.2.1 Preparation of Al-AlsTi composites for ECAP and MDF
Specimens for ECAP and MDF were fabricated from a commercial Al-

5mass%Ti alloy ingot [14-16]. This ingot was cast at 800 °C using a graphite
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crucible under argon gas atmosphere and this ingot contains platelet AlsTi particles
with volume fraction of 11% in an a-Al matrix. From the as-cast ingot, at first, the
rod shape Al-AlsTi composite with 10 mm in diameter and 60 mm in length was
prepared by lathe machining and the prepared AIl-AlsTi composite was
homogenized at 500 °C for 1 h. Using this specimen ECAP was carried out. On
the other hand, rectangular shape specimens for the MDF with dimensions of 10 x
14 x 19.5 mm?3 (aspect ratio of 1.00: 1.40: 1.95) were cut mechanically from the
cast ingot. Using this specimen MDF was carried out.
6.2.2 ECAP and MDF for the Al-AlzTi composites

ECAP was subjected to the Al-AlsTi composite up to 1 pass. This ECAP
was performed using an Instron-type compression machine at room temperature.
The nominal equivalent strain induced to the specimen during 1 pass is about 1.01
with pressing speed of 5 mm/min. On the other hand, MDF was subjected to the
Al-AlsTi composite up to 3 passes at room temperature. This MDF was performed
using an Instron-type compression machine at the strain rate of 6.7 x 107 1/s. The
logarithmic strain induced by MDF one pass was 0.67.

Furthermore, microstructures of the Al-AlsTi composites after ECAP and
MDF were observed by scanning electron microscopy (SEM), electron backscatter
diffraction (EBSD) and optical microscopy (OM).
6.2.3 Grain refining performance of the Al-AlsTi composites by ECAP and MDF

Grain refining performance of the Al-AlsTi composites for pure Al
(99.99% purity) was accomplished by a graphite crucible as shown in Fig 6.1. At
first, pure Al ingot of 148.8 g was melted at 750 °C in argon gas atmosphere. Then,
the addition of Al-AlsTi composite refiner of 1.2 g into the melt. The melt was

stirred for 30 s using the road and kept for 1800 s after the addition of refiners. The
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melt was poured into a cylindrical steel mold of 45 mm in inner diameter and 70
mm in outer diameter. The as-cast Al was cut horizontally at 5 mm from the bottom
of each specimen. The sectioned surface was mechanically and chemically
polished. Etching with a 10% hydrofluoric acid was carried out before observation.
The quantitative measurement of the mean a-Al grain size was obtained using

mean liner intercept method.

6.3 Results and discussion

6.3.1 Microstructure of Al-AlsTi composite refiners

Figure 6.2 is SEM micrographs showing the initial microstructure of Al-
Al3Ti composite comprises platelet AlsTi particles. The SEM micrograph of the
Al-AlsTi composite before SPD shows the coarse platelet AlsTi particles are
randomly distributed in the o-Al matrix. In addition, inverse pole figure (IPF) and
image quality (1Q) maps of the Al-AlsTi composite before SPD as shown in Fig
6.3. There is no plastic strain observed in the Al-AlsTi composite before SPD and
this result is agreement with the previous studies [14-17]. Furthermore, the
distribution of the length of platelet AlsTi particles in the initial specimen is
calculated and the calculated value is shown in Fig 6.5 (a). Length of platelet AlzTi
particles are calculated from about more than 500 AlsTi particles form the SEM
micrographs. The calculated mean length of AlsTi particles are summarized in
Table 6.1. It is found that the mean length of platelet AlsTi particles in the Al-

AlzTi composites decreases by ECAP and MDF.
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6.3.2 Microstructure of Al-AlsTi composites by ECAP and MDF

Figures. 6.4 show the microstructures of the Al-AlsTi composites after
ECAP 1 pass and MDF up to 3 passes. It is observed that the platelet AlsTi particles
are fragmented in all of the specimens. When 1 pass of ECAP is subjected to the
Al-AlsTi composite, several cracks are observed in the platelet AlsTi particles as
shown in Fig 6.4 (a). Moreover, the length of AlsTi particles also decreases by
ECAP with 1 pass. This means that the number of AlsTi particles increases in the
Al-Al3Ti composite by ECAP. On the other hand, the platelet AlsTi particles are
fragmented by MDF up to 3 passes as shown in Fig 6.4 (b-d). In previous studies,
it is reported that the AlsTi particles in the Al-AlsTi composite fragmented by
ECAP and MDF [14, 15]. Figure 6.5 (b-e) shows that the AlsTi particles length
decreases after SPD. Therefore, the platelet AlsTi particles in the Al-AlsTi
composites are fragmented by ECAP and MDF. This indicates that after SPD the
number density of AlsTi particles in the AI-AlsTi composite increases after
fragmentation. In addition, the Vickers hardness distribution of the Al-AlsTi
composites are obtained as shown in Fig 6.5. In all the specimens, it is found
Vickers hardness values show the clear trend of improvement after ECAP and
MDF. This clearly indicates that the grain size of the a-Al matrix decreases after

ECAP and MDF.

6.3.3 Microstructure of as-cast Al by Al-AlsTi composite refiner

Figures 6.6 shows that the microstructure of the as-cast Al without and
with addition of Al-AlzTi composite refiner. The mean size of the o-Al grain is
very large in the as-cast Al without addition Al-AlsTi composite refiner as shown

in Fig 6.6 (a). In addition, this as-cast Al contains columnar structure. Furthermore,
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when the Al-AlsTi composite refiner was added to the as-cast Al, the mean size of
the a-Al grain are decreases as shown in Fig 6.6 (b).

Figure 6.7 is a set of OM photographs showing the as-cast Al with SPDed
Al-AlzTi composite refiner. When 1 pass ECAPed Al-AlsTi composite refiner is
added to the as-cast Al and the as-cast Al has smallest equiaxed o-Al grains as
shown in Fig 6.7 (a). This is because of the ECAPed Al-AlsTi composite refiner
contains the large number of AlsTi particles and these particles provide numerous
heterogeneous nucleation site for the a-Al grains. On the other hand, MDFed Al-
Al3Ti composite refiner is added to the as-cast Al and the a-Al grains becomes
equiaxed. It is found that when the number of MDF passes increases the o-Al
grains becomes finer as shown in Fig 6.8. In addition, none of the as-cast Al refined
by SPDed Al-AlzTi composite refiner have columnar structure and all of the as-
cast Al indicates the equiaxed structure as shown in Fig 6.7. This is because of the
fragmented AlsTi particles provide numerous heterogeneous nucleation site for the
a-Al grains. As a possible reason for the effective grain refinement ability of the
Al-AlsTi composite refiner depends the number of AlsTi particles. ECAP and
MDF are effective processes to enhance the grain refining ability of the Al-AlsTi
composite refiner for the as-cast Al. Therefore, it is found that the Al-AlsTi

composite refiner deformed by SPD has better grain-refining ability.

6.4 Conclusions

Microstructure evaluation and grain refining performance of the Al-AlsTi

composite refiner contains platelet AlsTi particles deformed by ECAP and MDF
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are investigated. The Al-AlzTi composites refiner are deformed by ECAP and

MDEF. The obtained conclusions were as follows,

(1) Platelet AlsTi particles in the Al-AlsTi composite refiner are fragmented by
ECAP and MDF.

(2) Length of the platelet AlsTi particles in the AIl-AlsTi composite refiner
decreases by ECAP and MDF. Number of AlsTi particle in the Al- AlsTi
composite increases are increases by ECAP and MDF.

(3) The effective grain refining performance for the as-cast Al was found by the
addition of Al-AlzTi composite refiner. Fine grained as-cast Al can be obtained
using the SPDed Al-AlsTi composite refiner. ECAP and MDF were effective
processes to enhance the grain refining ability of the Al-AlsTi composite refiner

for the as-cast Al.
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Table 6.1. The mean length of platelet AlsTi particles in the Al-AlsTi composites.

Specimen Condition Mean Length (L/um)
Initial specimen 0 pass 75.17
ECAP 1 pass 19.97
1 pass 25.36
MDF 2 passes 13.45
3 passes 9.96
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Fig. 6.1. Schematic representations of the casting test.

Fig. 6.2. The specimen coordinate system for microstructural observations of the
Al-AlsTi composites during MDF.
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Fig. 6.4. SEM photographs showing the microstructures of Al-AlsTi composites
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Fig. 6.4. The length of the AlsTi particles (a) initial specimen, (b) ECAP-1 pass,
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Fig. 6.5. The Vickers hardness distribution in the Al-AlsTi composites.
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(b)

Fig. 6.6. OM photographs of the as-cast Al (a) without refiner and (b) with Al-
Al3Ti composite refiner.

Fig. 6.7. OM photographs of the as-cast Al with (a) 1 pass ECAPed, (b) 1 pass
MDFed, (c) 2 passes MDFed and (d) 3 passes MDFed Al-AlsTi composites
refiner.
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Chapter 7
Summary and Conclusions

In chapter 1, general introduction of metal matrix composite (MMC) and
its properties, applications and fabrication techniques are discussed. Furthermore,
previous research concerning with severe plastic deformation (SPD) on the MMC
using various techniques are explained.

In chapter 2, fragmentation mechanism of platelet AlsTi particles in Al-
Al3sTi composite during compression test was reported using 3-dimensional (3D)
microstructural observation and crystallographic analysis. The platelet AlsTi

particle is first deformed by deformation twinning parallel to a {112}, trace.

The cracks generated along with the twin boundary-initiated fragmentation in the
platelet AlsTi particle. The fragmentation of platelet AlsTi particles in Al-AlsTi
composite preferentially occurs at twin boundary after deformation twinning.

In chapter 3, controlling factor for the platelet AlsTi particles
fragmentation in Al-AlsTi composite and effect of AlsTi particles size in
fragmentation during equal-channel angular pressing (ECAP) were presented. At
first, Al-AlsTi composite containing large platelet AlsTi particles in an o-Al
matrix was deformed by ECAP using routes A and B¢ up to 8 passes. Moreover,
the diameter of AlsTi particles gradually decreased as the number of ECAP passes
increased. While increasing the number of ECAP passes, the AlzTi particle shape
changes from platelet to granular and the fragmented particles under routes A and
Bc. The particles AlsTi were found to have different spatial distributions under
routes A and Bc. Quantitative evaluation of the spatial distributions of AlsTi
particles in the AI-AlsTi alloy based on /s values showed the aggregate

distributions for both routes A and Bc. It is reported that changes in the spatial
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distributions of AlsTi particles are dependent on the occurrence of material flow
of the a-Al matrix during ECAP under routes A and Bc.

The spatial distribution of spherical AlsTi particles in the Al-AlsTi
composite deformed by ECAP results the aggregated distribution. The change in
spatial distributions of spherical AlsTi particles depends on the particle size. It is
reported that the Al-AlsTi composite with larger particles size were deformed more
compare to the Al-AlsTi composites which have smaller particle size.

In chapter 4, microstructure and effects of spherical or polyhedral or
granular AlsTi particles in fragmentation of Al-AlsTi composite during ECAP
were examined. It is reported that the fragmentation behavior of AlsTi particles in
the AI-Al3Ti composite occurs by stress concentration around the AlzTi particles
and it depends on the particles shape by ECAP.

In chapter 5, microstructure and fragmentation of platelet AlsTi particles
in the Al-AlsTi composite using SPD techniques such as multi-directional forging
(MDF), symmetric rolling (SR) and asymmetric rolling process (ASR) were
reported. It is found that the SPD methods can be used to modify the distribution
of platelet AlsTi particles in the Al-AlzTi composite.

In chapter 6, microstructure evaluation and grain refining performance of
the Al-AlsTi composite containing platelet AlsTi particles deformed by ECAP and
MDF were examined. Length of the platelet AlsTi particles decreases and the
number of the AlsTi particles in the Al-AlsTi composite refiner increases by ECAP
and MDF. ECAP and MDF were effective SPD processes to enhance the grain

refining ability of the Al-AlsTi composite refiner for the pure Al.
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Future Work

During this research, deformation mechanism of solid particles in Al-
based composite by SPD is investigated. However, phenomena not fully reported
in this thesis. Thus, an extensive study would be required to understand the
significant influence on the microstructure and thus on the mechanical properties.
For future work, it would be interesting to do the following:

Study the effects of solid particles distribution in Al-based composite
during SPD using box counting method. The box counting method offers an
alternative approach for the investigation of spatial distributions.

Study the fabrication method for Al-based intermetallic compounds, which
has a less pore around particles. In addition, advance fabrication method needs for
preparation of intermetallic compounds. Arc melting would be a possible method.

Furthermore, grain refinement application of Al-based composite needs
more detail study by increasing the number of ECAP passes. ECAP can induce
huge strain into the specimen by increasing number of passes. It is expected that
ECAP processed Al-based composite could be an effective refiner for commercial
cast Al production.

Study the changes in mechanical properties of Al-based composite during
SPD. In addition, investigation needs to find the effect of cavity formation in Al-

based composite during SPD have an impact on the mechanical properties.
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