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Abstract

Aluminum rich intermetallics and alloys are important for their tribological applications
and scientifically interesting for their complex structures. Aluminum based intermetallics
compounds boast high-strength/high temperature and they are oxidation resistant compounds.
Such attractive characteristics make tri-aluminides Al;X (X= Ti, Zr, V, etc.) potential
candidates for high temperature structural applications. However, brittleness at low
temperatures has limited the application of these alloys.

Among these ailoys, Al-5 mass% Ti and Al-5 mass% Zr alloys were chosen as master
alloys in the current study. Some advanced processing techniques were applied to make use of
these alloys containing brittle Al;X particles without changing their crystal structures. Al-
Al3Zr and Al-Al3Ti alloys were severely deformed via equal channel angular pressing
(ECAP). The ECAPed samples showed a notable decrease in the size of the Al;X platelets
and an increased tendency to align parallel to the deformation axis with increasing the number
of passes. Some anisotropy in the mechanical properties of the ECAPed specimens was
observed at 4 passes of deformation; however, this anisotropy became negligible with
increasing the number of deformation passes.

In the tribological applications where the wear resistant surface is an essential
requirement, fragmentation of Al;X particles which act as load supporting elements is not
recommended. Therefore, another technique that overcomes the brittleness of Al;X particles
and keeps their good wear resistance as well has been applied. Al-Al3Ti and Al-Al:Zr
functionally graded materials (FGMs) were fabricated by the centrifugal casting method
(CCM). Microstructural observation along the centrifugal force direction showed that Al;X
platelet particles are almost oriented normal to the applied centrifugal force direction. Volume
fraction of Al3;X particles increases close to the ring surface. Moreover, this distribution range
of Al3X particles becomes broader with decreasing the applied centrifugal force. The wear
anisotropy of the fabricated Al-Al;X FGMs was strongly influenced by the platelet particles
orientation at the test position. Investigating both of the worn surface morphology and the

sub-worn surface layer showed that plastic deformation induced by wear is the dominant



mechanism during the wear process of Al-Al;X FGM samples.

After fabricating the FGMs, the effect of processing temperature on the microstructure
and mechanical properties of Al-Al;Ti FGMs fabricated by centrifugal solid-particle method
(CSPM) and in-situ method (CISM) was evaluated. CISM showed a slower compositional
gradient and larger Al3Ti particle size than that of CSPM-FGMs. The higher temperature in
the CISM resulted in higher degree of Al3Ti platelets orientation in the outer surface of the
samples compared to those of CSPM-FGMs. The CSPM samples showed better wear
resistance than those of CISM.

In the last part, Al-Al;Ti FGMs‘ were fabricated by a novel reaction centrifugal mixed-
powder method (RCMPM) under different temperatures. Effect of RCMPM processing
temperature on the formation of Al;Ti intermetallics, its morphology and its distribution in the
fabricated Al-Al3Ti FGMs was investigated. Fine granular Al;Ti were observed at relatively
lower processing temperature while the known coarse platelet-like particles of Al3Ti could be
achieved at higher casting temperatures. Moreover, Ti3Al intermetallics compound and
unreacted Ti phases are found for the sample fabricated at lower processing temperature. In
addition, distribution of Al3Ti intermetallics size and their volume fraction showed a
significant change when the Al-Al;Ti FGMs processed at different temperatures relative to
the liquidus

In summary, the process to be applied on Al-based alloys containing platelet
intermetallics should be carefully selected. If the application réquires considerably
homogeneous structures with finely dispersed reinforcements, then SPD is the recommended
choice. On the other hand, if the processed part will be used for tribological applications

where the wear resistant surface is the essential demand, FGMs is the suitable method.
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Chapter 1
Introduction and Literature Survey

1.1. Al-Rich Intermetallics in Aluminum Alloys

Aluminum rich intermetallics and alloys are important for their tribological applications
and scientifically interesting for their complex structures. Aluminum based intermetallics
compounds boast high-strength/high temperature and oxidation resistant compounds [1]. Such
attractive characteristics make tri-aluminides AX (X = Ti, Zr, V, Nb, Hf, Ta) potential
candidates for high temperature structural applications. However, brittleness at low
temperatures has limited the application of these materials. [2]

Among Al-AlX type alloys, Al-AL;Ti and Al-AlZr alloys containing platelets
intermetallics have been chosen as master alloys in the current work. The partial phase
diagrams of these alloys are shown in Fig.1.1 and Fig.1.2 [3] wherein the master alloys used in
this study are indicated by dotted lines. Both of Al;Ti and Al;Zr are characterized by their good
lattice matching with the Al matrix, which results in low interfacial energy and thus low driving
force for particles coarsening [4]. Furthermore, the low diffusivity of those intermetallics in Al
strict their growth and provide the needed phase stability for high temperature applications. [4,
3]

From Fig.1.1, the Al3Ti intermetallics compound solidifies through a peritectic reaction.
This intermetallics phase crystallize with up to 37 mass% Ti into a tetragonal structure of the
D0y, type. The D0y, structure derives from the L1, cubic structure as reported earlier [6]. The
Al-Zr partial phase diagram, Fig.1.2, shows that Al;Zr intermetallics are formed through
peritectic reaction and congruent melting. This compound in its stable phase has the tetragonal
(D033) structure which is also derivative of the L1, structure. In addition, the L1, cubic AlzZr
can form at low temperatures from the supersaturated solid solution and transform to the
equilibrium DO0,3 phase at high temperatures [6].

The lack of ductility of those tri-aluminides is attributed to their low crystal symmetry

of the tetragonal D022 or D023 structures [7]. That is, they do not have a sufficient number of
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equivalent slip systems to satisfy the von-Mises criterion for slip deformation in poly-crystals.
In AIX intermetallics, the tetragonal D022 or D023 structure is closely related to the cubic L12
structure that has five independent slip systems. Structural isotropy is expected to improve the
deformability of the material because the isotropy increases the variants of active slip systems
for dislocation motions. Thus, the stabilization of the L12 structure is of great interest for
practical purposes as well as for the comprehensive understanding of stabilization. [2, 8-11].
A number of studies have recently been devoted to determine the effect of the presence
of third elements (Cr, Mn, Fe, Co, Ni, Cu, Zn, Ag and Pd) in the stabilization of the L12
structure [8]. Since the L12 structure has more slip systems, the ductility of Al3Ti and AlsZr is

improved. However, neither the origin of this effect nor the influence of atom-species quantities

is fully understood yet.
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1.2. Advanced Processing of Al-Al;X Alloys

Recently, some of the advanced processing techniques are applied to make use of
Al-Al;X alloys containing brittle Al3;X particles without changing their crystal structures. Of
these techniques, severe plastic deformation (SPD) of Al-ALLX alloys by which the brittle Al;X
platelet particles can be fragmented and thus better mechanical properties can be obtained [12,
13]. Processing by SPD refers to various experimental procedures of metal forming that may be
used to impose very high strains on materials leading to ultra fine grained (UFG) structures. A
unique feature of SPD processing is that the high strain is imposed without any significant
change in the overall dimensions of the work piece. Another feature is that using special tool
geometries that prevent free flow of the material and thereby produce a significant hydrostatic
pressure retains the shape [12, 13]. The presence of this hydrostatic pressure is essential for
achieving high strains and introducing the high densities of lattice defects necessary for

exceptional grain refinement [14].
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The SPD methods are demonstrated in such techniques as equal channel angular
extrusion or pressing (ECAE or ECAP) [15, 16], high pressure torsion (HPT) [17], twist
extrusion (TE) [18], friction stir processing (FSP) [19], and multi directional forging (MDF),
also known as multiaxial compression/forging (MAC/F) [20]. In addition, there are several
methods of producing sheet metals, such as accumulative roll bonding (ARB) [21] and repeated
corrugation and straightening (RCS) [15, 22].

However, in the tribological applications where the wear resistant surface is an essential
requirement, fragmentation of AL;X particles is not recommended. Therefore, another
technique that overcomes the brittleﬁess of Al;X particles and keeps their good wear resistance
as well has been proposed [23]. A proper gradient distribution of these coarse intermetallics
compounds in a ductile matrix would result in better properties than a homogeneous
distribution, based on the concept of functionally graded materials (FGMs) [24-30]. FGMs can
be defined as new advanced multifunctional composites where the volume fractions of the
reinforcement phase(s) vary in a gradual manner. This is achieved by using reinforcements with
different properties, sizes, and shapes, as well as by interchanging the functions of the
reinforcement and matrix phases in a continuous manner. The result is a microstructure bearing
continuous changes in thermal and mechanical properties at the macroscopic or continuum
scale [31-33].

Fig.1.3 shows different ways of particle distributions within the composite and its effect
on generic properties. The first way is to distribute the particles hombgeneously in order to
obtain uniform properties, as shown in Fig. 1.3 (a). The second way is to induce a layer of
particles into the matrix, as shown in Fig. 1.3 (b), which results in abrupt discontinuity in the
properties. This type of distribution causes localized tension concentration and can be
detrimental to the materials resistance [6]. The most recent type is to create a gradual
distribution of the second phase particles within the matrix which results in a corresponding
graded property, as shown in Fig. 1.3 (c). Several FGM fabrication methods have been
proposed, such as chemical vapor deposition, plasma spray technique and various powder
metallurgy techniques. However, it has been difficult to produce relatively large FGM

components by most fabrication methods [26, 34]. In addition, those methods require relatively
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new techniques and expensive fabrication equipment.

Fabrication of FGMs by a centrifugal method (CM) was introduced recently and has
attracted a lot of attention due to its unique merits. The selective reinforcement obtained by CM
results in high wear resistance of the component surface as well as maintaining high bulk
toughness [27, 35]. In particular, Al based FGMs fabricated by the CM showed interesting
properties that are not obtained in conventional monolithic materials, such as gradual changes
in hardness, wear resistance, Young’s modulus, efc [36].

In the current study, as SPD process, ECAP was applied to process Al-5 mass% Ti and
Al-5 mass% Zr alloys through different processing routes. Fabrication of Al-Al;Ti FGMs and
Al-Al;Zr FGMs was performed using the CM; different CM techniques were used.

Homogeneous Layered FGMs
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¢000000800080 0O
0060000000000
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Property

Position Position Position

Fig.1.3. Three types of composite materials, a) homogeneous composite, b) coated or

jointed composite, and ¢) FGMs
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1.2.1. Severe Plastic Deformation via ECAP

ECAP is at present the most developed SPD processing technique [13, 16]. As
illustrated in Fig.1.4, a rod-shaped billet is pressed; a shear strain is introduced when the billet
passes through the point of intersection of the two parts of the channel. Since the cross-sectional
dimensions of the billet remain unchanged, the pressings may be repeated to attain
exceptionally high strains.

The equivalent strain, ¢ introduced in ECAP is determined by a relationship
incorporating the angle between the two parts of the channel, @, and the angle representing the
outer arc of curvature where the two parts of the channel intersect, ¥. The relationship is given

by, [13]

e=(NA3)[2cot{(D/2)+(¥ /2)} +¥ cosec {(@2)+(\Y/2)}] (1-1)

In practice, different slip systems may be introduced by rotating the billet about its
longitudinal axis between each pass and this leads to four basic processing routes: There is no
rotation of the billet in route A, rotations by 90° in alternate directions in case of route B and in
the same direction in route B¢, While in route C, the sample is rotated by 180° in route C as
shown in Fig. 1.5. When using a die with a channel angle of ® = 90°, route Bc is generally the
most expeditious way to develop an UFG structure consisting of homogeneous and equiaxed
grains [12, 37]. The processing routes which will be used in this thesis are A and Bc. Route A is
defined as unidirectional route in which the strain is accumulated in one direction thus resulting
in an anisotropic structure. On the other side, route B¢ is a homogeneous ECAP processing

route by which a homogeneous structure can be achieved [12].
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Pressed sample

Fig.1.4. The principle of ECAP [38].
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Fig.1.5. Schematic illustration of ECAP processing routes.
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1.2.2. Fabrication of Functionally Graded Materials by Centrifugal Method

Fabrication of FGMs based on mass/heat transport phenomenon includes the
self-propagating synthesis and gravity or centrifugal segregation methods as reported by Suresh
and Mortensen [34]. Recent studies for Watanabe et al [24, 28] on Al3Ti have suggested that the
alternative solution for the poor ductility of Al;Ti is to disperse the particles in a ductile
aluminum matrix. Based on this idea, Al-Al;Ti FGMs have been developed using the CM [27,
39-41], centrifugal force is applied to a mixture of molten metal and dispersed material, such as
ceramic powder or intermetallics compounds, leads to the formation of a desired composition
gradient. The gradient is controlled mainly by the difference in density between the matrix and
the dispersed material, G number (centrifugal force magnitude) and casting temperature.

Fabrication of intermetallic compound-dispersed FGMs by the CM can be classified
into two categories based on the relation between the processing temperature and the liquidus
temperature of master alloy. If the liquidus temperature of the master alloy is significantly
higher than the processing temperature, the dispersed phase remains solid in a liquid matrix
during the process. This situation is similar to ceramic-dispersed FGMSs, and this method is
referred to as a centrifugal solid-particle method (CSPM) [39].

On the other hand, if the liquidus temperature of the master alloy is lower than the
processing temperature, centrifugal force can be applied during the solidification of both the
dispersed phase and the matrix. This solidification is similar to the.production of in situ
composites using the crystallization phenomena, and this method is, therefore, named as a
centrifugal in-situ method (CISM). The two FGMs-CM fabrication concepts are illustrated in
Fig. 1.6 [42, 43].
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Solid-particle method In-situ method

Master alloy

Crucible

Mold

Fig. 1.6. Schematic illustration of CSPM and CISM.

Recently, a more practical CM process, the centrifugal mixed-powder method (CMPM)
was developed by Watanabe et al. [44, 45]. In this method, a powder mixture of
dispersion-particles, B, and matrix metal particles, 4, is inserted into a spinning mold. Then,
matrix metal ingot, 4, is melted and poured into the spinning mold with powder mixture 4+B.
As a result, the molten matrix metal, 4, penetrates into the space between the particles by the
pressure due to the centrifugal force. At the same time, powder of matrix metal, 4, is melted by
the heat from molten matrix poured from crucible. Finally, an FGM ring with-
dispersion-particles, B, distributed on its surface can be obtained.

Contrasting CMPM to the novel reaction centrifugal mixed-powder method (RCMPM)
proposed in the current study, the main difference is that, formation of the reinforcement
particles in RCMPM occurs during the mold spinning by reaction. Namely, particles B and
metal matrix 4 can be reacted as m4 + nB = 4,,B,. Therefore, the temperature at which the

powder/molten metal matrix react to form the reinforcements is the essential point in RCMPM.
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Regarding the effect of FGMs-CM on the wear properties of the fabricated samples,
Watanabe ef al. [25] examined the wear properties of an Al-Al3Ti FGM manufactured by the
CM. In particular, the influence of the oriented AlsTi platelets in the matrix on the tribological
behavior was analyzed. These AI-Al;Ti FGM presented anisotropic wear resistance when
tested on different directions relative to the particles alignment as shown in Fig. 1.7 [25].

Suarez et al. [46] have reported the wear response of an Al-FGM reinforced with AlB2
particles and produced by CM. The wear tests were conducted on the external and internal
zones of the samples using ball-on disk test type. Results indicate that the hardness values and
wear track analysis were consisteﬁt with the microstructural gradient. In effect, the higher
volume density of reinforcing boride particles in the outer regions of the centrifugally cast
samples translates into a higher hardness and higher overall wear resistance on those regions.
On the other hand, the internal regions were fairly depleted of boride reinforcement particles
and, thus, were subject to higher wear rates [44].

Sequeira ef al. [29] have also fabricated Al-Al;Ti and Al-Al;Zr FGMs using the CSPM.
It was found that the solid Al3Ti platelets in the melt were oriented with their platelet planes
nearly normal to the centrifugal force direction. Using this fabrication method, both of the
orientation and the compositional gradients can be altered to achieve the required properties.

Since the anisotropy of orientation of the reinforcement is likely to affect greatly the
mechanical and physical properties of the composites, detailed knowledge of orientation
distribution of the particles in FGMs is a requirement for predicting the mechanical properties
of these materials [32]. Therefore, the current study will give a special attention to the
relationship between the particles orientation and the mechanical properties of the Al-Al;Tiand

Al-Al;Zr composites after processing by SPD and FGMs concepts.
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Fig. 1.7. Schematic representation of a) the arrangement of AL;Ti particles and b) the

wear test direction in an AI-Al3Ti FGM ring [25].

1.3. Outline

In chapter- 2, the effect of processing Al-Al;Zr composite by ECAP on its anisotropic
mechanical properties is investigated. As mechanical properties, hardness, wear resistance and
compression strength properties were studied.

In chapter- 3, Al-Al3Ti composite was processed by ECAP using routes A and B¢ up to
8 passes of deformation. The influence of deformation by ECAP on the wear anisotropy of the
composite is discussed.

In chapter-4, Al- Al;Zr FGMs were fabricated by CSPM under applied centrifugal force
of G=30, 60 and 120, where G number is the centrifugal force magnitude. The wear anisotropy
of the fabricated Al-Al;Zr FGMs and its relationship to the platelet particles orientation are
explained.

In chapter-5, Al-5 mass% Ti FGMs were fabricated by the centrifugal solid-particle

method under applied centrifugal force of G= 80. The wear induced plastic deformation of the

11
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FGMs samples is investigated through studying the sub-worn surface morphology of the
fabricated rings.

In chapter-6, effect of processing temperature on the microstructure and mechanical
properties of Al-Al;Ti FGMs fabricated by CSPM and CISM are evaluated.

In chapter-7, Al-Al3Ti FGMs were fabricated by a novel RCMPM under different
temperatures. Effect of RCMPM processing temperature on the formation of Al;Ti
intermetallics, its morphology and its distribution in the fabricated Al-AlzTi FGMs is
examined.

In chapter-8, summary and general conclusions of the current research are presented.
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Chapter 2
Anisotropic Mechanical Properties of Equal Channel Angular
Pressed Al-Al;Zr Composite Containing Platelet Particles

2.1. Introduction

The application of severe plastic deformation (SPD) to metals and alloys provides a
convenient procedure for achieving ultrafine grain sizes without intro;duction of any residual
porosity [1-3]. As mentioned in Chapter 1, equal channel angular pressing (ECAP) is one of the
developed SPD processing techniques [4-7]. By comparison with the conventional processing
techniques, ECAP provides the capability of introducing large strains without changing the
cross-sectional dimensions of the work-piece [8, 9]. Many metals and alloys have been
deformed via ECAP and enhanced mechanical properties have been reported [10].

Based on the previous description of ECAP routes, section 1.2.1, in ECAP using route
A the sample is not rotated between repetitive pressings while in route B¢ the sample is rotated
by 90° between each press [11]. Therefore, homogenous structures can be obtained by route B¢
method and inhomogeneous structures will be generated by route A method. For example,
Zhang et al. [12] has studied an ECAPed Al-5.7 mass% Ni eutectic alloy processed through
route B¢ and route A methods. It was found that after ECAP processing by route B¢ method, the
fine AI3Ni particles were homogeneously dispersed in Al matrix and the samples showed no
clear anisotropic in tensile properties. After ECAP processing by route A method, however,
the eutectic textures containing a-Al and A3Ni fibrous dispersoids have highly anisotropic
distribution and are proved to have significant anisotropy in tensile properties.

Some of the recent works [13] have focused on Al-Al;Ti composites including Al;Ti
platelet particles and the effect of ECAP on the particles fragmentation has been investigated. It
has been reported that, as the number of ECAP passes increases, the AlsTi particles are
fragmented and longitudinal direction of AL;Ti platelet particles is aligned towards the

deformation direction. Generally, the mechanical properties of the alloys containing solid
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particles are affected by its distribution. Therefore, if the platelet particles are heavily aligned to
a direction, the mechanical properties of the alloy should have anisotropy.

In previous works of Watanabe ef al. [14, 15], they have studied the anisotropy of the
wear property in Al-ALTi functionally graded materials (FGMs) [16], containing Al3Ti
oriented platelets. These FGMs were fabricated by centrifugal solid-particle method (CSPM).
The Al-Al;Ti FGMs have graded distribution of the volume fraction and the orientation of
AL3Ti platelet particles along centrifugal force direction inside the FGMs. It has found that
Al-AlsTi FGMs have anisotropic wear property due to the oriented distribution of the Al3Ti
particles perpendicular to the cehtrifugal force direction. This means that the mechanical
properties of the Al-Al;Ti FGMs have anisotropy because of the platelet Al;Ti particles which
are aligned to a certain direction.

On the other hand, it has been reported [17] that Al-Al3Zr composite has similar
structure to Al-Al3Ti composite. In this reported study, the fabricated Al-Al;Zr FGMs were
characterized by the presence of Al;Zr platelet particles in Al matrix; those platelets were
almost oriented to a direction normal to the centrifugal force direction. Therefore, if the
Al-AlZr composite is severely deformed, the deformed alloy would have anisotropic
mechanical property. Also, because the fragmentation of Al;Zr platelet particles would occur
during the deformation process, the mechanical property of an Al-Al;Zr composite would be
affected by its particle size.

Since particulate reinforced aluminum matrix composites are currently considered as
promising tribological materials with applications in aerospace and automotive industries [18],
it is of interest to study the mechanical properties of deformed Al-Al;Zr composites. Many
studies were carried out on severely deformed Al-Al;X composites [10]. However, the
mechanical properties of ECAPed Al-Al;Zr composites are still unclear.

In this chapter, the effect of processing Al-AlzZr composites by ECAP on their
anisotropic mechanical properties has been investigated. Al-Al;Zr composites processed by

ECAP using routes A and B¢ were used for the investigation.
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2.2. Experimental procedures
2.2.1. Preparation of ECAPed Al-Al;Zr samples

Rod shaped specimens with a diameter of 10 mm and a length of 60 mm were prepared
from Al-5 mass% Zr alloy by casting at 900°C. Then the specimens were machined and
homogenized at 550°C for 1 h followed by subsequent water quenching.

An ECAP die fabricated from tool steel with two cylindrical channels intersecting at 90°
angle with an outer arc of curvature of 31.6° was used. The ECAP was conducted at room
temperature with a pressing speed of 4mm/min and graphite oil was used as lubricant. The
samples received an equivalent strain of about 1.0 for each pass through the die. ECAP were
performed under routes A and B¢ for 4 and 8 passes.

The ECAPed samples were then cut along the deformation direction from its central
position to obtain sections for microstructure and hardness investigations. Scanning electron
microscope (SEM) was used to observe the distribution of Al;Zr particles in the ECAPed
samples. Volume fraction of the Al;Zr particles was then measured by evaluating the area
fraction of Al:Zr particles at random positions. The average length of Al;Zr particles was
calculated using the linear intercept method. The aspect ratio of the particles was determined
using image analysis software where; the aspect ratio is defined as the ratio of maximum and

minimum lengths of the rectangle with smallest area that can be drawn around the particle.
2.2.2. Mechanical tests of ECAPed Al-Al;Zr samples

Using the ECAPed samples cut for microstructure investigation, Vickers hardness was
measured at 5 N for 15 s at random positions. To study the anisotropy of the wear property of
the ECAPed samples, the short samples were made for the wear test parallel to the deformation
direction (WP direction in Fig. 2.1), while the long ones were made for the test perpendicular to
the deformation direction (WN in Fig.2.1). The short and long samples have dimensions of
3.5mm x 3.5mm x 8mm and 3.5mm x 3.5mm x 20mm, respectively. Wear tests were carried out
using block-on-disc type wear machine with a S45C and 170 Hv counter disc. The friction was

done under reciprocal movement and the amplitude distance of 26 mm and frequency of 150
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cycle/min were used. The applied load was 9.8 N and the total distance for the test was 468 m.
The amount of wear was evaluated by calculating the samples weight loss due to wear.

The anisotropy in the compression strength of the ECAPed samples was also evaluated.
Cubic samples of 3.5 mm x 3.5 mm x 3.5 mm were cut from the ECAPed samples. Two
compression directions were chosen; parallel and perpendicular to the deformation axe of

ECAP, named CP and CN respectively.

Deformation axis

— >
>t

Wear plane

WN direction

Wear direction

Wear direction

@ Wear plane

WP direction

Fig. 2.1. Wear test samples and directions

2.3. Results and discussion
2.3.1. Microstructure of ECAPed Al-Al;Zr samples

Figure 2.2 is an SEM micrograph showing the original microstructure of Al-AlsZr
composites. The initial microstructure of Al-AlsZr composite has coarse Al3Zr platelet particles
randomly distributed in the Al matrix. Figures 2.3 (a) and (b) show the microstructure of the
Al-AlsZr composite ECAPed by routes A and Bc, respectively. After the as-cast Al-Al:Zr
samples are deformed under the large strains of ECAP using routes A and B¢, AlZr platelet
particles are severely fragmented and granular Al;Zr particles are observed. Figure 2.4 presents

the average length of the Al;Zr particles as a function of the number of ECAP passes. The sizes
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of Al3Zr particles in both of the specimens deformed with routes A and B¢ decrease with

increasing the number of ECAP passes. This result is in agreement with Fig. 2.3.

Fig. 2.2. SEM image of the as cast Al-Al;Zr composite.
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a)

b)

Fig. 2.3. SEM micrographs of the ECAPed Al-5%Zr samples using a) route A and

b) route B¢,
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Fig. 2.4. Mean size of Al;Zr particles versus number of ECAP passes.
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Figure 2.5 shows the variation of Al;Zr particles volume fraction in the ECAPed
Al-AlzZr specimens versus the number of ECAP passes. The volume fraction of the Al;Zr
particles did not show much change with increasing the number of ECAP passes for both routes.
However this volume fraction was slightly decreased at 8 passes of deformation. This is in
accordance with the previous work for Zhang et al. [13], where the volume fraction of the Al3Ti
particles in ECAPed Al-Al;Ti composite was decreased continuously with increasing the
number of ECAP passes. This phenomenon has been explained through the severe
fragmentation of the Al;Ti particles by ECAP, followed by the supersaturation of Ti into the Al
matrix. This supersaturation was also confirmed for Al-Al;Zr FGMs as a result of severe wear
test conditions as will be described in section 4.3.3. Considering this, further decrease of the

Al3Zr volume fraction in the current samples is expected if larger strains were applied.
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Fig. 2.5. Volume fraction of the particles as a function in number of ECAP passes.
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Figure 2.6 presents the aspect ratio of AlsZr particles in the samples before and after
ECAP. Considering the aspect ratio shown in this figure along with the micrographs of Fig. 2.3,
it can be remarked that the large strains induced by ECAP influence not only the particles size
but also their shape relative to their original platelet shape. In case of the samples ECAPed
using route A, shown in Fig. 2.3 (a), very fine granular particles arranged parallel to the
deformation axe have been observed after 8 passes of deformation. Comparing to route A, the
samples ECAPed by route Bc showed higher aspect ratio at 4 passes thus some of Al;Zr
particles retained its platelet shape after deformation. With further deformation, the samples

prepared by the two routes attained the same aspect ratio at 8 passes of ECAP.
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Fig. 2.6. Average aspect ratio of Al3Zr particles versus number of ECAP passes.
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From Fig. 2.3 (a), a strong particles alignment parallel to the deformation axe can be
observed in the samples ECAPed by route A. This is because of the unidirectional deformation
of route A which accumulates a unidirectional shear strain in the specimens. On the other hand,
the samples ECAPed by route B¢ showed smaller change in their alignment when the strain was
doubled from 4 to 8, as shown in Fig. 2.3(b). This is attributed to the multi-directional strain
reported for the samples deformed by route B¢ [10].

In order to study the alignment change of the Al3Zr particles during ECAP, the particles
alignment was investigated by calculating the orientation parameter, f, for each Al-Al;Zr
ECAPed sample. Considering the t\;vo-dimensional orientation and the angle & between the
deformation axis and the axis of an Al;Zr particle group as shown in the micrographs of Fig.3,

the following equation was adopted for calculation of £, [16, 19, 20]

fo=(2(eos'6)-11, (cos’6)="[cos'0 @)D, @1

-z/2

where n(6) is the orientation distribution function which specifies the fraction of the platelets
within the element d6. The parameter f, becomes 0 for a random distribution, and it becomes 1
for the perfect alignment of the Al;Zr particles groups with their axis parallel to the deformation
axis [16, 21]. The variation of f; as a function of number of ECAP passes is shown in Fig.2.7,
different behavior of f, has been observed for the Al- Al;Zr samples ECAPed by routes A and
Bc. In case of route A, the value of the orientation parameter has increased sharply from 4 to 8
passes. When the samples are deformed using route Bc, there was smaller difference with the
increased number of passes. This is because ECAP using route B¢ is done by rotating the
specimen 90° in the same direction, while route A is carried out without rotation. Therefore, the
mechanical properties of ECAPed samples deformed by route A are expected to be anisotropic

compared to those of route Be.
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Fig. 2.7. Calculated orientation parameter of the ECAPed Al-Al;Zr samples.

25



Chapter 2. Anisotropic Mechanical Properties of ECAPed Al-Al;Zr Composite

2.3.2. Effect of ECAP on the hardness property
The hardness improvement of Al and its alloys deformed by ECAP were previously

reported in several works [22-24]. According to their studies, ECAP enhances hardness of Al
and Al alloys. This enhancement comes from the refinement of the matrix and the
fragmentation of the secondary phases as a result of ECAP deformation.

Figure 2.8 shows variation of Vickers hardness (Hv) as a function of the number of
ECAP passes. As can be seen in Fig. 2.8, a remarkable improvement of Hv by ECAP is
observed. For the samples ECAPed by route A, Hv is increased with increasing the number of
ECAP passes from 4 to 8 passes. On the other hand, small increment was observed with
deformation by route Bc. This is because of the unidirectional strain of route A, which aligns

the Al3Zr platelets parallel to the deformation axe and not distribute them in the matrix.
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Fig.2.8. Hardness, Hv of ECAPed Al-Al;Zr samples versus number of ECAP passes.
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2.3.3. Investigation of the anisotropic mechanical properties after ECAP
2.3.3.1. Wear property

Since the ECAP process influences the Al;Zr intermetallics size and their orientation
relative to the deformation axe, it is expected that the anisotropy of wear property will be
accordingly affected. In route A-ECAPed Al-Al;Zr samples, where a strong anisotropic
microstructure and high value of orientation parameter could be observed, a large anisotropy in
the wear property would be expected. However, the results of wear test for route A-ECAPed
samples, in Fig. 2.9 (a), showed that the differences in the weight loss between WN and WP
directions at 4 and 8 passes are negligible and the wear property of route A-ECAPed samples is
almost isotropic. Watanabe et al. [15] have previously reported that the wear property of the
metallic materials containing solid particles is strongly affected by the shape of particles. Based
on it, if the Al3Zr particles in ECAPed samples deformed by route A were platelet in shape, the
anisotropy of the wear property would be observed similar to the previous work for Watanabe
et al. [14] on Al-Al3Ti FGMs.

Having seen the changes in the microstructure features of the ECAPed Al-AlsZr
samples after 8 passes A, in Fig. 2.10, it would be interesting to note the granular shape of the
Al3Zr particles which resulted from their fragmentation during ECAP. Compared to the as-cast
alloy, the aspect ratio of the Al3Zr particles in ECAPed samples was significantly decreased due
to the large strains provided by ECAP. Considering the granular shape of Al;Zr particle while
performing the wear test in different directions, small anisotropy in the wear property will be
obtained.

Comparing the wear resistance of route A-ECAPed samples at 4 and 8 passes, Fig. 2.9
(a), it is observed that increasing the number of passes did not show much change in the weight
loss of the ECAPed samples. Though, the significant increase of fp value from 4 to 8 passes
using route A which resulted in a banded structure, as shown in Fig. 2.3(a), was expected to
reduce the samples resistance to wear. However, the smaller size and the lower aspect ratio of
the Al3Zr particles observed at 8 passes limited the negative effect of increasing fp on the wear

resistance of the ECAPed samples. Therefore, the samples did not show much change between
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4 and 8 passes of deformation.

Figure 2.9 (b) shows the weight loss of route Bc-ECAPed samples with increasing the
number of ECAP passes. From this figure, small difference can be observed between the two
testing directions WN and WP, and then the wear property has only small anisotropy for the
samples processed by this route. This homogeneity of the deformed samples using route Bc is

attributed to the reported multi-directional strain of this route [5, 10].
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Fig. 2.9. Variations of weight loss by wear of the specimens deformed with routes a) A and

b) B, respectively.
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Fig. 2.10. SEM micrograph of the ECAPed Al-5 mass% Zr samples after 8 passes A.

2.3.3.2. Compression strength

The anisotropy in compression strength of ECAPed Al-6061 and Al-7034 commercial
Al based alloys were previously investigated by Xu ef al [25] in X, Y and Z directions. This
coordinate system was defined where X is the pressing direction, Y is perpendicular to both the
flow direction and the side face of the billet and Z is normal to both the pressing direction and
the top surface of the billet [25]. According to that study, it has been reported that the yield
stresses of ECAPed Al-7034 alloy after 1 pass are similar for all compression directions, and
that strain hardening rates of these specimen are slightly higher for the Z direction. On the
other hand, after 6 passes of ECAP, both the yield stresses and the strain hardening rates are
identical regardless of compression direction. In the present study, larger anisotropy would be
expected due to the platelet shape of the Al;Zr particles. Stress strain curves obtained by
compression test for some ECAPed Al-Al;Zr composite samples with routes A and B¢ are
shown in Fig. 2.11. From this figure, it can be observed that the compression modulus for the
AV/ALZr composite changes with changing the applied ECAP strain. It has been reported that
the compression modulus can vary for the same material if this material has an anisotropic

structure [26, 27]. Considering the investigated Al-Al;Zr composite; containing the platelet
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Al3Zr particles whose orientation changes with increasing the applied strain, the compression
modulus is expected to change accordingly.

Figure 2.12 shows that higher 0.2 % proof stresses are observed for the samples
ECAPed by route A. This is because of the strong alignment of the granular Al;Zr particles
group parallel to the deformation direction by route A. Comparing the results of route A
samples shown in Fig. 2.12 for CP and CN testing directions, it is clear that compressing the
samples parallel to the deformation direction achieved higher 0.2% proof stress than the normal
testing direction. This observed anisotropy has decreased with increasing the applied strain
from 4 to 8 passes although a stronger particles alignment was observed for the samples
ECAPed with route A at higher strain. That is because the Al3Zr particles in the samples
deformed at 8 passes under route A were severely fragmented and very fine granular particles
were obtained as clear from Figs. 2.4 and 2.6. Therefore, effect of the particles shape on the
anisotropy of the mechanical properties plays an important role in controlling the degree of
anisotropy. Since the Al:Zr platelets became very fine granular particles, the difference
between the two testing directions was decreased, and it is believed that this anisotropy can be
diminished with further deformation.

In case of the samples deformed by route B, a little anisotropy can be remarked at 4
passes, then the difference in 0.2% proof stress between CP and CN directions became
negligible at 8 passes of deformation. As a result, the multidirectional strain of route B¢ limited

the anisotropy of the compression strength in the ECAPed Al-Al;Zr composites.
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Fig. 2.11. Compression stress-strain curves obtained from the compression of some

ECAPed Al-AZr samples using routes a) A and b) Bc.
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2.4. Conclusions

Microstructural features of the ECAPed Al-Al;Zr composite have been studied and
their effect on the anisotropy of the mechanical properties has been investigated. The results of
this work can be summarized as follows;

(1) Microstructure of the ECAPed samples included severely fragmented Al;Zr particles. Shape
of these platelets became granular with increasing the number of passes. The alignment of the
particles parallel to the deformation axe was strongly dependent on the processing route.

(2) ECAPed samples by routes A and B¢ have small anisotropy in the wear property regardless
of the processing route.

(3) Compression strength showed small anisotropy at 4 passes of ECAP using routes A and Bc.

However, this anisotropy became negligible when the applied strain was doubled to 8 passes.
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(4) The ECAP can play an essential role as a SPD process in controlling the anisotropy of the

mechanical properties in the Al alloys containing platelet particles.
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Chapter 3
Investigation of Wear Anisotropy in Equal Channel
Angular Pressed Al-Al;Ti Composite

3.1. Introduction

Severe plastic deformation (SPD) of metals and alloys has been reported to refine their
structures by the intensive plastic strain imposed on the samples [1]. Moreover, some
researches revealed the influence of SPD intensive strain on the microstructure orientation in
some metallic alloys [2, 3]. This oriented microstructure may result in anisotropic mechanical
properties in the deformed samples as explained in the previous chapter. Therefore, if a
severely deformed Al-Al3Ti composite was selected for tribological applications, the
anisotropy of its wear property should be carefully investigated.

The microstructure and texture evolution of an Al-Al3Ti composite equal channel
angular pressed (ECAPed) with routes A and B¢ have been investigated by Watanabe et al. [4].
According to their study, microstructure of ECAPed samples by route A has highly anisotropic
distribution of Al3Ti particles while route B¢ samples have homogeneous distribution of Al;Ti
particles.

Considering the wear property of the ECAPed Al-Al3Ti composite based on the
distribution of Al3Ti particles, it is expected that route A-ECAPed Al-Al3Ti composite will
have anisotropy in its wear property. This is because the mechanical properties of the particle
reinforced composite depend on the distribution and orientation of the reinforced particles [5,
6].

In this study, Al-5 mass% Ti composite was processed by ECAP with routes A and B¢
up to 8 passes. Using the ECAPed Al-Al3Ti composites deformed with different routes, the
anisotropy in the wear property of ECAPed Al-Al;Ti composites was investigated. In spite of
the alignment of Al;Ti platelet particles to the shearing direction during ECAP, a small

anisotropy in the wear property of the deformed Al-Al;Ti composites has been observed.
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3.2. Experimental procedure
3.2.1. Preparation of ECAPed Al-AL:Ti samples

Prior to processing by ECAP, rod-shaped ECAP specimens of Al-5 mass% Ti alloy
with a diameter of 10 mm and a length of 60 mm were prepared by casting at 750°C and
machining. The specimens were homogenized at 550°C for 1h and subsequently air-cooled. An
ECAP die fabricated from tool steel with two circular cross-sections channels intersecting at
90° angle and a 36° outer arc of curvature was used [7] as shown in Fig. 3.1. The ECAP was
conducted with a pressing speed of 4mm/min at room temperature using graphite as lubricant.
An equivalent strain of about 1.0 was introduced into the sample for each pass through die [8].
Using the rod-shaped Al-Al3Ti composites, ECAP was carried out up to 8 passes by route A and

route Bc.
3.2.2. Microstructural evaluation of specimens after ECAP

The ECAPed samples were cut along the pressing axis from its central position to obtain
sections for microstructure and hardness investigations. Scanning electron microscope (SEM)
was used to observe the distribution of Al3Ti particles in the ECAPed samples at random
positions. The volume fraction of the Al;Ti particles was then measured by evaluating the area
fraction of AI3Ti particles. The average length of Al;Ti particles was calculated using the linear
intercept method. The particles aspect ratio was determined using image analysis software
(Azo-Kun). The aspect ratio is defined as the ratio of maximum and minimum lengths of the
rectangle with smallest area that can be drawn around the particle. The angle between the
fragmented Al;Ti particles group and the deformation direction was measured at random
positions in order to study the effect of ECAP on the particles alignment. X-ray diffraction
analysis was used to investigate the effect of increasing ECAP strain on the Al;Ti peak in the

ECAPed Al-Al;Ti samples.
3.2.3. Wear tests of ECAPed Al-A3Ti samples

To study the anisotropy of the wear property of the ECAPed samples, two kinds of
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specimens were cut at different directions relative to the deformation axis. The short specimen
has a wear plane parallel to the deformation axis while the long one was cut normal to this axis.
The short and long samples have dimensions of 3.5 mm x 3.5 mm x § mm and 3.5 mm x 3.5mm
x 20 mm, respectively. The wear tests were carried out in X and Y directions, named PP and
NN, respectively, as also shown in Fig. 3.1. The wear tests were performed using block-on-disc
type wear test. The counter part was an S45C disc with 170 Hv hardness and the test was made
under reciprocal line movement. Amplitude distance of the reciprocal movement was 26 mm
and its frequency was 150 cycle/min. The load and total distance for the wear tests was 9.8 N
and 468 m, respectively. The amount of wear was evaluated by weighing the samples before

and after wear test.

Fig. 3.1. Schematic illustration of ECAP showing the wear test samples and the wear

directions; PP and NN.
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3.3. Results and discussion
3.3.1. Microstructure of ECAPed Al-AlL;Ti specimens

Figure 3.2(a) is an SEM micrograph showing the original microstructure of Al-Al;Ti
composite where coarse Al3Ti platelet particles [9] were observed randomly distributed in the
Al matrix. Figures 3.2 (b) and (c) show the microstructure of Al-Al;Ti composite ECAPed by
routes A and B respectively at 4 and 8 passes of deformation observed on the plane parallel to
the pressing axis. After the as-cast Al-Al3Ti composite samples have been deformed under the
large strains of ECAP, the Al3Ti platelet particles were severely fragmented and granular Al;Ti
particles have been observed.

Figures 3.3 (a) and (b) shows the average size of Al;Ti particles and their aspect ratio as
a function in the number of ECAP passes. It is remarked that the size of Al;Ti particles in both
of the specimens deformed with routes A and B¢ decreased with increasing the number of
ECAP passes as shown in Fig. 3.3(a). In addition, the aspect ratio of Al;3Ti particles steeply
decreased when deformed using both of ECAP routes (see Fig. 3.3(b)). Moreover, the common
shape of the Al;Ti particle is changed from platelet to granular shape as can be observed from

the magnified micrograph of route A sample after 4 passes of deformation, as shown in Fig. 3.4.
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Fig. 3.2. SEM photographs showing microstructure of a) As cast Al-AL;Ti composite, b)
Route A and c) Route Bc ECAPed samples.
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Comparing the microstructure of routes A and B¢ samples at 8 passes of deformation,
micrographs of route A (Fig. 3.2 (b)) showed fine granular Al3Ti particles strongly aligned
along the deformation axis and the initial shape of these Al;Ti particles was not observed
anymore. On the other hand, in ECAPed specimen with route B¢, the alignment of the Al3Ti
particles didn’t show a significant change when the strain increased from 4 to 8. This difference
of microstructure comes from the type of strain induced by ECAP. Route B¢ accumulates a
multi-directional shear strain in the samples, while route A deform it through a unidirectional
strain [10]. Therefore, the ECAPed microstructure will be different. In order to investigate the
alignment change of Al;Ti particles during ECAP, a Herman’s orientation parameter, f, [11, 12]
was calculated from eq. (2.1), section; 2.3.1. The angle between the deformation axis and the
axis of an Al3Ti particle group, 8, is shown in Fig. 3.2. As previously defined, f, becomes 0 for a
random distribution, and it becomes 1 for perfect alignments with the axis of Al;Ti particle
groups parallel to the deformation axis. Figure 3.5 shows the variation of f, as a function of the
number of ECAP passes evaluated on the plane parallel to the deformation axis.

It is clear that the behavior of f, for ECAPed Al-Al;Ti samples is different between
routes A and Bc. In both of the ECAPed specimens at 2 passes, f, was around 0.4 and then this
value continuously increased with further deformation by route A and the alignment of Al3Ti
particles becomes almost parallel to deformation axis at 8 passes of ECAP. In case of route B,
f» at 2 and 6 passes showed relatively larger f;,, while at 4 and 8 passes smaller f;, has been
observed. However, a relatively constant trend can be considered for the overall f; values from
2 to 8 passes of ECAP. This result is in accordance with the reported homogeneity of route Bc

samples and that anisotropic structure of route A specimens [8, 13].
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In a study by Zhang et al. [1] on ECAPed Al-Ti alloy specimens, they have observed
that the volume fraction of Al3Ti particles decreased with increasing ECAP strain up to 15
using route Bc. Moreover, Watanabe et al. [14] and Sato ef al. [15] have observed the same
phenomenon for worn Al-Ti alloy specimens. They have concluded that the decrease in the
Al3Ti particles volume fraction is caused by the severe fragmentation of Al3Ti particles due to
large strains of ECAP followed by the supersaturation of Ti into the Al matrix. Valiev et al. [16]
also reported that it is reasonable to expect evidence for the formation of metastable states
during ECAP associated with the generation of supersaturated solid solutions, disordering or
even amorphisation due to the large strain intensity.

In the current investigation, minor decrease was also observed in the Al;Ti particles
volume fraction of route B¢ samples (from ~ 0.11 at 0 pass to ~ 0.096 at 8 passes Bc) which
may be occurred by the same mechanism. However, this phenomenon could not be found in the
samples ECAPed using route A. In order to confirm this result, XRD diffraction patterns of the
ECAPed samples were obtained and presented in Fig. 3.6. The results show that the obvious
peaks of Al and Al3Ti phases exist in the sample before ECAP. The Al3Ti peaks around 21°, 25°,
39°and 47° are obviously weakened with increasing the number of ECAP passes using route Bc.
These weakened peaks explain the small decrease in the Al;3Ti particles volume fraction when
the samples were severely sheared by route Bc.

On the other hand, the same Al;3Ti peaks became even stronger when route A of ECAP
was used. This difference between route A and route B¢ also comes from the difference in the
strain acéﬁmulated in the sample using the two ECAP routes. In case of route A, there is a
cumulative building-up of unidirectional shear strain in each separate pass through the die. On
the contrary, route B¢ is a redundant strain process where a multi directional shear strain is
restored in the sample every 3 passes [16]. This in its turn alters the direction in which Al3Ti

particles can be easily broken and dissolve Ti into the Al matrix.
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Fig. 3.6. XRD patterns of the ECAPed Al-Al;Ti samples.

3.3.2. Wear anisotropy of ECAPed Al-Al;Ti composites

The variations in weight loss by wear of routes A and Bc ECAPed samples using
block-on-disc wear test are shown in Fig. 3.7 and Fig. 3.8, respectively. In the non-deformed
samples, the presence of the very large intermetallics particles act as load-supporting elements
preventing the soft matrix to become directly involved in the wear process, similar to
particulate reinforced composites [17]. Upon further deformation, with a continued reduction in
the size of Al;Ti particles and their alignment in bands along the deformation direction, a
decrease in the wear resistance is observed in PP direction. This is due to the loss of load
bearing capabilities of the particles which caused an increased wear rate accordingly. However,
with increasing the applied strain up to 6, the particles will be further refined and show its

strengthening effect on the matrix reducing the weight loss in the direction parallel to the

46



Chapter 3. Investigation of Wear Anisotropy in ECAPed Al-AL;Ti Composite

deformation direction [18, 19]. This was not the case for the NN direction where the wear rate
increased at 2 passes of deformation then remained almost constant with increasing the applied
strain. This can be attributed to the observed banded microstructure shown in Figs. 3.3 (b) and
(¢), which in its turn makes the contact between the sample block and the disc, occurs in
successive bands of reinforced and non reinforced regions.

Comparing the weight loss for the two test directions shown in Fig. 3.7 and Fig. 3.8, it is
observed that the wear property in the deformation direction, PP is consistently better than that
for NN direction for both of routes A and B¢ samples. However, these differences in the wear
property between NN and PP directions are considered negligible. Therefore, it can be said that
the ECAPed samples do not have large anisotropic wear property regardless of the processing
route.

The anisotropy in the wear property has been reported for Al-Al;Ti functionally graded
materials (FGMs) with aligned Al3Ti particles [14]. In that study, the anisotropic wear property
of the FGMs was dependent on the applied wear direction relative to Al;Ti particles. This is
because Al;Ti particles were groups of coarse platelet particles aligned normal to the
centrifugal force direction and distributed gradually in the fabricated FGMs. The schematic
illustration of Al-Al3Ti FGM sample is shown in Fig. 3.9 (a), where the coarse aligned Al;Ti
platelet particles can be observed on planes (OP1 and OP2) of the sample. In the current
ECAPed Al-Al;Ti composites, Al;3Ti particles group has also been aligned in a direction close
to the deformation direction. However, the fragmentation of Al;Ti platelet particles by the large
strain of ECAP has refined their size and changed their shape to the granular morphology, as
obvious on planes (OP1 and OP2) shown in Fig. 3.9(b). Comparing the reported microstructure
of Al-Al3Ti FGMs [14] with the current ECAPed Al-Al;3Ti composite, only small anisotropy
can be, therefore, expécted in the wear property of ECAPed Al-Al;Ti samples when tested on
PP and NN directions.
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Fig. 3.9. Schematic illustration of a) AI-Al3Ti FGM, b) ECAPed Al-Al;Ti composite and

the description of wear test directions.

With the above in mind, it is concluded that there are two main factors influence the
anisotropy in the ECAPed Al-Al;3Ti samples: the particles shape (coarse platelet/fine granular)
and the particles alignment to a certain direction. Figure 3.10 (a) and (b) shows the relationship
between the weight loss and the orientation parameter in the parallel and normal wear test
directions, respectively. It is observed that increasing fp up to (~ 0.4) resulted in increased
weight loss in both of PP and NN directions. However, the weight loss value decreased with
further increase of the orientation parameter. This is because of the associated decrease in the

particles size and aspect ratio with increasing the number of ECAP passes as shown in Fig.3.3.
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In order to understand the combined effect of both the orientation parameter and the particles
size on the degree of anisotropy, Fig. 3.11 shows the calculated anisotropy (defined as weight
loss of NN/PP) as a function of number of ECAP passes. From this figure, it is evident that the
anisotropy increases with increasing the deformation up to 6 passes and hence increasing the
particles alignment to the deformation direction. Upon further deformation, the anisotropy of
the Al-Al3Ti samples decreased at 8 passes of ECAP using route A and route Bc. Though, the
significant increase of fp value from 6 to 8 passes using route A which resulted in a banded
structure, as shown in Fig. 3.2(b), was expected to increase the wear anisotropy. However, the
smaller size and the lower aspect ratio of the Al;Ti particles observed at 8 passes A limited the
effect of increasing fp on the anisotropy of the ECAPed samples. Therefore, the samples did not
show larger anisotropy at 8 passes of ECAP.
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Fig. 3.11. Variation of wear anisotropy of ECAPed Al-AL;Ti samples with number of
ECAP passes.
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3.4. Conclusions

Based on the previous discussion, ECAP as one of SPD processes can alter the shape of
the platelet Al;Ti particles and fragment it to very small sized granular particles. In addition,
deformation by ECAP limits the anisotropy of the wear property in the Al-AlsTi composite

containing platelet particles regardless of the ECAP processing route.
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Chapter 4
Mechanical Properties of Al-Al;Zr Functionally Graded
Materials Fabricated by Centrifugal Solid-Particle Method

4.1. Introduction

In chapter 1, the methods by which functionally graded materials (FGMs) can be
produced were explained. A special attention was given to the centrifugal method (CM) as the
favored technique to fabricate the alloys wherein the intermetallics compound has a higher
density than the matrix [1-7]. The selective reinforcement of the component surface obtained by
CM results in a higher wear resistance in the surface while maintaining high bulk toughness as
reported by Fukui and Watanabe [8, 9].

In section 1.2.2, the works by Watanabe et al. [10-12] on Al-Al;Ti FGMs including
Al3Ti platelet particles using centrifugal solid-particle method (CSPM) were discussed. Effect
of the platelet shape of Al3Ti particles and its oriented distribution on the wear anisotropy in the
fabricated FGMs rings were also explained [13-16].

Comparing to Al-Al;Ti system, the microstructure of Al-Al;Zr FGMs observed in the
reported work [17] leads us to expect anisotropy in their wear property as well. However, the
direct relationship between the Al;Zr platelet particles orientation and the wear anisotropy in
Al-AlzZr FGMs has not been yet investigated. In the current study, Al-Al;Zr FGMs were
fabricated by CSPM and the anisotropy of the wear property of FGMs samples has been
investigated. A strong dependency of the wear anisotropy on the Al;Zr platelet particles
orientation has been observed. In addition, the samples worn surface morphology was different
when the wear test was performed in different directions. Studying both of the worn surface
morphology and the sub-worn surface layer showed that plastic deformation induced by wear

was the main mechanism during the wear process of Al-Al;Zr FGMs samples.
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4.2. Experimental Procedure

4.2.1. Fabrication of Al-Al;Zr FGMs samples

A set of experiments was performed using a horizontal type centrifugal casting machine
shown in Fig. 4.1. Since the centrifugal force affects the particles distribution and their
orientation in the prepared samples as described by Sequeira et al. [17], Al-5 mass% Zr (Al-7
vol% Al3Zr) FGMs were produced under different centrifugal force magnitudes of G= 30, 60
and 120 (units of gravity). Generally, fabrication of FGMs by the centrifugal method is
classified into two categories based on the processing temperature [18-23] as previously
discussed in section 1.2.2. In the current experiments, since the processing temperature was
fixed to be 925°C, which is located under the liquidus temperature of the master alloy as shown
in Fig. 1.2, the fabrication method belongs to CSPM. The molten Al-Zr alloy was then poured
into a spinning cylindrical mold preheated up to 650°C. After this, ring-shaped FGM samples of

90 mm outer diameter and 20 mm thickness were obtained.
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Fig. 4.1. The horizontal type centrifugal casting machine used for the current

experiments.
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The fabricated FGMs were cut parallel to the longitudinal direction and the centrifugal
force direction (named plane OP2). The thickness of the samples was considered as normalized
distance and divided into ten steps started from the outer surface of the ring (1.0) to the inner
surface (0.0) as shown in Fig. 4.2. Microstructural observation for each position was performed
by scanning electron microscope (SEM). The distribution of Al;Zr platelet particles and their
orientation on plane OP2 have been investigated using SEM micrographs. The length of Al;Zr
particles was then calculated using the linear intercept method. Volume fraction of the Al;Zr
particles was determined by evaluating the area fraction of Al;Zr platelet particles at random

positions using the SEM micrographs.

4.2.2. Mechanical properties evaluation

Vickers micro hardness on plane OP2 was measured at 0.49 N for 15 s from the outer to
the inner surface of the rings with 0.1 step of the normalized distance, as illustrated in Fig. 4.2.
A block-on-disc type wear test machine was used to investigate wide area of the fabricated
Al-AlzZr FGMs samples and to study the effect of large wear strain on the Al;Zr platelet
particles fragmentation. In order to investigate the anisotropic wear property in Al-Al;Zr FGMs,
the tests were carried out on plane OP2 in two directions, parallel and perpendicular to the
AlZr platelets alignment named WP and WN, respectively. The wear test samples and
directions are also presented in Fig. 4.2, the applied test conditions were 9.8 N load and 1m/s
sliding speed. The worn surfaces and side surfaces of the worn specimens were observed by
SEM. The sub worn surface layer was also studied through EDX observation of the Zr

distribution in the layers next to the worn surface.
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Fig.4.2. Schematic illustration of the fabricated FGMs rings and the samples cutting

directions.
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4.3. Results and discussion
4.3.1. Microstructure of Al-Al;Zr FGMs

4.3.1.1. Volume fraction distribution of Al;Zr particles

Figures 4.3 (a), (b) and (c) are SEM compositional images showing the microstructure of
the outer and inner surfaces of Al-AlzZr FGMs fabricated under G= 30, 60 and 120,
respectively. The microstructures of the outer surfaces present the large amount of Al;Zr
platelet particles arranged normal to the centrifugal force direction. From this figure, it is clear
that AlsZr particles in Al-Al;Zr FGMs fabricated at relatively lower centrifugal force were
distributed gently from the outer to the interior of the intermetallics rich area as shown in Fig.
4.3 (a). Next to this particles rich area, very fine Al;Zr particles were present in the inner
surface of the FGMs as shown in Fig. 4.3 (a). On the other hand, increasing the centrifugal force
resulted in a steep particles distribution and decreased thickness of the intermetallics rich area
accordingly, Fig. 4.3 (c). Figures 4.4 (a) and (b) present the volume fraction and orientation
distribution of the AlsZr platelet particles in the fabricated FGMs. The observed decrease in the
particles volume fraction from the outer to the inner part of the ring, Fig. 4.4 (a), can be owed to

the gradual absence of the centrifugal force towards the ring inner surface.
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Fig. 4.3. SEM micrographs using compositional mode of the outer and inner surfaces of

the prepared Al-Al;Zr FGM samples.
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Fig.4.4. Quantitative measurements of a) Al;Zr volume fraction distribution and b)

orientation parameter, fp of the fabricated FGMs.
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4.3.1.2. Orientation of Al;Zr Particles

The particles orientation is an important factor to consider when studying the wear
property of the materials containing platelet particles [9]. Therefore, Al:Zr platelet particles
alignment in the current study was investigated by calculating the orientation parameter, £, for
each Al-Al;Zr FGMs sample. Considering the angle between the perpendicular to the platelet
and the centrifugal force direction, 6, as illustrated in Fig. 4.2, the £, could be calculated from
the reported equation (2-1) [24-26] in2.3.1. In case of Al-Al;Zr FGMs, f, value ranges from 0.0
for a random distribution to a maximum of 1.0 for perfect alignment of Al;Zr platelet particles
normal to the centrifugal force direction. The f, values for the fabricated FGMs were plotted in
Fig. 4.4(b).

From Fig. 4.4(b), it is seen that AlsZr platelets in the interior surface are randomly
distributed while the outer surface platelet particles have a good alignment distribution with
their planes normal to the centrifugal force direction. Thus both of the orientation of AlsZr
platelets and the particles volume fraction are gradually distributed in the Al-Al;Zr FGMs.
Comparing the degree of particles alignment among the three FGM rings; it is observed that the
FGMs shown in Fig. 4.3 (a) have the lowest £, value in the outer region. On the other hand,
FGM presented in Fig. 4.3 (c), has the most oriented particles in the outer area of the FGM
rings.

This decreasing trend of Al;Zr platelets orientation from the outer to the inner surface of
the fabricated FGMs rings and the observed lower orientation at the samples cast at lower G
number occurred due to the effect of centrifugal force [27]. The centrifugal force affect the
volume fraction distribution of the particles thus different positions in the fabricated FGMs
have different volume fraction of Al;Zr. As can be seen in Fig. 4.4(a), higher volume fraction of
Al3Zr is observed in the outer region of the rings for all specimens. In addition, this particles
volume fraction increased with increasing the applied centrifugal force. The observed
distribution in orientation parameter is caused by the position dependencies of these factors as
reported by Sequeira er al. [27] for Al-Ti FGMs. This gradual distribution of both the

orientation parameter and the particles volume fraction in the Al-Al;Zr FGMs lead us to expect
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the positional dependency of wear property in the fabricated FGMs and will be described in the

following sections.
4.3.2. Hardness distribution of AlI-Al;Zr FGMs

Since wear is the result of the accumulation of plastic deformation and measurement of
hardness is usually carried out to evaluate the resistance to plastic deformation, the relationship
between wear and hardness has been extensively studied [28]. For traditional materials, both
theory and experiments showed that the wear resistance increases with the hardness [29]. In
Al-AlZr FGMs, sincé the particles volume fraction is distributed in a gradual manner, the
hardness value should also show similar gradient distribution. Therefore, this concept should be
deeply considered.

In the current study, Vickers hardness was measured from the outer to the inner surfaces
of the FGM samples and the results were presented in Fig. 4.5. As shown in this figure, the
outer surface of the samples has high Hv values and then Hv decreased with the gradual
absence of Al;Zr particles towards the inner part of the ring. The gentle decrease of the hardness
was observed in the FGMs fabricated under relatively lower centrifugal force, while a steep
gradient was remarked when the applied centrifugal force increased. It is clear that the
dependency of hardness distribution on the centrifugal force comes from the Al:Zr particle
distribution. This further supports the expected dependency of wear property on the position in
the fabricated Al-Al;Zr FGMs. |
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Fig. 4.5. Hardness distributions along the FGM samples thickness.

4.3.3. Wear behavior of Al-Al;Zr FGMs

4.3.3.1. Wear anisotropy

The block-on-disc wear test was carried out in order to shpw the influence of the
gradient type on the wear resistance and wear anisotropy of the Al-Al;Zr FGMs. As previously
mentioned the particles distribution gradient was steep in case of higher G number and became
gentler when FGMs were processed under lower centrifugal force magnitudes. Figure 4.6 (a)
shows the wear test results explained in volume loss for Al-Al;Zr FGMs fabricated at different
G numbers. From this figure, it can be remarked that FGM prepared at lowest G number have
the worst resistance among the fabricated samples. This is because the gentle gradient of
particles distribution observed in the samples, in which the number of Al3Zr particles at tested
region was decreased. Since the Al;Zr particles act as load supporting elements, decreasing
their volume fraction allows the soft matrix to be involved in the wear process as described by

Alpas and Zhang [30]. By comparison, the samples made under high G number achieved the

64



Chapter 4. Mechanical Properties of Al-Al;Zr FGMs Fabricated by CSPM

lowest volume loss when tested using block-on-disc wear type machine. This was expected
considering the wear test samples cutting position, which was 5 mm apart from the outer
surface of the samples where the FGMs cast under higher G number showed a remarkable
occurrence of Al;Zr particles.

The anisotropy of the wear property in the fabricated rings could be identified through
the difference in the wear volume values between the two test directions. Regarding the effect
of testing at different orientations relative to the particles alignment, the results were in
accordance with the reported work [14], where testing along WP direction showed more
resistance to wear compared to the WN direction. In order to imagine the influence of wear
direction on a group of aligned platelets, a simple schematic illustration of the process is shown
in Fig. 4.6 (b). In case of testing along WP direction, the brittleness of the Al;Zr particles is very
low and almost no damage occurs to the particles. On the other side, when the wear test is
carried out along WN direction, damaged layers were observed indicating the brittleness of the
Al:Zr platelets in the normal testing direction. The evidence is presented in Fig. 4.7, which
shows the cross-section parallel to the sliding direction of Al-Al;Zr FGM sample cast at G=60
and tested in the WN direction. In this figure, damaged layers containing broken Al;Zr particles
bended along the wear test direction can be observed.

Figures 4.8 (a) and (b) show the worn surface of the FGM samples tested in the WP and
WN directions, respectively. Comparatively, there are significant differences in the worn
surface morphology between WP and WN test directions. It can be found that the deformation
level of the worn surface increased in case of normal testing direction, Fig. 4.8 (b). This is
because of the size of laminar structures in WN direction is much larger than that of WP
direction, which implies that the debris size resulted from WN is larger than that from WP [31].
In this way, the material on the contact surface was easier to deform under WN testing direction.
This result is consistent to the increased volume loss in WN direction as shown in Fig. 4.6(a).

The variation of wear anisotropy with the particles orientation gradient in Al-Al;Ti
FGMs was previously investigated by Watanabe et al. [9, 14]. According to their study, a
greater anisotropy in the wear resistance of Al-Al;Ti FGMs is found for specimens with larger

orientation parameter. Similar to their study, the anisotropy of the wear property of the current
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Al-AliZr FGMs is diminished with decreasing the applied centrifugal force and thence
decreasing the particles orientation. In order to quantitatively express the observed dependency
of wear anisotropy on the particles orientation (presented in Fig. 4.4 (b)), the wear volume ratio
(wear volume of direction WN/ wear volume of direction WP (shown in Fig. 4.6a)) was
calculated and the results is presented in Fig. 4.9. As can be seen, the anisotropy of wear

resistance can be emphasized with an increase in the orientation of the AlsZr platelets.
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Fig. 4.6. a) Block-on-disc wear test results b) Schematic illustration of the wear process in

different directions relative to the particles alignment.
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Fig.4.7. SEM micrograph showing the cross-section parallel to WN of the samples

prepared at G=60.

Fig. 4.8. The Worn surface morphology of FGMs samples tested in a) WP direction and b)
WN directions.
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Fig. 4.9. A plot of the wear volume ratio versus particles orientation parameter.

4.3.3.2 Influence of severe wear strain on Al;Zr intermetallics

It has been reported by Li and Tandon [32] that severe plastic strain near a worn surface
is produced by sliding wear, especially in unlubricated states. This large plastic strain can alter
both of the structure and the chemical composition of the sub-worn surface layer as Watanabe et
al. [14] observed earlier. The formation of this wear-induced layer during the wear test was
further investigated by Watanabe et al. [33] in their work on Al-Al;Ti FGMs containing brittle
Al;Ti platelet particles. They have found that this layer contains Al-Ti supersaturated solid
solution without the presence of Al;Ti phase and is formed very near to the worn surface during
the abrasive wear. Sato et al. [34] have recently reported that this wear-induced layer forms due
to the heavy shear deformation of the matrix, followed by fragmentation of the Al;Ti particles
and finally the dissolution of some of those fine particles into the Al matrix. In the current
Al-Al;Zr FGM samples, this layer has also been remarked. In addition, the occurrence of this
layer was always observed wherever the severe wear cracks were present. Since the samples

tested perpendicular to the platelets alignment showed lower resistance to wear, as shown in Fig.
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4.6, the wear-induced layer was more identified. Moreover, the thickness of this layer in WN
tested samples was relatively larger than that of WP testing direction. The best example of these
samples was the one cast under centrifugal force magnitude of G=60, where many wear
induced cracks were observed, as presented by black arrows in Figs. 4.10 (a) and (b). This in its
turn confirms the brittleness of AlsZr particles groups when tested normal to their alignment
using block on disc wear test. As a result, larger anisotropy could be remarked compared to the
parallel testing direction.

The Zr distribution in the wear induced layer and the following layers is shown in Fig.
4.10(c). From this Zr distribution map, it can be seen that Zr in the wear-induced layer was not
condensed in particles but dispersed uniformly in the matrix. From the EDX analysis, presented
in Fig. 4.10(d) for the subsurface layer and the following layer, pointed A and B respectively in
Fig. 4.10(b), the composition of Zr at the supersaturated layer was analyzed to be roughly 9
mass % and this percent decreased in the following layers. However, this percent exceed the
solubility limit of Zr in Al which is ~ 0.28 mass% at 660.45 °C [35]. This further confirms the
formation of the Al-Zr supersaturated solid solution without the presence of Al;Zr particle.

With the above results in mind, both of the deformed sub-worn surface layer and the
laminar structure of the worn surface shown in (section. 3.2.1) suggest that plastic deformation
induced wear is the dominant wear mechanism for all of the FGM samples regardless of the test
direction. The sub-wear regime is believed to be the abrasive wear. This is because of the
presence of some detached AlsZr particles on the samples worn surface, és observed in Fig. 4.8,

which are characteristics of abrasive wear as described by Wu and Li [3].
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Fig. 4.10. a) SEI micrograph, b) compositional image of the surface parallel to the worn
surface of G=60 samples tested normal to the particles alignment, ¢) Zr map and d) EDS

analysis of the layers next to the worn surface.

4.4. Conclusions

Microstructural observation of the fabricated Al-AlsZr FGMs showed that the platelet
AlZr intermetallics in the outer regions were almost oriented normal to the applied
centrifugal force direction and their degree of orientation along with their volume fraction
decreases towards the inner part of the ring. These Al-Al;Zr FGMs showed different resistance
to wear, which depends on the test direction relative to the particles alignment in the specified
position. An enhanced wear resistance can be achieved in the Al-Al;Zr FGMs by controlling
the distribution of both the orientation and the volume fraction of Al;Zr particles. A subsurface

layer contains Al-Zr supersaturated solid solution without the presence of AlLZr phase is
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formed very near to the worn surface during block-on-disc wear test of the fabricated FGMs.
This layer was more identified when the tests were performed perpendicular to the Al3Zr
platelet particles alignment. The dominant wear mechanism is believed to be the plastic
deformation induced wear. The abrasive wear was coexisted as sub-wear regime during the

wear testing of FGM samples.
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