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Abstract

Abstract
Using severe plastic deformation (SPD) methods to design and fabricate multicomponent
materials has been drawing increasing attention in recent years [1, 2]. In the present study,
equal-channel angular pressing (ECAP), as the most highly developed SPD technique, is
investigated to design and fabricate multicomponent materials for three applications. They
are (i) high strength and low density materials for structural application, (ii) high strength,
low stiffness and good biocompatibility materials for biomedical implant application, and (iii)
high strength and high conductivity materials for electrical transmission line application.
Accordingly, this project is divided into three sub-projects, which have the same processing
principle of ECAP but different constituents in terms of material selection, shape, and scale
of the constituents and the processing parameters.
In the first sub-project, multicomponent materials having high strength and low density are
aimed to be fabricated using ECAP. Aluminium and magnesium machining chips are used as
raw materials. By blending them and consolidating the mixture using ECAP with back
pressure of 175MPa, full dense metallic composite is fabricated. Testing results show that
substantial improvement of mechanical properties, such as an increase of strength, strainhardening capability and ductility, can be obtained. This is achieved by changing the strain
path, processing temperature and post-ECAP thermal treatment, as well as by optimising the
weight fraction of the constituent metals. Microstructure characterisation shows that the strain
path can be optimised to achieve profuse breakage of oxide layer along interfaces. Moreover,
processing or annealing at 300˚C can cause intermetallic phase formation at the interface
resulted from enhanced interdiffusivity.
In the second sub-project, multicomponent materials having high strength, low stiffness and
good biocompatibility for biomedical implant application are targeted. Three components
including titanium, magnesium and silicon powders are used as raw materials. They are
blended and consolidated by ECAP with back pressure of 175MPa at 400˚C. By leaching out
Si and Mg constituents, porous Ti/Mg and porous Ti having bone-like cancellous architecture
are successfully fabricated. It is the first successful fabrication of porous Ti/Mg composite
with 100% interconnectivity and high mechanical performance. After Mg constituents are
leached away, porous Ti possesses excellent mechanical properties and good biocompatibility.
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Abstract
Electron microscopy results show that the outstanding mechanical performance of the
material is caused by the low processing temperature, elimination of post high temperature
annealing and redistribution of constituents during processing. Moreover, biocompatibility is
improved by the unique surface morphology resulting from etching of oxide-free surface and
ultrafine-grained structure of the Ti substrate.
The objective with the multicomponent material studied in the third sub-project is high
strength and high electrical conductivity. The concentric jacket-core architecture is studied on
bimetallic rods having an aluminium alloy 6201 out jacket layer and an austenitic steel 316L
core, which has the potential application of overhead transmission line. Bimetallic rods with
different geometry of constituents are deformed though ECAP with back pressure of 15MPa
at 175˚C. Compared with as-received bimetallic rods, the deformed ones possess significantly
higher strength due to grain refinement. More importantly, for one kind of geometry, the
electrical conductivity is not sacrificed by the enhancement of strength. Microstructure
characterisation results show that the co-deformation between core and jacket layer is critical
in causing extensive dynamic ageing and microstructural refinement in Al component, which
contributes to conductivity not being diminished when strength is raised.
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1.1 Background and motivation
The technical progress in the new applications and processing methods as well as the
competition of metal manufacturers for markets in the aerospace, automotive, construction,
sports equipment, life science and other industries set increasingly high targets for costs and
mechanical and physical properties of materials. In many cases, the set of properties required
(mechanical, thermal, electromagnetic and biocompatible) is practically impossible to be
achieved with individual conventional materials. A new conceptual approach to address this
problem was developed by Ashby and his group and published in several papers [3-6]. The
most general of them, [5], introduces the concept of “hybrid materials” and the idea of
“expanding material-properties space” by combination of materials, as shown in Fig. 1.1. The
definition of “hybrid material” is given as follows: “combination of two or more materials in
predetermined geometry and scale, optimally serving a specific engineering purpose”.

Figure. 1. 1 Concept of “hybrid materials” after Ashby [7]
From Fig. 1.1 it can be seen that the general order of the properties that the hybrid or
composite materials will display hugely depends on the intrinsic properties of constituents.
In another word, selection of constituents for the hybrid or composite materials with a set of
required properties is based on the choice of each component having the best property in one
of the categories from this set [6]. Apart from the materials selection, the “shape and scale”
3
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factor was also indicated by Ashby and Brechet [5]. The “shape and scale” factor includes the
shape and size of the individual constituents, their structural arrangement and distribution and
the relative amount of each of them. In recent publication, this “shape and scale” factor was
referred to the architecture of the combined constituents [6, 8, 9]. For targeted specific
properties or applications, the optimized material selection and architecture can be obtained
by means of simulation and modelling. However, developing a technique to combine the
physically or chemically distinct phases and process such “heterogeneous architectured
materials” to obtain their desired performances is very challenging [8].
Severe plastic deformation (SPD) techniques as one of the most potent ways of producing
ultrafine-grained and nano-grained bulk metallic materials have been under extensive
investigation in the past three decades [10-13]. In recent years, a number of SPD techniques
including equal-channel angular pressing (ECAP) [14], accumulative roll bonding (ARB)
[15], high pressure torsion (HPT) [16], high-pressure tube twisting (HPTT) [17] and twist
extrusion (TE) [18] etc. were applied in manufacturing of architectured multicomponent
materials. Though multiple pressing, rolling, rotation and extrusion etc. procedures, high
strains is accumulated into and between each constituent. Consequently, solid state bonding
by interdiffuion and interlocking and simultaneous microstructure refinement are expected [1,
2, 19, 20]. Despite the considerable progress that has been achieved in this area, there is still
vast immense space worthy to be explored in terms of engineering opportunities and
scientific problems, also a huge gap between the state of art and industry-scale application.

1.2 Objectives of research
In view of these opportunities and challenges, this PhD project will investigate three kinds of
multicomponent materials for three corresponding areas of applications. The scientific
hypothesis is that ECAP is an effective and special technique of designing and manufacturing
multicomponent materials with optimization of macro-scaled architecture and refinement of
microstructure in individual components. What all three sub-projects have in common is that
they employ ECAP as the processing techniques. As shown in Table.1.1, beside the design of
materials selection and architecture, ECAP processing parameters is another variable. On one
hand, we intend to investigate the “shape and scale” effects of constituents on resulting
properties. On the other hand, we want to study the effectiveness of ECAP for synthesising
and architecturing multicomponent materials with broad application spectrum.
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Table. 1.1 Materials selection, architecture and processing of three sub-projects
Materials selection
Al machining chips
+
Mg machining chips
Ti powder
+
Mg powder
+
Silicon powder
Al jacket
+
Steel core

Architecture

Processing

Application

Random mixture
by dry mixing

ECAP at
RT/300˚C

Structural application

Interactive mixture
by wet mixing

ECAP at 400˚C

Porous biomedical
devices

Concentric rod by
shrink fit

ECAP at 175˚C

Electrical transmission
conductor

Specifically, in the first sub-project, multicomponent materials having tangled architecture
will be made from machining chips which on one hand, are taken as waste and cheap raw
materials, on the other hand can be regarded as unique raw materials having helical shape and
fine microstructure. This study could provide a potent approach to solve this environmental
concern by reusing the wastes for superior structural application. The establishment of
bonding and interdiffusion between dissimilar chips will be studied. In the second sub-project,
porous materials having bone-like cancellous architecture for biomedical implants as a highend product will be investigated. The redistribution and shape evolution of constituents
during ECAP processing and the breakage and displacement of oxide layers are studied in
depth. In the third sub-project, multicomponent materials with concentric jacket/core
architecture are studied for application of electrical transmission line. Severe plastic codeformation mechanism in this process will be investigated. It can be seen that this project
will potentially contribute to both multicomponent materials area and SPD area.

1.3 Structure of the thesis
The body of this thesis begins with a review of current development of multicomponent
materials and the use of SPD on this application. Details of the processing method,
mechanical measurements and microstructure characterisation techniques are provided in
Chapter 3. My original contribution starts from Chapter 4, where ECAP compaction was
investigated to manufacture multicomponent materials from Al and Mg machining chips. In
Chapter 5, the application is extended to biomedical implant materials. Space holder-enabled
ECAP was used to synthesise ultrafine-grained porous Ti/Mg composite and porous Ti. In
5
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Chapter 6, ECAP is employed to manufacture bimetallic rod with Al alloy jacket layer and
steel core for conductor application. Conclusions and recommendations for the future work
are presented in the final chapter of the thesis, Chapter 7.
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2.1 Outline of the chapter
Multicomponent material is a broad concept which is on the contrary to monolithic material.
Strictly speaking, in metal based multicomponent materials, there should be regions having
localised elemental concentrations that are highly non-equilibrium and not achievable in the
molten state. These foreign and highly non-equilibrium phases can be termed as another
component or constituent and distinguish multicomponent materials from alloys having insitu precipitates as a foreign phase. There is vast number of literatures regarding to this
research area. Some of them call this non-monolithic materials as hybrid materials whereas
use the term – composite materials. In Oxford Dictionary, hybrid as an adjective is defined as
“Anything derived from heterogeneous sources, or composed of different or incongruous
elements”. Composite as an adjective is defined as “Made up of various parts or elements;
compound; not simple in structure”, which are quite similar to the definition of hybrid.
In this section, the difference between these two concepts is analysed in the aspects of
microstructural and spatial configurations, applications and synthesis methods. Followed by
this, the criteria to fabricate desired multicomponent materials are summarized and analysed.
The emphasis is placed on the processing techniques, as it plays the most critical role in
determining whether the idea can be successfully implemented and realized. Following the
concise summary of traditional processing methods and their corresponding applications,
developing trend of multicomponent materials in academic society will be presented. It will
be found that the implementing of innovative designs is based on novel processing methods.
Then severe plastic deformation (SPD) techniques will be introduced, as they are novel
methods that have been extensively investigated to explore their possibilities for the
application of multicomponent material in recent five years. Equal channel angular pressing
(ECAP), as the most highly developed SPD processing technique is emphatically studied
since it is the method investigated through this PhD project.

2.2 Metallic hybrid materials
Metallic hybrid materials as one class of engineering material have been implemented in a
number of applications. One component can be jointed to another component to form a
layered arrangement such as a cladding layer with a substrate layer or a jacket out layer with
a core material. For example, one of the most widely used combinations includes a thin layer
9
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of expensive and corrosion resistant alloy which provides excellent corrosion protection
while a much less costly substrate material, which is usually high-strength carbon steel,
ensures adequate structural strength. They are extensively used in various fields of
applications such as refinery, petrochemical and chemical industry, oil and gas production,
power plants and flue gas desulphurisation plants as well as cooking utensils [21-26]. Besides
the combination of high corrosion resistance and mechanical strength, applications with more
combinations of functionalities can be obtained by replacing the high strength solid substrate
metal with light weight metallic foam core in a sandwich panel architecture [27]. By cladding
thick and strong face layers on a foam core using adhesives, high specific strength and
stiffness sandwich panels can be fabricated to withstand high-impact loads without skin
failure [28-30]. Alternatively, panels can also be produced using thin and soft cladding face
layers for the applications such as noise and vibration reduction [27, 31-33]. Furthermore, the
concentric jacket/core architecture can be found in the bimetallic concentric wires such as
aluminium clad steel core wire, which is employed in transmission line. In this product, the
Al jacket improves the corrosion resistance of the steel core and increases the electrical
conductivity of it. Overall, comparing with monolithic steel wire, the durability and electrical
conductivity of this hybrid wire is better. Equally important, compared with single-phase Al
alloy, this hybrid material provides a more cost-effective approach to solve engineering
problems.

2.2.1 Solid-state bonding
When it comes to joining of hybrid materials, conventional fusion welding methods, such as
arc and laser welding for which both materials melt are not suitable. This is because the
melting temperatures for each constituents are different and at high temperature intermetallic
reaction layers could form and result in poor mechanical properties [34, 35]. Besides, due to
the severe mismatch of coefficients of thermal expansion, thermal distortion, residual stress
and thermal shock could occur and damage the interface [36]. Instead, solid-state bonding
operating at relatively low temperature is more applicable and suitable for this application.
Several solid-state bonding techniques including explosive bonding, roll bonding, diffusion
bonding, stir friction joining and ultrasonic bonding have been invented and started to
generate interests from various industries.
Explosive bonding, also referred to explosive welding is one of the most wildly used
techniques in industry [22, 23]. As the process shown in Fig. 2.1, explosive is used to
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generate a massive load and a high velocity jet by detonation, which removes away the
impurities on the metal surfaces and results in a metallurgical bonding at the interface of
metals [37, 38]. Bimetallic plates and tubes such as Al/steel [39], Cu/steel [40], Ti/steel [41],
Al/Cu [42], Mg/Al [43], Cu/Ti [44] and Ti/Ni [45] have been successfully bonded using this
method. The interface between two phases is characterised with wave morphology. In some
cases intermetallic and amorphous phases are formed at the crests or within the vortex of the
waves [46-48]. Even it has been applied in manufacturing of cladding of large areas of planar
metal or alloy laminates, more complex architecture such as multi-layered and cylindrical
configurations have been studied in recent years [47, 49-51].

Figure. 2. 1 Schematic illustration of explosive bonding [52]
Roll bonding is another commercially available way for fabrication of large layered
bimetallic sheets and foils. The processing is illustrated in Fig. 2.2. Surface preparation such
as scratch brushing is critical since high strength bonding can only formed if there is an
intimate contact between metals, which allows an interatomic attractive force to operate [25,
53]. It is believed that the mechanical bonding between mating surfaces is first developed
during rolling before the metallurgical bonding in the following processing or heat treatment
[25]. Increasing thickness reduction above the strain threshold and pre-heat treatment
temperature facilitates surface cracks, extrusion of virgin metals and good bonding [53, 54].
Due to the facile processing procedure, a wide range of bimetals have been fabricated using
this methods, such as Al/steel [54], Ti/steel [55], Al/Ti [56], Al/Zn [57], Al/Mg [58] and
Al/Cu [59].
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Figure. 2. 2 Schematic illustration of bimetal rolling process [60]
Diffusion bonding is another solid-state bonding technique that allows dissimilar contacting
surfaces to be joined under low pressure and at elevated temperature [61]. The typical
processing setup is shown in Fig. 2.3. Because there is generally limited macroscopic
deformation or relative motion involved, this technique can be implemented on joining
complex structures [62]. However, due to this inadequate deformation, high temperature is
needed to enhance diffusivity of both elements and oxygen atoms in the oxide layer thus
achieving sufficient bonding at interfaces [63]. Consequently, it attributes to formation of
intermetallic phases, residual stress and creation of micro-voids and micro-crack in the
interface, which have detrimental effects on the bonding performance [64]. Therefore, an
intermediate material such as nickel and silver that possesses substantial solid solubility in
diffusion couple is usually used as an interlayer and diffusion barrier to tackle these problems
[65]. This technique has been used on a wide spectrum of diffusion couples such as Ti/steel
[66, 67], Al/Mg [68], Cu/steel [64], Cu/Al [61], Mo/Cu [65] and W/Ta [69].
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Figure. 2. 3 Schematic illustration of diffusion bonding set-up [70]
Stir friction bonding is one processing method that has been under extensively laboratory
research in recent years. This technique shows its ability to joint two dissimilar sheet metals
by butt, lap and fillet joints [71, 72]. As it is illustrated in Fig. 2.4, during friction stir
processing, the rotating tool induces the mass transfer phenomena between the base metals by
the mechanical stirring action [73]. The bonding is caused by a combination of cold pressure
welding, diffusion bonding and mechanical alloying at the same time [74]. This technique has
been investigated in a number of combinations of materials such as steel/Mg [75], Al/Mg [76,
77], steel/Al [78, 79], Ti/Al [71, 80], steel/Ti [81] and Al/Cu [82, 83].

Figure. 2. 4 Schematic illustration of stir friction joining between Al alloy and high strength
steel [84]
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Ultrasonic bonding also refers to ultrasonic welding is a joining process where high
frequency vibrations are produced and converted into energy. This energy is applied on work
pieces that are held together under pressure, as it is shown in Fig. 2.5 [85]. Deformation and
oxide layer breakage at the interface are caused by the combination of static normal clamping
force and a high-frequency oscillating shear force [86]. As a result, fresh metal surfaces come
in contact with each other and create metallurgical bonding as well as interdiffusion across
the interface [87]. A number of dissimilar metals have been investigated using this technique
including Al/Cu [88, 89], Al/steel [90], Al/Ti [91] and Al/Mg [92].

Figure. 2. 5 Schematic illustration of ultrasonic bonding between two foils [93]
As it can be summarised from above mentioned five techniques, pressure and heat are
employed in common. At the heterophase interface, element intermixing is governed by
interdiffusion and it can only occur when two mating surfaces are in interatomic distance and
at elevated temperature. High pressure and plastic deformation on substrate materials benefits
this process because it helps disrupt the oxide layers, expose fresh metal surfaces and brings
them to atomic distance. In the case of explosion and stir friction bonding which are
conducted at ambient temperature, the amount of deformation localized at interfaces is so
large that extra heat treatment is not employed. The heat generated at the interfaces during the
process is sufficient to cause coalescence and metallurgical bonding between mating surfaces
[36]. In contrast, regarding to diffusion and ultrasonic bonding, due to relatively low pressure,
heat is essential to trigger the diffusion. Roll bonding involves moderate bulk deformation (in
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contrast to deformation localized at interface regions), which can cause the generation of
virgin metal surface contact, but not high enough for the generation of heat and atom
intermixing at heterophase interfaces. Thus, processing at warm temperature, postdeformation heat treatment after cold working or even electrical assistance is used in roll
bonding [94, 95].

2.2.2 Solid-state interdiffusion
As it was stated by R. Messler, “The key to all welding is atomic-level interdiffusion between
the materials being jointed, whether that diffusion occurs in liquid, solid or mixed state.
Nothing contributes to jointing better than actual interchanges of atoms, ions or molecules.”
[96]. To quantify the extent of interchanges of atoms, the concept of penetration depth or also
referred as diffusion distance x is employed here. Its value can be measured from the counts
per second vs. relative distance curve from energy-dispersive X-ray line scan. x is defined as
the distance between the position of the diffusion front and the Matano plane at time t. The
diffusion front is defined by the position of a constant concentration c(x, t)=kR. By fixing kR a
finite value, x can be found [97]. Here we arbitrarily set kR with a magnitude of 1%. In this
condition, we obtain
𝑥 = √𝐷𝑡

(2.1)

where t is the processing time and D is the diffusion coefficient which usually follows an
Arrhenius type of temperature dependence:
𝐷 = 𝐷0 ∙ 𝑒𝑥𝑝(−𝑄⁄𝑅𝑇)

(2.2)

where Q is the activation enthalpy for diffusion (J/mol), often referred to as the activation
energy, D0 is the pre-exponential factor and R is the molar gas constant (8.314J/mol•K). The
activation energy Q is influenced by the elementary process of atomic motion which
generally depends on the foreign substitutional element and the crystal structure and
microstructural features of solvent material.
After rearranging equations (2.1) and (2.2) one has
𝑄

1

𝑙𝑛𝑥 = 𝑙𝑛√𝐷0 𝑡 − (2𝑅) 𝑇
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It can be found that the penetration depth is determined by the activation energy for diffusion
and processing temperature. With lower activation energy, higher temperature and longer
time, boarder penetration depth is expected. However, to avoid the detrimental effects from
elevated processing temperature and expanded time such as coarse microstructures and brittle
phase formation, reduction of activation enthalpy for diffusion by microstructure
modification is a much more preferred route for achieving high level of interchanges of atoms.
There are several solid-state diffusion paths in polycrystalline metals. Lattice diffusion is the
basic diffusion mechanism which has largest activation enthalpy [98]. Since the vacancy
mechanism is the dominant mechanism in lattice diffusion, it is believed that high
concentration of atomic defects such as vacancies can aid diffusion [98]. Besides, there are
high-diffusivity paths such as free surfaces, grain boundaries and dislocations where the jump
rates of atoms are much higher than in the lattice (see Fig. 2.6) [98]. For example, grain
boundary diffusion is typically four to six orders of magnitude higher than lattice diffusion.
Moreover, dislocations also provide more rapid atomic migration path than the regular lattice
[98]. It is worth noting here that, the surface diffusion is conducted on oxide free, new, clean
and virgin metal surface which is covered by electric cloud due to the broken metallic
bonding between the surface atoms and oxide layer. At this statue, the free surface has very
high energy and provides fastest diffusion path. Similarly, in the interior of the metal, defects
containing distorted or broken metallic bonds will have high energy and promote diffusion
and segregation of foreign atoms [98, 99].
Therefore, fast diffusion and board diffusion distance shall be achieved at relatively low
temperature within metals containing high concentration of point defects, high volume
fraction of grain boundaries and high density of dislocations, which are typical
microstructural features produced after heavily cold or warm plastic deformation.
Furthermore, recent studies show that further enhancement of diffusion coefficient could be
achieved after extreme deformation, wherein long-rang network of interconnected nano- and
micropores located predominantly at non-equilibrium grain boundaries and triple junctions
act as ultra-fast diffusion paths [100, 101].

16

Chapter 2 Literature Review

Figure. 2. 6 Schematic illustration of high-diffusivity paths in a solid [98]

2.3 Metal based composites
From both chemical and microstructural perspectives, metal based composite materials can
be classified as metal matrix composite having ceramic reinforcement phase and metallic
composite or metal-metal composite that contain several metallic phases.

2.3.1 Metal matrix composite
The development of metal matrix composites (MMCs) was initially driven by the highperformance needs of the aerospace industry. Continuous boron fibres having 60 vol.%
reinforced aluminium alloy used in the space shuttle orbiter was the first successful MMC
product [102]. With more attention drawn in this class of material, the application of MMCs
is expanded to the areas of automotive and ground transportation industries and sport
equipment industries, where discontinuous reinforcement are used as their manufacture cost
is lower than continuous reinforcements [103]. The metal matrix phase is strengthened using
ceramic or metal oxide in the form of fibres, whiskers or particles. The influences of different
combination of matrix alloy and type, size, shape and volume fraction of reinforcement on
properties such as wear behaviour and fatigue performance have been extensively
investigated.
The matrix selection largely determines the application. Aluminium based composites have
been used in automotive and aerospace applications [102, 104]. The good combination of
high specific strength, specific stiffness and wear resistance make them very competitive
candidature for brake rotors, brake drums and fins on aircraft comparing with alloys [102,
104]. For example, ventral fins made using Al alloy 6092 having 17.5 vol.% of SiC particles
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has been used on F-16 to replace the Al alloy 2024-T4 made fin. Due to the higher specific
stiffness of the composite than its counterpart, the tip deflections is reduced and fatigue
problem is alleviated [102]. In ground vehicles, magnesium matrix composites have been
applied in high-end cars for its higher specific strength than monolithic Mg alloys [105].
Moreover, laboratory studies have showed that titanium matrix composite has the potential to
replace heavier nickel-based superalloys in high-pressure turbine blades and compressor discs
for jet engines [102]. Overall, MMCs have been used on high-end products due to its high
cost and high performances.
The material selection of reinforcement phase is also important. There are a range of high
hardness and elastic modulus particles can be chosen, for instance, silicon carbide (SiC),
alumina (Al2O3) and boron carbide (B4C) etc. [102]. However, recent studies show that these
ceramic particles can actually increase the wear rate of the mating counterface, due to their
abrasive action and reduction of the overall wear resistance of the tribo-system. To tackle this
problem, nickel aluminides can be used which can provide high ware resistance while reduce
counterface wear rate [106, 107]. Regarding to the shape factor, it has been found that the
greatest improvement in longitudinal stiffness and strength is achieved using continuous
fibres, followed by whiskers and then particles [102]. Moreover, it has been demonstrated
that better dispersion and smaller size of the particles in metal matrix can enhance the
mechanical properties [108]. The optimum volume fraction of the reinforcement particles is
also critical for the performance. For example, higher volume fraction of reinforcement phase
can increase the stiffness of the composite but at the same time deteriorate the damagetolerance and processability [109]. It is also worth noting that in MMCs interface plays a
critical role. The properties of the interface are influenced by those of both constituents as
well as by their chemical affinity, atom diffusivity and change of the crystal lattice in the
composite [110]. Chemical interactions and reactions between constituents determine the
interface adhesion, modify the characteristics of the integral and affect the mechanical
characteristics significantly [110]. For example, the SiC fibres in Ti matrix used today have
an amorphous C coating on them to minimise the extent of fibre/matrix interaction that forms
TiC. This will provide compliance during thermal cycling to minimize interface damage
[111].
The principle way of preparing metal matrix composite is via liquid and powder metallurgy
[1, 110]. Liquid metallurgy is the most cost effective way among them and can be produced
in a wide variety of shapes using methods already developed in the casting industry [110].
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However, uniform distribution of the reinforcement phase is difficult and it is limited to
metals with relatively low melting points such as Al and Mg [110]. To tackle this problem,
ultrasonic solidification (seen in Fig. 2.7) has been investigated by several groups [112-114].
High-intensity ultrasonic waves provides transient cavitation and acoustic streaming in the
liquid which is believed to lead to refining microstructures, degassing of liquid and
homogenizing the distribution of reinforcement particles [112].

Figure. 2. 7 Schematic illustration of ultrasonic solidification processing [112]
In recent years, more research is focused on soli-state produced MMCs for high-end products
which generally have higher mechanical performance than liquid-stated process. This is
primarily due to the minimization of segregation effects and brittle reaction between matrix
and reinforcements at melting temperature [110, 115]. The typical solid-state route is shown
in Fig. 2.8. It starts from elemental blends of matrix and reinforcement powders, in which wet
mixing and dry mixing can be chosen. Then the mixture goes through consolidation by cold
isostatic pressing to form a green compact. Followed by that, a degassing procedure may be
used before the hot pressing or sintering to create inter-particle bonding and elimination of
porosities in the compact. For this process, spark plasma sintering has been investigated as a
novel way comparing with conventional hot pressing. In spark plasma sintering processing,
the heat is generated by a pulsed DC current, which leads to very high heating and cooling
rate thus a very short time sintering [116, 117]. This short processing time allows limited
grain growth and reaction at interfaces [118].
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Figure. 2. 8 Schematic illustration of typical powder metallurgy processing scheme [119]
In both liquid and powder metallurgy routes, it can be found in literatures that the secondary
processing of the MMCs such as rolling, extrusion and forging is necessary. The induced
deformation can further break up agglomeration of reinforcement particles, remove or
eliminate cavitation and porosity, trigger dynamic recrystallization and grain refinement of
matrix and improve the interface bonding between constituents [119-123].

2.3.2 Metallic composites
In contrast to MMCs having non-deformable reinforcement phases, metallic composite
comprise two or more base metals which are all deformable. Under externally imposed strain,
the shape reduction and arrangement redistribution of all constituents could occur, although
less deformation is expected from the relatively hard phase. This class of composite become
of interest when the spacing between phases is reduced within a few microns or even nanoscale via deformation processing and strengthening exceeds the prediction of the rule of
mixture [124-128]. This is because the interphase distance and the phase thickness determine
the mean free path of the lattice dislocation. At nanoscale interface spacing, dislocationdislocation interactions and Hall-Petch effect become subsidiary. Instead, interaction between
interface and dislocation become dominant [1]. In this case, strengthening is caused by less
dislocation activation sources, impediment of dislocation motion and multiplication and
Orowan expansion of dislocations [1, 129, 130].
Nanofilament and nanomultilayer metallic composites are two main architectures that have
been investigated in this area. Nanofilament Cu/Ag and Cu/Nb composites are usually
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fabricated by accumulative drawing and bundling after extreme total strain that is typically
higher than 20 [131-134]. These materials show good combination of high strength and high
electrical conductivity, which make them very promising candidatures for advanced electrical
applications [135, 136]. Nanomultilayer composites are generally synthesised by
accumulative roll bonding from either foils of individual metals or eutectic alloys and by
physical vapor deposition [110, 124, 125, 137-139]. They are featured by high shock
resistance, thermal stability and radiation resistance [139, 140].
Furthermore, multiphase alloys such as dual phase steels and intermetallic-metal-matrix
composite can also be regarded as metallic composite [1, 2]. This is not only due to the
coexistence of two distinct phases such as ferrite/martensite [141] and Al3Ni2/Ni [142], but
also the shape and volume fraction effect and scale effect of them on the overall mechanical
properties [141, 143].

2.4 Multicomponent materials
As it can be seen from above two sections, metallic hybrid materials are featured of their
variable architectures such as bimetallic plates, tubes and rods and low volume fraction of
interfaces. To further conclude them, form a microstructural perspective, they all have one or
two layers in the shape of either plate or tube to clad a substrate or core material. By bonding
a cladding layer, various functionalities such as corrosion resistance, electrical conductivity
and thermal conductivity can be added to the substrate material. The base materials usually
provide the mechanical strength. The microstructures in each constituent and interface
bonding properties influence the performance of the hybrid. Strong chemical bonding caused
by interdiffusion is essential.
The generally accepted metal based composite material including metal matrix composite and
metallic composite materials is featured by the configuration of reinforcement phase
embedded in matrix phase and high interface density. The size, shape, volume fraction and
distribution of reinforcement phases can significantly affect the integral properties. The
functionality of the secondary phases is to enhance one specific aspect of the matrix phase,
such as wear resistance, shock resistance and radiation resistance. Heterophase interfaces
play a very important role in composites due to their high volume fraction and interaction
with defects.
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It is also worth noting here that, metal foams and porous or cellular metals are another special
category of hybrid material. Metal foams are characterised by the closed porosity which is
created by decomposition of a blowing agent, precipitation of dissolved gas or injection of
external gas source in a molten metal [144, 145]. They have a broad range of structural and
load-bearing applications due to the high specific stiffness, crush energy absorption capacity,
vibration damping and noise reduction properties [30, 145, 146]. In contrast, cellular metals
with open porosity are usually fabricated by solid state processing, where the formation of
closed pores caused by liquid state surface tension is eliminated [147]. Open porosity hybrid
has been extensively investigated for the application in biomedical implants [148-150], which
will be described in details in Chapter 5.
A possible classification and variety of multicomponent materials is shown in Table. 2.1.
From aspect of “processing-microstructure-properties” relation, the processing methods,
typical microstructure and arrangement between constituents and applications of composite
and hybrid materials are different. In this study, metallic composite, discontinuous metal
matrix composite, porous hybrid and metallic hybrid will be investigated. The term –
“multicomponent materials” is used here to cover this broad range of composite and hybrid
materials.
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Table. 2.1 Possible classifications and variety of multicomponent materials
Multicomponent
materials

Architecture

Typical microstructure

Refs

Layered hybrid
(Al/Cu)

[151]

Porous hybrid
(porous Al)

[152]

Continuous
reinforced metal
matrix composite
(Ti64/SiC
monofilaments)

[153]

Discontinuous
reinforced metal
matrix composite
(Al/SiC)

[154]

Nanomultilayer
metallic composite
(Cu/Nb)

[140]

Nanofilament
metallic composite
(Al/Ti)

[155]

Multiphase alloy
(Ferrite/Martensite)

[141]

Metallic hybrids

Metal based
composite
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2.5 New trends in advanced multicomponent materials
As stated above, multicomponent materials are very attractive to existing applications as they
provide a cost-effective way for tackling engineering problems. Also, they are very promising
for emerging markets for high-end products. The imagination of material scientists and
engineers is boundless and attempts to develop advanced multicomponent materials for better
performances continue. Driven by the enormous engineering opportunities, effort has been
consistently put into the optimization of the existing forming routes to reduce the cost and
improve the degree of control. On top of that, in recent five years, a more exciting research
direction has been developed by implementing novel metal working methods in this area,
which are fabrication of advanced nanostructured and architectured multicomponent
materials. As this principle presented in Fig. 2.9, concurrent optimization of microstructure
and architecture in the multicomponent materials is essential to achieve the multifunctional
requirements.

Figure. 2. 9 Designing of architecture and microstructure in multicomponent materials [9]

2.6.1 Nanostructured multicomponent materials
The microstructure in the constituents should be refined to ultrafine or even nanoscale. It has
been proved numerously since this century that, in polycrystalline metals, superior properties
can be achieved from ultrafine-grained or nano-grained microstructure as well as from the
high volume fraction of high angle grain boundaries [11-13, 156-158]. The multicomponent
materials manufactured using traditional techniques are characterised of coarse-grained
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microstructure and do not enjoy the merits provided by reduced grain sizes. Recently, efforts
have been put into nanostructuring the constituents on top of sound interface bonding in
multicomponent materials [1, 2]. It has been found that implementing ultrafine-grained and
nano-grained microstructure into each constituent can dramatically improve the combined
properties beyond role of mixture [1, 2]. Nanostructuring in multicomponent materials is not
limited to traditional concept of grain refinement; it also means refinement of interphase
spacing or increase of heterophase interface density. In the case of a metallic composite,
under extreme plastic strains, distance between two heterophase interfaces can be reduced to
tens of nanometres, which offers attractive functional features for trapping point defects and
rare gas atoms under irradiation [159, 160].

2.6.2 Architectured multicomponent materials
In addition to the microstructural refinement, smart design of the inner architecture of
multicomponent materials is another hot topic [8]. Learning from natural materials which are
structured at multiple length-scale [161], architecturing of multicomponent materials should
also vary from microstructure within atomic scale to structure at a centimetre scale [8]. The
microscopic scale architecture here refers to interface engineering [140]. At this length scale,
the architecturing means evolution of interface type [162, 163]. Bulk nanolayered Cu/Nb
composite fabricated by accumulative roll bonding contains a narrow distribution of special
interface type, which are atomically faceted and differ from the atomically flat interface
synthesized by physical vapour deposition [164]. These architectured inner interfaces by
rolling at extreme plastic strain contributes to better radiation resistance, mechanical strength
and thermal stability than its counterpart due to different habit plan orientations [134, 140,
165]. Furthermore, architecturing of inner structure at larger scale is another promising
research route. For example, recent study shows that an inclined straight Al fibre embedded
in a Cu solid can transfer to spiral shaped fibre after twist extrusion [18, 166]. By
architecturing the shape of reinforcement phase, the effective strain hardening of the material
is improved [167].
To conclude this section, it can be found that, besides strong bonding at interfaces, the
requirements for advanced multicomponent materials include smart and multiple-scale
architecture with ultrafine or nanoscale microstructure. This can only be achieved by
deforming the heterogeneous architectured material to extreme plastic strains using novel
metal forming methods, which are severe plastic deformation techniques [1, 2, 19, 20].
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2.6 Severe plastic deformation techniques used on
multicomponent materials
Severe plastic deformation (SPD) is a range of metalworking techniques which is currently
defined as “any method of metal forming under an extensive hydrostatic pressure that may be
used to impose a very high strain on a bulk solid without the introduction of any significant
change in the overall dimensions of the sample and having the ability to produce exceptional
grain refinement” [11]. The microstructure achieved after SPD processing is characterised of
ultrafine-grained (UFG) with the size of 100–1000 nm or even nano-grained (NG) with the
size less than 100 nm. This grain refinement can influence nearly all aspects of the physical
and mechanical behaviour of polycrystalline metals [12]. For example, in polycrystalline
materials, average grain size reduction leads to increase in yield stress, which can be
mathematically presented by the well-known Hall-Petch equation given by [168, 169]
𝜎𝑦 = 𝜎0 + 𝐾𝐻𝑃 ⁄√𝑑

(2.4)

where 𝜎𝑦 is the yield stress, 𝜎0 is the lattice friction stress, 𝐾𝐻𝑃 is the constant of yielding and
d is the average grain size. However, it is worth nothing here that this relation is not valid
when grain sizes are less than ~100nm due to the change of dominant deformation
mechanism from dislocation-grain boundary interactions such as nucleation, pass-through,
absorption and emission [170] to partial dislocation emission from grain boundaries,
deformation twinning, perfect dislocation slip, grain boundary sliding and grain rotation
[171-173].
Despite the striking properties achieved from grain refinement, the underlying mechanism of
this continuous dynamic recrystallization process is still not fully understood. The most
widely accepted theory (schematically shown in Fig. 2.10) is based on the notion of
dislocation cell structure which forms with imposed plastic strain and transforms to fine grain
structure with simultaneous increase of misorientation between neighboring cell structures
[12]. In this mode, the total dislocation density 𝜌 is the only internal variable to describe the
deformation [174].
𝑑𝜌⁄𝑑𝜀𝑝 = 𝑘0 ⁄𝑏𝐿 − 𝑘2 𝜌
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where b is the magnitude of the Burgers vector, L is the length of cell structure that
determines the dislocation mean free path, 𝑘0 is a constant and 𝑘2 is a mechanism-dependent
phenomenological parameter sensitive to strain rate and temperature. Further assumption is
made that the average size of dislocation cells d scales inversely with the square root of
dislocation density 𝜌 [175, 176].
𝑑 = 𝐾 ⁄√𝜌

(2.6)

where K is a proportionality constant. As shown in Fig. 2.10, at low strain, high density of
dislocation cells occupy the coarse grain and dislocations are located in both cell walls (𝜌𝑤 )
and cell interiors as (𝜌𝑐 ). If the volume fraction of 𝜌𝑤 is represented by f, the total dislocation
density is given [12],
𝜌 = 𝑓𝜌𝑤 + (1 − 𝑓)𝜌𝑐

(2.7)

With increasing amount of strain, “geometrically unnecessary” dislocations which do not
contribute to misorientation between neighbouring cells will recover with strain and resulting
in thinning of cell walls, as shown in the middle graph in Fig. 2.10 [12]. Continuously
imposing strain leads to gradual transformation of dislocation cell boundaries through lowangle grain boundaries (with misorientation smaller than 15˚) to high-angle grain boundaries
(with misorientation larger than 15˚) [12]. In this process, dislocations with Burgers vectors
lying in the boundary plan contribute to the cell boundary sliding and shearing, while other
dislocations are responsible for accumulation of misorientation in accordance with their
combined Burgers vectors [177].

Figure. 2. 10 Schematic illustration of the formation process of fine grains under SPD
condition [177-180]
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The ultrafine grains produced by SPD techniques are featured by prevalence of HAGBs in a
non-equilibrium or energetically metastable state, which is commonly believed to be a
signature that distinguishes them from conventional metal working wherein most of the subboundaries are low angle [12].
By refining grain size, the volume fraction of grain boundaries increases simultaneously.
Because grain boundaries are sources and sinks of defects, barriers to points and line defects
and storage sites for defects, they play a fundamental role in materials properties in various
aspects [181, 182]. Most importantly, for the application of multicomponent materials, grain
boundaries act as fast diffusion paths to transport foreign atoms and contribute to strong
interdiffusion caused chemical bonds at interfaces. As shown in Fig. 2.11, comparing with
coarse-grained substrate, ultrafine-grained substrate with more grain boundaries presents a
faster and deeper diffusion mechanism [98].

Figure. 2. 11 Schematic illustration of two scenarios of diffusion regimes with increasing
time in a coarse-grained substrate with few grain boundaries (top) and in a ultrafine-grained
substrate with several grain boundaries (bottom) [99]
Beside the contribution from high volume fraction of GBs, in SPD processed metals,
diffusion coefficient can be further improved by ultra-fast diffusion paths. Non-equilibrium
HAGBs produced by SPD possesses higher interfacial energy and larger excess free volume
than conventional equilibrium HAGBs, which is believed to lead to higher diffusivities [12,
158]. Moreover, together with triple junctions, these non-equilibrium HAGBs also act as
long-range network for interconnecting nano- and micropores produced by SPD to provide
“ultra-fast” short circuit paths [100, 101].
Overall, from the respective of interface bonding, SPD techniques possess unique advantages
in synthesising multicomponent materials. The imposed hydrostatic pressure can cause severe
plastic deformation in substrate metals and breakage of brittle oxide layers. Meanwhile, the
exposed fresh metal surfaces can be brought in interatomic distance contact and form
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physical adhesive bonding. On top of this, chemical interdiffusion bonds are established
between two substrates which have superior diffusion-friendly microstructures.
Nowadays many SPD techniques are developed and readily available for fabrication of
multicomponent materials. Three “classic” SPD techniques, which have the generic feature of
imposed high hydrostatic pressure, are described below.

2.6.1 Equal-channel angular pressing
Equal-channel angular pressing (ECAP) was first introduced by Segal et al. in 1980s [183185]. During the process, intense plastic strain as a form of simple shear is introduced
without changing the cross-section of the billet [11]. Since the early 1990s, ECAP has been
further investigated and developed as a SPD method to fabricate ultrafine-grained metals and
alloys. It has been demonstrated that ECAP is capable of providing bulk metallic materials
with fairly homogeneous and nearly equiaxed microstructures with ultrafine grains in
submicrometer range and a large proportion of HAGBs [186, 187].

Figure. 2. 12 Schematic of equal channel angular pressing process [11]
The general principle of ECAP is exhibited in Fig. 2.12. The tool consists of a die with two
channels of the same cross-section intersecting at an angle 𝜙 and a curvature angle 𝜓. A billet
of almost the same cross-section is placed in the entrance channel and pushed by the punch
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through the exit channel. The magnitude of these angles along with the number of passes
determines the shear strain induced into the sample as the relationship is given by [188]:
𝜀=

𝑁

𝜙

𝜓

𝜙

𝜓

[2 cot ( 2 + 2 ) + 𝜙 csc ( 2 + 2 )]
3

(2.8)

where N is the number of passes. The commonly used parameters are 𝜙=90˚ and 𝜓=0˚,
which provide an equivalent strain of 1.15. The shear strain is accumulated in the billet
during repetitive processing and by rotating the billet about its longitudinal axis between the
passes, so that different slip systems may be activated [184]. For instance, by rotating the
billet around the longitudinal axis at angles of 0˚ and 90˚, namely Route A (RA) and Route
Bc (RBc), different microstructures emerge. To further improve the properties of materials by
ECAP, back pressure can be applied in the exit channel to provide uniform distribution of
stress-strain and provide good finished surface in the case of brittle materials [189]. It is
worthwhile to point here that back pressure is essential for compacting powders using ECAP.
In addition to refining the microstructure of bulk materials, it has been demonstrated that the
simple shear strain combined with the superimposed hydrostatic pressure improves the
densification and bonding formation between metallic particles. Ti-6Al-4V powders were
successfully compacted using ECAP with back pressure [190-194]. It was showed that due to
superior contact between particles and enhanced interdiffusion, which is caused by additional
diffusion paths, such as ordered shear band networks and local lattice distortions, ECAP is a
powerful method of compaction of metallic particulates. As shown in Fig. 2.13, comparing
with conventional powder consolidation methods that involve sintering to cause inter-particle
bonding and elimination of porosity, ECAP compaction can achieve better densification and
bonding within short time by imposing extreme strain on particles [195]. In addition, studies
also showed that it is critical that particulates are shear deformed rather than slide over each
other to achieve good bonding between them with high density of the compact [194-199].
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Figure. 2. 13 Schematic illustration of particle consolidation in conventional sintering (left)
and ECAP compaction (right) [195].
With this outstanding strength of powder compaction, ECAP has been investigated to
fabricate MMCs such as Al/Al2O3 composite [198, 200-202] , Cu/carbon nanotube [203],
Al/B4C [204], Mg/Mg2Si [205] and Cu/TiB2 [206] to achieve improved mechanical
properties and thermal properties.

2.6.2 High pressure torsion
High pressure torsion (HPT) refers to the processing technique wherein samples are
subjected under a combination of high compressive pressure with concurrent torsional strain,
as the process is illustrated in Fig. 2.14 [12, 207]. This technique allows the most efficient
grain refinement among all SPD techniques, however due to restriction of sample size it is
used primarily for research purpose [12]. With regarding to multicomponent material, using
HPT to gain deeper understanding of atomic interaction between immiscible phases is a very
hot topic in the past five years. It has been used on a number of multicomponent metallic
systems such as Cu/Nb [159], Cu/Zr [208], Cu/Ag [208], Cu/Ni [208], Al/Cu [209], Ti/Ni
[210], Al/Ni [142], Cu/Fe [211] and Al/Ti [212]. Rich scientific discoveries are revealed at
heterophase interfaces including atomic-scale structural transition – amorphization and
intermetallic formation and chemical intermixing – supersaturated solid solution far beyond
equilibrium thermodynamics [1, 142, 210, 211, 213]. Based on these exciting findings,
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researchers have been trying to get deep understanding about the mechanism of the
deformation-induced interdiffusion and intermixing on the atomic level, amorphization and
solid solubility extension in multicomponent systems [214]. Beside the accelerated diffusion
and short diffusion paths achieved by imposing intense shear strain, pure mechanical mixing
by shuffling of atoms induced by shear of atomic planes and thermodynamic destabilization
is another possible driving force [211].

Figure. 2. 14 Schematic illustration of HPT processing of one half disc of Al and one half
disc of Cu [209]

2.6.3 Accumulative roll bonding
Accumulative roll bonding (ARB) is another SPD technique where much higher amount of
strain can be stored than conventional rolling. As the processing shown in Fig. 2.15,
multicomponent sheets are stacked and rolled to over 50% thickness reduction. Then the
rolled sheet is cut in two and stacked together for next rolling [12, 215, 216]. In such way, a
large strain is accumulated in the bimetallic sheet without any geometrical changing and
dissimilar metals are roll bonded [216]. The development of this technique on
multicomponent materials is motivated by the exciting performance such as high radiation
tolerance and shock resistance of Cu/Nb multilayered nanocomposites, where physical vapor
deposition such as magnetron sputtering is used as the fabrication method [160, 162, 217].
ARB provided a way to manufacture bulk multilayered nanocomposites with tunable texture
for structural application [162, 163]. Except the extensive investigation on Cu/Nb [139, 162],
other combinations including Cu/Al [218], Al/Zn [219], Zr/Nb [220], Ti/Nb [221], Al/steel
[222], Al/Mg[163], Cu/Ni[223] and Al/Ni [224] have also been studied. .
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Figure. 2. 15 Schematic illustration of accumulative roll bonding processing [125]
To conclude this section, it can be found that even it has been ten years since ECAP was first
studied to produce multicomponent materials [202], the development of this technique is
rather slow comparing with other two methods. On one hand, this could be due to the less
strain induced by ECAP comparing with HPT thus less scientific discoveries can be achieved
at this extent. On the other hand, comparing with the promising engineering applications
provided by ARB, the potential of using ECAP on manufacturing multicomponent materials
for high-end applications has not been explored.

2.7 Summary of literature review
From the literature review, it can be summarised that multicomponent materials is a very
valuable and promising class of materials. In the past, they were used as smart materials to
save cost on some of the existing applications by replacing traditional monolithic metals. In
the future, nanostructured and architectured multicomponent materials are expected to have
multifunctionality for high-end applications.
To achieve this goal, development of new processing routes is the most challenging part.
Based on the research in the past decade, SPD techniques as a range of novel metal working
methods are believed to be one possible avenue for synthesising advanced multicomponent
materials. It has been found that the superimposed hydrostatic pressure and extreme plastic
deformation

from

SPD processing facilitate
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microstructure refinement and architecture modification in constituents in multicomponent
materials. Fantastic applications can be derived from these novel designs.
However, most of the findings are based on investigation of HPT and ARB. ECAP as the one
the most mature SPD technique has relative slow space in this exciting developing area. One
of the primary reasons is the lack of functional aspects of design. Since ECAP costs more
than traditional metal working processes, more value in either engineering or scientific aspect
needs to be added to the ECAP processed multicomponent materials.
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3.1 Outline of the chapter
In this chapter, equipment and techniques that have been used in this project are introduced
and described. On one hand, the general experimental procedures and microstructure
characterisation techniques sheared in three sub-projects such as ECAP and electron
microscopies are described in details. On the other hand, specific tests used to evaluate the
functional properties such as biocompatibility and electrical conductivity will be presented in
the corresponding chapters.

3.2 Equal-channel angular pressing apparatus
As it was mentioned previously, ECAP is the processing technique investigated in this project.
The ECAP rig is shown in Fig. 3.1. The forward pressure is provided by a hydraulic press
which has a capacity of 100 tons. The back pressure is provided by a hydraulic cylinder. The
heating element is located around the die, which can be heated up to 500˚C. During heating a
thermal couple is attached to the die through a side hole on the heating element to monitor the
temperature.

Figure. 3. 1 ECAP rig with heating element
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The set of die and punches are shown in Fig. 3.2. Main punch and back punch are made of
tungsten carbide and their diameter is slightly smaller than the channel. There are two dies
which have 10mm and 12mm diameter of channels used in this project. They are made of
H13 tool steel which exhibits high strength at elevated temperature, high hot wear and hot
cracking resistance, while good toughness and thermal conductivity. After the machining,
they are hardened by austenitizing heat treatment and quenching to achieve the hardness up to
52-54 HRC. As it can be seen from the inset, the channel angle is 90˚ and the corner arc is
very sharp and nearly 0˚. With this geometry, the equivalent strain of 1.15 after one ECAP
pass can be calculated based on Equation (2.8). Besides, the use of sharp corner angle
contributes to narrowly spread plastic zone and homogeneous strain [225]. It is also worth
nothing here that graphite lubricant was sprayed on channels and punches before loading and
processing the sample, to reduce the friction between the sample and the die walls.

Figure. 3. 2 ECAP die and punches
Because the ECAPed samples do not experience any change in the cross-sectional
dimensions, they can be processed repetitively and permit accumulation of strains.
Accordingly, the strain path which also refers to processing route can be manipulated by
rotating the sample about the processing axis between the passes. There are many possible
ways of rotation but generally speaking four representative routes have been studied, as
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shown in Fig. 3.3. In route A, the billet does not rotate between two passes; route BC allows a
rotation of 90˚ in the same sense; in route BA, the billet is rotated by 90˚ alternatively
between clockwise and counter clockwise; in route C, the billet is rotated by 180˚ in the same
sense.

Figure. 3. 3 Four ECAP routes based on rotation of billet between passes [226]
This rotation between passes is in fact an important parameter in ECAP process since it
determines the simple shear plane imposed on the billet, as shown in Fig. 3.4. For instance,
comparing with other three routes, route BC provides shearing over large angular ranges on
the three orthogonal planes while a regular and periodic restoration of an exquiaxed structure
during successive pressing [227]. This makes it the most studied one because it is widely
believed to be the most effective route in grain refinement, yielding exquiaxed grains and
HAGBs [226, 228]. However, recent studies showed that using the same processing condition
and material, route A produced slightly higher fraction of HAGBs than route BC, which made
the most effective processing route quite debatable [229]. Despite the research on existing
routes, new ECAP routes have been under development using cylindrical billet, where the
rotation angle can be arbitrary. Recent investigation showed that by activating new slip
systems at pass-to-pass transitions using new routes, more efficient grain refinement and
higher fraction of exquiaxed grains can be achieved in face centre cubic metals than
traditional routes [230-232].
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Figure. 3. 4 Schematic illustration of ECAP showing the three orthogonal planes x, y and z
and the shear planes associated with four processing routes [233].
Processing temperature and strain rate also affect the grain refinement process, which can be
captured in the magnitude of the Zener-Hollomon parameter Z:
𝑍 = 𝜀̇ ∙ 𝑒𝑥𝑝(𝑄 ⁄𝑅𝑇)

(3.1)

where 𝜀̇ is the strain rate, Q is an effective activation energy, R is the gas constant and T is the
absolute temperature. Generally speaking, large Z-values benefit the continuous dynamic
recrystallization and hinder dynamic recovery, which leads to promotion of the formation of
fine grains [234].
Sample preparation before ECAP is another aspect and it will be described in each subproject.

3.3 Materials’ performance characterisation
3.3.1 Mechanical properties characterisation
Uniaxial compression test was used as the primary method to evaluate the mechanical
properties of the produced multicomponent materials. A screw-driven universal Instron 5982
testing machine was used for testing. The tests were conducted according to ASTM Standard
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E9 and the Young’s modulus was calculated based on ASTM Standard E111. Each
measurement was made from a preload of 30~50N, which was high enough to minimize
potential problems with setting of the specimens in the machine. Hence, the initial straightline portion of the stress-strain curve within the elastic limit could be measured with
sufficient confidence. Moreover, to further eliminate possible errors associated with the
compliance of the testing instrument, the latter was gauged by testing commercial pure metals
which has known mechanical behaviours in compression. It was calculated using the equation
given below
1⁄𝐸 ∗ = 1⁄𝐸 + 𝐴⁄𝐾 ∗ 𝑙

(3.2)

where 𝐾 ∗ is the compliance of the testing machine, A is the cross-sectional area and l the
leight of the specimen; E is the true Young’s modulus of the specimen material (bulk
titanium) and 𝐸 ∗ is the apparent Young’s modulus, as determined from the slope of the
elastic part of the stress-strain curve.

3.3.2 Functional properties characterisation
In addition to outstanding mechanical strength, unique functional properties are also expected
from ECAP processed metals. In this project, investigations of two functional properties were
involved in chapter 5 and 6, namely biocompatibility and electrical conductivity. They will
be described in detail within each chapter.

3.4 Microstructure imaging and characterisation
Microstructure imaging is about contrast and characterisation is about interpretation of the
contrast. A number of imaging techniques were employed to characterise the microstructural
features of the multicomponent materials designed in this project. Contrast can be defined as
“non-homogeneous intensity distribution” in the image. When it comes to the surface
structure, topographic and morphological contrast is usually displayed by collecting light
reflected or secondary electrons from the surface layer of the substrate. Regarding to the
underlying microstructure, the mechanism of contrast is more complicated. Diffraction
contrast based on Bragg’s law (shown in equation 3.3, where d is lattice plane spacing, n is a
positive integer, 𝜃 is the scattering angle and 𝜆 is wavelength of incident beam) is the main
source of variation of a two dimensional intensity in this case.
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2𝑑ℎ𝑘𝑙 sin 𝜃 = 𝑛𝜆

(3.3)

The principle of Bragg diffraction is presented in Fig. 3.5. The diffraction or constructive
interference can only occur when the equation 3.3 is met. Both diffracted waves and other
elastically scattered waves are collected by detector and they give different brightness or
intensity. In this way, the contrast is correlated with crystal orientation. Therefore, features
such as defects, different crystals (grains) and foreign phases can be visualised and statistics
such as defect density and texture can be characterised.

Figure. 3. 5 Schematic illustration of the Bragg diffraction at a set of two lattice planes [235]

3.4.1 Optical microscopy
Optical microscopy (OM) benefits from high depth of focus for uneven surfaces and imaging
of large features at low magnification. OM images are formed by light reflected from the
surface of the specimen. Due to the difference of removal rate during grinding, interfaces
between two phase materials provide contrasts. Two microscopes were used through the
project. One is a stereo microscope namely Olympus SZX16 equipped with digital camera.
The other is an inverted metallurgical microscope called Olympus GX51 with digital camera.

3.4.2 X-ray diffraction
Comparing with light, x-rays give better spatial resolution. XRD pattern analysis is a
powerful microstructure characterisation technique due to its capacity of phase identification,
microstrain and dislocation density measurement, with simple sample preparation
requirement. This information can be obtained from the spectrum by analysing Bragg
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reflection positions and width of peaks. In terms of position, peak shifting provides the
information of the mean lattice parameters; whereas, peak broadening reveals the
microstructural refinement and lattice strain which induced mainly by dislocations [236, 237].
In our case, it has been found that materials with ultrafine grain size exhibit considerable
microstrain, which is usually related to strain fields from dislocations [238]. To deconvolute
both crystalline size and microstrain induced broadening effects, the XRD patterns can be
analysed using a simplified integral breadth method [239, 240]. The full width at half
maximum (FWHM) of each peak is able to be measured using either Pearson VII or pseudo
Voigt function depending on which fits better, and fitted according to a modified WilliamsonHall relationship. By measuring the peak broadening B and each Bragg angle 𝜃𝐵 , the lattice
strain 𝜀 and crystallite size d can be calculated using equation given below [239, 240]
𝐵 cos 𝜃𝐵 = 𝐾𝜆⁄𝑑 + 𝜀 sin 𝜃𝐵

(3.4)

where 𝜆 is the wavelength of the X-ray source, K is a constant ~0.9. The dislocation density 𝜌
can then be calculated from the following equation [239]
𝜌 = 2√3〈𝜀 2 〉1⁄2 ⁄𝑑𝑏

(3.5)

where b is the magnitude of the Burgers vector.
In this project, XRD was conducted using Cu Kα radiation at 40 kV and 25 mA on a Philips
X-ray diffractometer. Data was processed using the peak fitting program MDI Jade for
accurate computation.

3.4.3 Electron microscopy
Comparing with X-rays, electrons have a smaller wavelength hence give higher resolution.
Moreover, because electrons are negatively charged particles, they interact far more readily
with matter than X-ray thus give much more information. As shown in Fig. 3.6, a wide range
of signals can be generated from interaction between an incident electron beam and matter.
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Figure. 3. 6 Illustration of signals generated from interaction between incident election beam
and a thin sample [241]
In scanning electron microscopy (SEM), a focused beam of electrons is used to scan over the
surface of a sample to reconstruct a magnified image of the surface. Secondary electrons (SE)
are collected to image topological and morphological features. Backscattered electrons (BSE)
as a type of elastically scattered signal gives information of crystal structure and are used to
distinguish different grains and phases. Furthermore, electron backscattered diffraction
(EBSD) and transmission Kikuchi diffraction (TKD) are two powerful imaging techniques
using backscattered and forward-scatted electrons to visualize grains and interfaces in
polycrystalline materials, in which Bragg’s law is used as the working principle.
Transmission electron microscopy (TEM) provides considerably higher resolution than SEM,
owing to the smaller wavelength and less scattering of electrons. In TEM, transmitted
electrons including direct or unscattered electrons and forward-scattered electrons (elastically
or inelastically) are collected by the detector which is located underneath of the specimen. By
manipulating the objective aperture to filter the selected area diffraction pattern (SADP)
which are all located on the back focal plane, all electrons or only unscattered electrons or
only diffracted electrons from specific crystal(s) can be collected and used to generate TEM
images, bright field (BF) images or dark field (DF) images.
Scanning transmission electron microscopy (STEM) is a technique based on the setup of
TEM. Different from the traditional TEM using parallel electron beams, in STEM a
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convergent electron beam is used to scan over the sample. The working principle is similar to
SEM, but the resolution is much higher in STEM. High-angle annular dark field (HAADF)
detector is used to collect elastically scattered electrons and construct HAADF images having
atomic number (Z) contrast at atomic-level resolution.

3.4.4 Energy dispersive X-ray spectroscopy
Energy dispersive X-ray spectroscopy (EDX) was extensively used as a tool to characterise
the element constitutes and quantify the relative concentration of each element. The
generation of characteristic X-rays is illustrated in Fig. 3.7. This process is initiated from the
interaction between incident high-energy electron beam and inner-shell electrons. By
“kicking out” an electron from the inner atomic orbitals, a hole is left on this orbital and an
electron from higher orbitals drops into the vacated inner orbital to keep the atom to its
ground state. This transition is accompanied by the generation of characteristic X-rays which
can be collected by the detector and analysed by energy dispersive spectrometer system [242].

Figure. 3. 7 The schematic illustration of generation of characteristic X-rays [242]
In the project, two SEMs including Jeol 7001F FEG SEM equipped with EBSD detector and
EDS detector and FEI Quanta 3D FEG FIB equipped with EBSD detector and two TEMs
including FEI Tecnai G2 T20 TWIN LaB6 TEM and FEI Tecnai G2 F20 S-TWIN FEG
STEM equipped with EDS detector were extensively used.
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3.4.5 Sample preparation for electron microscopy
Sample preparation for imaging and characterisation is very important and takes not less time
than data collection and interpretation. This is primarily due to the different milling rate and
etching rate of constituents in multicomponent materials. A number of techniques were used
for preparing EBSD and TEM samples. Because the sample preparation methods are different
in three sub-projects, the specific procedures will be introduced separately in Chapter 4, 5 and
6. However, the principle is the same and briefly summarised here.
Mechanical grinding and polishing as fundamental procedure were used to create a highly
reflective surface free of scratch. The specimen was usually ground with SiC paper up to
2400-girt using a Buehler Ecomet 3000 grinder, followed by mirror-polishing with a colloidal
silica suspension (OP-S/OP-U). The mechanically prepared surface quality can be used for
OM and SEM imaging.
Ion Beam milling and polishing were used to achieve higher surface quality that is free of
residual strain and amorphous layer, for the applications such as EBSD and (S)TEM. Instead
of scratching and rubbing, ion beam removes materials by a sputtering process, as shown in
Fig. 3.8. When the accelerated ion beam strikes the sample surface, a series of elastic
collisions occurs where momentum is transferred from ions to the atoms on the surface of the
substrate. The atoms may be ejected as sputtered particles if they receive a component of
kinetic energy that is sufficient to overcome the surface binding energy of the target material
[243, 244].

Figure. 3. 8 Schematic illustration of the ion bean sputtering process [243]
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This sputtering effect allows focus ion beam (FIB) to precisely mill and polish a piece of
material in a controlled manner [243]. However, as we found in this study, the ion beam
bombardment may also cause some secondary processes such as phase transformation and
amorphization on the surface of the substrate.
In this project, ion beam milling and polishing were conducted on three systems including an
FEI Quanta 3D FEG FIB, Gatan precision ion polishing system and Technoorg Gentle Mill 2.
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4.1. Outline of this chapter
In the first sub-project, the pure-metal-metal-matrix composite and intermetallic/metal-matrix
composite were studied. Multicomponent materials with outstanding and unique properties
were manufactured from Al and Mg machining chips using ECAP compaction. The produced
compact has a tangled architecture rather than a more common multifilament or multilayered
arrangement, owing to the special morphology of machining chips. Moreover, by varying the
weight fraction of the constituent materials, temperature and processing route, as well as
employing subsequent heat treatment, the microstructure and the mechanical properties of the
compact were varied. The width of the interdiffusion zone and the formation of intermetallic
phases near the interfaces between the two metals were studied by energy-dispersive X-ray
spectroscopy and nanoindentation. It was shown that substantial improvement of mechanical
properties, such as an increase of strength, strain-hardening capability and ductility, can be
obtained. This is achieved by changing the processing parameters of ECAP and the annealing
temperature, as well as by optimising the weight fraction of the constituent metals.

4.2. Introduction
Machining chips are a form of material which is usually considered as wastes, however, in
our opinion they are in great value. Statistics shows that in many case, up to 50% of the metal
can end up as scrap and swarf, primarily due to the fact that manufacturing of metallic parts
by casting or metal-forming processes commonly involves finishing machining to obtain the
required surface quality of the part and dimensional precision [245]. The conventional way of
recycling of machining chips is remelting and casting. As illustrated in Fig. 4.1, after melting
the Mg scrap conventionally, the contaminated melt will go through refinement by distillation
before cast into products [246]. Even though this route has been adopted by industry, there
are a number of limitations, such as high energy consumption, inferior properties of cast
ingots due to inevitable contamination and the material loss [247-250]. Besides, it is very
difficult to apply this technique to recycle machining chips, owing to their elongated spiral
shape and small size in comparison with other types of scrap with regular shape and big size
[251].
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Figure. 4. 1 Recycling process of Mg scrap by remelting and subsequent refinement [246]
In recent years, solid state recycling as an alternative way to deal with waste machining chips
has been gaining increasing attention in academic area. This is primary due to low processing
temperature which results in significant energy and cost savings and high metal yield [252].
As shown from the pie charts in Fig. 4.2, comparing with conventional route with about 54%
yield, direct solid state recycling such as extrusion and compression provides much higher
yield of 95% [250].

Figure. 4. 2 Comparison of recycling yield between (a) conventional melting route and (b)
direct solid state route [250]
Although efforts have been put into developing more effective ways of recycling machining
chips, they are still treated as a type of waste material. In our view, they can be regarded as a
valuable source of ultra-fine grained (UFG) metals. Indeed, during machining they have
undergone an intensive shear strain that commonly results in grain refinement [253, 254].
Furthermore, as compared to metal powders, a lower content of oxide contamination is
present in machining chips owing to their smaller specific surface area. Therefore, machining
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chips can be used as potential precursors to manufacture bulk UFG materials if sufficiently
high density can be achieved by compaction.
As shown by a stream of publications, ECAP with back-pressure has several advantages in
production of bulk high density billets from particulate metals over the conventional
compaction processes [192, 193, 255-257]. These advantages include (i) extensive shear
strain that breaks the oxide film to expose fresh metal at the surfaces of chips coming into
contact, (ii) a change of the geometry of pores to orientations favourable for pore closure, (iii)
high hydrostatic pressure promoting pore closure and (iv) creation of dislocation substructure,
new grain boundaries and micro shear bands acting as fast diffusion paths that further
enhance compaction [190, 256, 257]. Several groups have used ECAP for compacting
machining chips for re-melting or - in combination with heat treatment - for production of
solid rod from a single material [248, 258-262].
It seems very attractive to extend this method and also apply it to compact machining chips of
dissimilar materials. In fact, the use of severe plastic deformation techniques to manufacture
metallic multicomponent materials with combinations of properties inherited from their
constituents have been increasingly investigated over the last decade, [1, 263]. However, to
our knowledge, the possibility of creating such multicomponent materials by using
compaction of swarf by ECAP has not been considered to date. As will be shown below, the
weight ratio of the constituents and the ECAP parameters can be varied to obtain properties
different from what can be achieved through the melting route. Subsequent heat treatment can
also be employed to manipulate microstructure and the precipitation state, thus achieving
properties superior to those of the individual constituents. If advanced properties are achieved,
one can even speak of ‘upcycling’, i.e. recycling that improves a material’s value [264].
Magnesium and aluminium were chosen in this work because of a wide range of possible
applications owing to their low density and relatively high strength. A number of studies
were conducted to investigate conventional cast Al-Mg alloys processed by severe plastic
deformation [265-268]. With the aim of widening the window of applications, this work
explores compaction of Al/Mg machining chip blends by means of ECAP with back-pressure,
in some cases followed by heat treatment.
The effect of the variation of the weight fraction of Al and Mg chips, the processing route and
temperature, as well as the heat treatment, on the microstructure and the mechanical
properties of the product was investigated. Special attention was paid to the formation of an
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interdiffusion layer between Al and Mg, which defines the quality and strength of the multicomponent material. To look into the effect of hydrostatic pressure, this parameter was varied.
Although interdiffusion in Al/Mg in general has been studied extensively [269-272], its
enhancement due to ECAP processing, especially under high hydrostatic pressure has not
been considered. To our knowledge, the present work is a first study of this aspect of
compaction of machining chips of Al and Mg.

4.3 Experimental procedures and characterisation
4.3.1 Raw materials characterisation and ECAP compaction
Commercially pure Al and Mg turning chips of helical shape with about 0.5 mm thickness
were used. The average grain size of the Al and Mg chips was 0.71 ± 0.22 µm and 6.11 ±
2.59 µm, respectively, cf. Fig. 4.3.

Figure. 4. 3 SEM images of the microstructure of as-received Al and Mg chips
Three compositions of Al/Mg chip blends by weight ratio were chosen, namely Al80Mg20,
(80wt.%Al and 20wt.% Mg), Al50Mg50 (50wt.%Al and 50wt.% Mg) and Al20Mg80
(20wt.%Al and 80wt.% Mg). Al and Mg chips were first weighed and then mixed by SPEX
in air without using any grinding media. The mixing time was three minutes. This regime
ensured that the chips were mixed homogeneously without comminution and cold welding.
The ECAP process of swarf compaction is illustrated in Fig. 4.4. Machining chips are
compressed in the entry channel, while the exit channel is blocked by a back-pressure punch.
During this operation, the thrust of the forward punch creates a large hydrostatic pressure and
pre-compacts chips in the entry channel. Plastic deformation by simple shear in the plane
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where the entry and the exit channel intersect starts when the forward pressure exceeds the
backward pressure and the pre-compact moves into the exit channel against the back-pressure
punch, as seen in Fig. 4.4. Each blend was consolidated by two ECAP passes with backpressure stepped up from 75MPa in the first pass to 125MPa in the second one. The second
ECAP pass was conducted according to either Route A (RA), or Route BC (RBC). For
comparison, some samples were compacted at a higher level of back-pressure of 150MPa in
both passes. The equivalent true strain the material underwent after two passes was 2.3.

Figure. 4. 4 The schematic diagram of the processing chain to fabrication machining chips
compacts
Two ECAP temperatures, viz. room temperature (RT) and 300˚C, were chosen to investigate
the effect of ECAP temperature on the compacts. Furthermore, heat treatment for 20 min at
three different temperatures was carried out after room temperature ECAP in order to
examine the effect of annealing on the microstructure and properties of the compacts. A
summary of the processing routes used is given in Table 4.1.
Table. 4. 1 Compositions and Processing conditions
Compacts
Designation
Al80Mg20
Al50Mg50
Al20Mg80

ECAP Route at
RT
RA
RBC
RA
RBC
RA
RBC

Annealing Temperatures after RT
ECAP, ˚C
100
200
300
100
200
300
100
200
300
100
200
300
100
200
300
100
200
300
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ECAP Route at
300˚C
RA
RBC
RA
RBC
RA
RBC
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4.3.2 Mechanical properties measurement
After compaction by ECAP, the density of the samples was determined by Archimedes’
method (ASTM B311-93 (2002)). Tetrachlorethylene, with a density ρtetra = 1.62 g/cm3, was
used as the immersion liquid.
Compacted billets were cut into cylindrical compression test specimens with a height of 7
mm and diameter of 4.5 mm. Compression tests were carried out using an Instron 5982
machine with a cross-head velocity of 0.007 mm/s corresponding to a nominal strain rate of
0.001 s−1. The 0.2% offset method was used to determine the yield stress.

4.3.3 Microstructure characterisation
To check the possibility of formation of new intermetallic phases, the samples were
characterised by X-ray diffraction using Cu Kα radiation at 40kV and 25mA in a Philips Xray diffractometer.
The presence of an interdiffusion zone was also investigated by nanoindentation of
metallographically prepared cross-sections. Nanoindentation experiments were carried out
using a Nanoindenter G200 (Agilent Technologies, Chandler, USA) equipped with a
continuous stiffness measurement (CSM) unit and a three-sided Berkovich diamond pyramid.
Machine stiffness and tip shape calibration was performed according to the Oliver-Pharr
method [273]. The CSM frequency for all tests was set to 40 Hz, the harmonic amplitude of 3
nm was superimposed and a constant indentation strain rate of 0.05 s-1 was applied. The
maximum indentation depth was set to 1000 nm for the determination of the bulk mechanical
properties (the average depth being about 800 - 950 nm). The deformation behaviour of the
interdiffusion zone formed was investigated by taking a series of nanoindentations across an
Al/Mg interface with a preset indentation depth of 100 nm and 50 nm; the corresponding
hardness and Young’s modulus values were determined by averaging of the readings for the
depths within the depth ranges of 80-90 nm and 40-45 nm.
Microstructure evolution was characterised by optical microscopy (Olympus GX51) and
scanning electron microscopy (SEM, Jeol JSM-7001F operated at 15 kV). Energy dispersive
X-ray spectroscopy (EDX) line scans across interfaces were carried out with an Oxford
Instruments Si(Li) X-ray detector incorporated in the mentioned scanning microscope. The
Al/Mg interfaces were also studied by TEM. Thin foils were prepared by ion-beam milling
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using a Gatan PIPS system. Examination of the foils was carried out with a FEI Tecnai G2
T20 microscope operating at 200kV.

4.4 Results and Discussion
4.4.1 Density of compacts
The theoretical density of a compact for a given composition was calculated using the
following equation:
ρ = (100%) × (ρAl × ρMg )⁄(ρAl × (Mg)wt% + ρMg × (Al)wt% (4.1)
The relative density was defined as the actual density achieved for a particular composition
normalised by the respective theoretical density. As shown in Fig. 4.5, after two ECAP passes,
a reasonably high relative density above 96% was achieved for all conditions. A higher
density was reached when the ECAP Route A, rather than Route BC was used. This is
attributed to continuous alignment of chips in shear direction and transformation of their
shape to elliptical geometry, which is conducive for closure of voids between the chips under
hydrostatic pressure [193]. After annealing treatment at 200˚ for 20 min, the density
increased by about one percentage point, which can be explained by void shrinkage through
enhanced thermally activated atom diffusion.

ECAP at 300˚C resulted in the density

attaining nearly theoretical density levels, as at this temperature the atom transport was
facilitated even more.

Figure. 4. 5 Relative densities for all compositions after two passes of ECAP
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Additionally, our data provided a clear demonstration of a trend to density decrease with
increasing Mg content. This can be rationalised as follows. As aluminium has high ductility,
Al chips withstand the severe deformation introduced by two ECAP passes relatively easily,
Fig 4.6 (a). At room temperature aluminium flows into the spaces between serrations on
magnesium chips. By contrast, owing to its hcp structure, magnesium has poor ductility at RT
when only basal slip and twinning on pyramidal planes can be activated. As seen from Fig.
4.6 (b), cracks may form in magnesium chips during ECAP, which are not able to recover
under hydrostatic pressure. At 300˚C magnesium becomes ductile due to activation of nonbasal slip systems [274], and fabrication of compacts with high relative density and no
internal defects becomes possible, Fig. 4.6 (c).

Figure. 4. 6 OM images of compacts processed by RA: (a) Al80Mg20 processed by two
ECAP passes at RT; (b) Al20Mg80 processed by two ECAP passes at RT (inset shows cracks
in Mg chip); and (c) Al80Mg20 processed by two ECAP passes at 300˚C

4.4.2 Grain size evolution
The composition Al80Mg20 that provided the best results in terms of relative density was
chosen for investigation of temperature regimes most suitable for ECAP compaction and
annealing. Tuning of the annealing temperature was based on two considerations: stability of
UFG microstructure and improvement of the bonding between the chips. The microstructure
of the Al80Mg20 compact after annealing at 100˚C, 200˚C, and 300˚C for 20 min was
observed by SEM, as exemplified in Fig. 4.7. The microstructure was compared with that
found after compaction by ECAP at 300˚C. The data on the average grain size in the
aluminium and magnesium components of the compact are presented in Fig. 4.8.
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RT ECAP

RT ECAP 200˚C
Annealing 20 mins

300˚C ECAP

Al

Mg

Figure. 4. 7 SEM images for Al and Mg grains in Al80Mg20 compact after different
processing conditions
(a) – Al after ECAP at RT; (b) – Al after ECAP at RT and annealing at 200˚C; (c) – Al after
ECAP at 300˚C; (d) – Mg after ECAP at RT; (e) – Mg after ECAP at RT and annealing at
200˚C; (f) – Mg after ECAP at 300˚C
Compaction by ECAP at room temperature reduced the grain size of as-received chips from
0.71 µm to 0.53 µm for Al and from 6.11 µm to 4.26 µm for Mg. Annealing at temperatures
up to 200˚C did not have any influence on the aluminium grain size but did raise the grain
size of magnesium. After annealing at 300˚C the grain size in both aluminium and
magnesium parts of the compact increased significantly, while still remaining smaller than
the grain sizes in compacts produced by ECAP at 300˚C (5.33 µm and 34.62 µm for Al and
Mg, respectively.) Although no annealing treatment at temperatures between 200˚C and
300˚C was conducted, it is sensible to recommend that, in order to reap the benefits of
retained ultrafine grained structure, the annealing temperature should not exceed 200˚C.
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Figure. 4. 8 Average grain size vs. annealing temperature for Al and Mg in Al80Mg20
compacts produced by ECAP at RT using RA (compared to the grain size of compacts
produced by ECAP at 300˚C, dashed line)

4.4.3 Mechanical properties
To evaluate the mechanical properties of the compacts obtained, compression tests were
carried out. The results are presented in Table 4.2 and Fig. 4.9. It can be seen that ductility of
compacts is inversely correlated with the weight fraction of Mg in the compact. After
annealing at 200˚C, ductility of the compacts was improved over that of the compacts that
were produced by RT ECAP and did not undergo annealing treatment. Still, the ductility of
compacts produced by ECAP at 300˚C was much higher. Interestingly, opposite to a common
tendency, both the ultimate strength and ductility were raised after ECAP at room
temperature followed by annealing and after ECAP at 300 ˚C, while the yield stress was
reduced. This means that the strain hardening capability of the material is substantially
increased by this type of processing. The drop in the yield stress after annealing can be
rationalised in terms of annihilation of dislocations, which are normally present in materials
severely worked by both the initial machining and the subsequent ECAP.
Simultaneous increase of strength and ductility in ultrafine grained materials is still referred
to in literature as a 'paradox'. This unusual phenomenon was investigated by Raabe et al. [1],
who discussed possible mechanisms of interface strengthening combined with good ductility.
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As will be shown below, the two of the mechanisms they proposed, which are most relevant
to this study, are: (i) mechanical alloying at the interface due to plastically stimulated mixing
beyond equilibrium solubility, and (ii) mechanical mixing based on plasticity driven shortrange diffusion, resulting from deformation-induced non-equilibrium vacancies. To
understand the ‘interface driven’ unusual properties of hybrid materials, the interface
formation was investigated here in some detail.
Table. 4. 2 Mechanical properties of samples under various processing conditions
𝜎𝑦 (MPa) 𝜎𝑢 (MPa) 𝛿𝑢 (%) 𝛿 (%)
Processing Conditions
ECAP RT
111.4
137.5
2.4
5.4
Al80Mg20 ECAP RT + Annealing at 200˚C
98.2
138.11
6.4
13.1
ECAP 300˚C
51.13
159.25
14.5
21.6
ECAP RT
79.38
119.94
2.2
5.2
Al50Mg50 ECAP RT + Annealing at 200˚C
64.17
125.8
7.9
11.3
ECAP 300˚C
46.28
132.08
12.3
17.8
ECAP RT
69.58
78.46
1.7
4.7
Al20Mg80 ECAP RT + Annealing at 200˚C
64.28
90.94
2.6
5.5
ECAP 300˚C
36.73
94.21
9.7
12.7
Material

Figure. 4. 9 Compression strength (solid lines) and ductility (dashed lines) vs. processing
conditions for three compact compositions
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4.4.4 Phase identification
At least for some of processing conditions, the occurrence of diffusion bonding and formation
of new intermetallic phases could be expected. XRD was used to identify the phases at AlMg interfaces. In the case of room temperature ECAP followed by annealing, no peaks
except those associated with elemental Al and Mg were detected. Based on the XRD
spectrum (Fig. 4.10), the formation of an intermetallic phase as a result of ECAP at 300˚C
was established. This phase was identified as Al3Mg2. The observed broadening and reduced
height of a diffraction peak associated with this phase can be explained by ultra-fine
crystallite size, which, according to TEM data, was about 500 nm [275, 276]. Because of its
small thickness (1µm), another intermetallic phase, Al12Mg17, whose occurrence will be
demonstrated by TEM analysis below, was not detected in the XRD spectrum – possibly due
to insufficient precision of the XRD equipment used.

Figure. 4. 10 XRD spectrum of Al50Mg50 produced by ECAP (RA) under different
conditions
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4.4.5 Electron microscopy characterisation
To investigate the Al-Mg interfaces in greater detail, backscattered electron imaging using
SEM and EDX line-scans, Fig. 4.11, were applied. Two interfaces were studied in Al80Mg20
compact after RT ECAP. Scans across an oxide-free and an oxide-containing interface are
presented in Figs. 4.11 (a) and (b), respectively. The existence of oxide-free interfaces
suggests that oxides at the chips surfaces were ruptured and dispersed by severe deformation.
Apparently, oxides were not eliminated at all surfaces, possibly as the number of the ECAP
passes used was not large enough. Below, the penetration depth of the atoms diffusing across
an interface will be determined from the concentration profiles for the oxide-free interfaces.

Figure. 4. 11 EDX line scan across an Al/Mg interface (counts per second) for a oxide-free
interface and b oxide-containing interface
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To identify an appropriate ECAP route for breaking the oxide layers on the chips, thus
producing oxide-free interfaces, 100 line scans of the interfaces in compacts produced by
Route A and Route BC ECAP each were carried out. Through these scans it was shown that
RA leads to a larger proportion of oxygen-free interfaces (about 83%) than RBC (about 65%).
For Route BC ECAP the shearing direction in the second pass was within a plane inclined at
about 120˚ to the shearing direction corresponding to the first pass [228]. Considering that
chips were already aligned along the shearing direction after the first ECAP pass, the change
of the shear plane was not beneficial for rupture of oxides, while for Route A, shearing was
accumulated along the same shear plane. This explains why rupture of oxides was more
efficient in RA than in RBC ECAP.
To evaluate the interdiffusion, the penetration depth, x, was measured from graphs presented
in Fig. 4.12, where x is defined as the distance between the position of the diffusion front and
the Matano plane at a given time t. The diffusion front is defined by the distance where the
concentration of the diffusing solute is fixed at 1%.

Figure. 4. 12 Interdiffusion zone width (from EDX line scan) vs. the annealing temperature
after ECAP at RT (solid lines) compared to the width of interdiffusion zone in samples
produced by ECAP at 300˚C (dashed lines) for two different processing routes (RA and RBC)
The total interdiffusion length X is given by the sum of the penetration depths of Al in Mg,
𝑥𝐴𝑙/𝑀𝑔 , and Mg in Al, 𝑥𝑀𝑔/𝐴𝑙 , which was measured at oxide-free interfaces:
𝑋 = 𝑥𝐴𝑙/𝑀𝑔 + 𝑥𝑀𝑔/𝐴𝑙
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In Fig. 4.12, the width of interdiffusion zone is shown versus the annealing temperature after
room temperature ECAP. It can be seen that an increase in annealing temperature improves
the diffusivities of Al and Mg and Mg in Al resulting in widening of the penetration zone.
The data for ECAP at 300˚C, shown on Fig. 4.12 by dashed lines, indicate that for this case
the interdiffusion layer is about half that for the RT ECAP with subsequent 20 min annealing
at 300˚C. This is explainable, as the time of exposure to the elevated temperature was shorter
in the case of ECAP at 300˚C. Furthermore, it can be seen that RA produces a slightly wider
interdiffusion zone than RBc for almost all thermomechanical processing conditions
considered. Formation of two layers adjacent to the interface with the presence of
intermetallic phases, Al3Mg2 and Al12Mg17, is seen in Fig. 4.13. Interestingly, the
interdiffusion zone obtained is wider than reported [271], which may be a result of the larger
number of ECAP passes used in the present work.

Figure. 4. 13 EDX line scan across an Al/Mg interface (counts per second) for samples
produced by: a ECAP at RT (RA) followed by annealing at 200˚C; b ECAP at 300˚C
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The presence of micro-cracks in magnesium at interfaces with Al in Al80Mg20 compact
underwent RA at RT, Fig. 4.14, could also have contributed to enhanced diffusivity, since
they may form a continuous network of ultrafast transport paths leading to a greater
penetration depth, as shown in [100].

Figure. 4. 14 Microcracks in the Mg constituents of a compact after ECAP at RT
For more detailed identification of the intermetallic phases in the interdiffusion zone at
Al/Mg interfaces after ECAP processing at 300°C, these regions were further analysed by
cross-sectional TEM. The bright-field (BF) image in Fig. 4.13a illustrates a multi-layer
structure at the interface that comprises a thicker Al3Mg2 layer (~ 5.7 μm) adjacent to Al and
a thinner Al12Mg17 layer (1.3 μm) adjacent to Mg, in accord with the SEM observations. The
selected area electron diffraction (SAED) patterns obtained for multiple grains from
individual interdiffusion layers are shown in Fig. 4.13(b-e). These patterns are in excellent
agreement with the theoretical patterns calculated for Al3Mg2 (a = 28.24 Å, space group Fd 3
m) and for Al12Mg17 (a = 10.54 Å, space group I 4 3m), respectively, thereby verifying the
ordered intermetallic structure of the interfacial phases. The Al12Mg17 phase was found to
contain just a monolayer of grains. By contrast, the grains in the Al3Mg2 layer show a greater
variation. For instance, the grains near the Al3Mg2/Al interface are predominantly ultra-fine
(~500 nm), whereas those close to the Al12Mg17/Al3Mg2 interface are typically 1~2 μm in
size. The reasons for such grain size heterogeneity are not obvious. A possible explanation is
that the Al3Mg2 layer was subjected to a non-uniform shear strain distribution across the layer
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thickness causing variation in the extent of dynamic recrystallisation during the ECAP
processing.

Al

a)
Al3Mg2

Al12Mg17

Mg

e)

2μm
[133]Al3Mg2 z.n.

d)

c)

b)

[110]Al12Mg17 z.n.

[111]Al12Mg17 z.n.

[111]Al3Mg2 z.n.

Figure. 4. 15 Al/Mg interdiffusion zone in Al80Mg20 sample processed by ECAP at 300˚C. a
BF-TEM image showing the overview of the interdiffusion zone; b, c zone-axis SAED
patterns recorded for the grains labelled b and in the Al12Mg17 layer; and d, e zone-axis
SAED patterns recorded for the grains labelled s and e in the Al13Mg2 layer. (All patterns
correspond to the same scale)
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4.4.5 Nanoindentation characterisation
Nanoindentation testing was performed on eleven samples, processed under different
conditions, cf. Table 4.3. An example of the measured properties is shown in Fig. 4.16 for the
case of ECAP RBc at 300 °C with 50 nm indentation size. The size of the interdiffusion zone,
indicated by a distinct difference in the hardness values, was calculated as a normalised width
of this zone perpendicular to the chip edge. As can be seen from the results presented in
Table 4.3, the hardness of interdiffusion zone even in the absence of intermetallic
components is much higher than the hardness of each constituent material, which explains the
improved strength of the hybrid material. Simultaneous increase of ductility and strength with
temperature of annealing is associated with an increase of grain size in Al and Mg with
temperature. This leads to enhanced ductility and widening of multiple interdiffusion zones,
which contributes to strength. A more significant improvement in strength and ductility was
obtained with Al/Mg hybrids after ECAP at 300°C is associated with dynamic recovery of
microstructure during processing, with simultaneous formation of intermetallics within
interdiffusion zone.

Figure. 4. 16 Results of nanoindentation testing in the case of ECAP RBC at 300˚C with
50nm indentation size
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Table. 4. 3 Hardness, Young’s modulus and width of the interdiffusion zone determined by
nanoindentation

No
1

2

3

4
5a
6a

a

7

8

9

10

11

Processing
Conditions

Indentation
depth(nm)

RA ECAP
(RT)
RA ECAP
(RT) +
Annealing at
100°C
RA ECAP
(RT) +
Annealing at
300°C
RA ECAP
(300°C)
RA ECAP
(RT)
RA ECAP
(RT) +
Annealing at
100°C
RA ECAP
(RT) +
Annealing at
300°C
RBc ECAP
(RT)
RBc ECAP
(RT) +
Annealing at
100°C
RBc ECAP
(RT) +
Annealing at
300°C
RBc ECAP
(300°C)

Hardness (GPa)

Young’s Modulus
(GPa)
Al
Mg Al/Mg

Interdiffusion zone
(μm)

Al

Mg

Al/Mg

100
50

1.23
1.24

1.12
1.05

2.45
2.35

75.6
70.5

38.4
40.1

55
54

2.3
2.5

100

1.31

0.95

2.25

76.2

39.2

100

4.9

50

1.25

0.95

2.95

75.0

38.0

110

6.1

100

1.05

0.95

4.80

71.9

30.7

95.0

5.5

100
50
100
50

1.06
1.51
1.42
1.70

1.51
0.92
1.20

6.75
8.00
3.5
3.8

73.4
70.0
75.8
72.6

34.9
33.0
44.1
40.6

110
120
140
100

12.2
12.6
8.2
7.2

100

1.19

0.99

3.42

76.9

36.1

130

10.2

50

1.42

1.12

3.83

77.1

40

150

8.6

100

1.13

0.95

2.05

69.1

38.8

105

10.5

50

1.57

1.25

2.82

74.8

40.2

110

10.1

100
50

1.28

0.91

-

73.7

36.9

-

0

100

1.22

1.11

2.25

77.4

38.6

90

2.5

50

1.52

1.30

3.29

70.8

43

90

2.8

50

1.32

1.61

2.5

70.5

40.4

100

3.8

100
50

1.49
1.50

1.06
1.10

5.2
5.2

74.9
74.5

37.2
40.2

70
66

10.0
7.2

50

100

As can be seen from Fig. 4.17, the width of the interdiffusion zone increases with the
annealing temperature, but has a tendency to saturate. There is a dependence of this width on
the processing route, Route A being more favourable for facilitating interdiffusion. In
addition, if ECAP is performed at a higher back-pressure, the width of the interdiffusion zone
is increased. (It was more than doubled when the back-pressure was increased from 75/125
MPa to150/150 MPa.) However, ECAP at 300 °C results in a much broader interdiffusion
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zone, with a width that seems not to be achievable by annealing of material processed by RT
ECAP in the case when the back-pressure was at a lower level.

Figure. 4. 17 The width of the interdiffusion zone vs. annealing temperature after compaction
by RT ECAP (solid lines) and compaction by ECAP at 300˚C (dashed line). An asterisk
indicates samples produced at a higher back pressure of 150MPa

4.5 Summary of this chapter
This work showed that multicomponent materials can be manufactured from machining chips
by severe plastic deformation. Specifically, ECAP with back pressure was demonstrated to be
an efficient consolidation technique for Al and Mg machining chips. The best properties of
compacts were obtained for blends with the weight ratio of 80 % Al to 20 % Mg. It was
further shown that the RA of ECAP provides more effective oxide breakage and
interdiffusion bonding than RBC. Good bonding was achieved after ECAP at RT, which was
further enhanced by annealing treatment. It is believed that the ultrafine grain structure
resulting from machining and deformation induced vacancies introduced by ECAP is
responsible for enhanced interdiffusion between Mg and Al during the annealing, thus
promoting the formation of coherent bonding. The fine-grained microstructure was retained
up to the annealing temperature of 200˚C, providing a good balance of strength and ductility
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of the compacts. Simultaneous increase in strength and ductility was obtained due to
formation of interdiffusion zones and recovery of severely deformed microstructure of the
constituent metals. The highest strength and ductility were obtained when ECAP
consolidation was performed at the highest temperature used (300˚C). This can be
rationalised in terms of the formation of intermetallic phases at the interfaces between Al and
Mg chips and an increased width of the interdiffusion zones at the interfaces.
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5.1 Outline of this chapter
In the second sub-project, an open porosity hybrid as a particular class of multicomponent
materials was studied. Porous materials have a broad range of applications owing to their
light weight and low stiffness [277]. In this project, the porous structure fabricated was aimed
for biomedical applications. Compaction of powders by ECAP using a novel space holder
method was employed to fabricate metallic scaffolds with tuneable porosity. Porous Ti and
Ti/Mg composites with 60% and 50% percolating porosity were fabricated using powder
blends with two kinds of sacrificial space holders. The high compressive strength and good
ductility of porous Ti and porous Ti/Mg obtained in this way are believed to be associated
with the ultrafine grain structure of the pore walls. To understand that, a detailed electron
microscopy investigation was employed to analyse the interface between Ti/Ti and Ti/Mg
particles, the grain structures in Ti particles and the topography of pore surfaces. It was found
that using the proposed compaction method, high quality bonding between particles was
obtained. Comparing with other powder metallurgy methods to fabricate Ti with an open pore
structure, where thermal energy supplied by a laser beam or high temperature sintering is
essential, the ECAP process conducted at a relatively low temperature of 400˚C, was shown
to produce unique properties.

5.2 Introduction
The concept of using porous structure to achieve adequate and permanent fixation of a bone
implant to the skeletal system was first investigated in 1970s [278, 279]. At that time, instead
of open porous structures, materials with a porous surface were extensively studied as a way
to achieve implant fixation. Indeed, the solid inner core of an implant was considered to be
necessary to provide the mechanical strength for load-bearing applications [279, 280]. As
shown in Fig. 5.1, plasma spraying is a rapid and cost-efficient method to create a porous
surface coating layer on a solid substrate [281]. The spray process is caused by the plasma
gas with a typical core temperature that is up to ~20,000˚C [149, 281]. The accelerated gas
stream with a velocity up to ~ 2000 m s-1 carries and melts the powder then impacts them on
the substrate [149, 281]. By this way the porous surface is created.
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Figure. 5. 1 Schematic illustration of the plasma spraying process [149]
In vitro and in vivo tests were done for tailoring the pore size to achieve high rate of bone
ingrowth [278, 282]. Clinical tests showed encouraging results indicating that biological
fixation occurred through bone ingrowth. However, there was also a concerning aspect
regarding the bone resorption and bone loss caused by stress shielding, owing to excessively
high stiffness of the rigid implant. In a clinical trial, over 12% of patients suffered from
moderate or severe bone resorption within two years after the implantation [283]. Due to this
stress shielding, the use of large and rigid femoral implants was not recommended for
patients whose bone mass was initially low [284]. To minimise the stiffness mismatch
between the implant and the surrounding bone tissue and achieve optimum load transfer from
the artificial implant to the adjacent bone, implants with low elastic modulus are being
considered [285]. Based on this demand, new β-titanium alloy compositions with a low
elastic modulus have been under development as an alternative to stainless steels, cobaltbased alloys, and α-titanium-based alloys [286, 287]. With porous surface of solid core β-Ti,
good fixation of the implant is expected. However, there are still concerns related to this
route because solid core material still has higher stiffness than bone. Besides, bone mass is
lost and bone formation ability decreases as people age [288]. To further decrease the
Young’s modulus of the implant and achieve a higher degree of osseointegrated fixation, a
highly open porous structure appears to be more attractive than a solid implant with porous
surface [289]. Currently, highly porous Ti based materials are attracting a great deal of
attention from the academic community and medical implant industry alike, as Ti and its
alloys possess outstanding mechanical properties, corrosion resistance, and biocompatibility
[287, 290-292].
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The excessively high stiffness of an implant material and the associated stress shielding effect
can readily be reduced by introducing porosity [149]. However, a downside of this approach
is a significant loss of strength, which reduces the ability of the implant to withstand the
mechanical loads placed upon it during service [149, 293]. Furthermore, with insufficient
stiffness, interface de-bonding and implant loosening may occur [294]. Thus, the first and
biggest problem porous Ti-based materials are facing today is inadequate strength. There are
a number of factors that can affect the compressive strength of the porous structure, including
the level of porosity, pore size, pore shape and interconnectivity of the structure [149, 150,
295]. To mimic the biomechanical properties of natural bone, these parameters need to be
tailored to be close to those of the surrounding bone tissue. Ultimately, the strength of the
structure depends on the properties of pore walls [277].
In the case of open porous Ti produced from Ti powders, bonding between the particles and
their microstructure determine the properties of pore walls. In one of the current approaches,
particles are bonded together by laser melting. Selective laser melting is a representative
promising additive manufacturing technology that can be used to fabricate porous orthopedic
implants [296-298]. As shown in Fig. 5.2, the porous structure architecture is built from Ti
powders by using a laser to melt and solidify the required geometry layer-by-layer [299].
However, for the biomedical application, this technique is limited by the lack of control of
the microstructure and the surface roughness due to thermal gradients that develop during
rapid solidification [300].

Figure. 5. 2 Schematic illustration of selective laser melting process [301]
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Porous Ti can also be manufactured by slurry foaming [302] and freeze casting [303],
whereby pores are formed by foaming agent and frozen solvent crystals, respectively, which
do not have principle difference. To remove them from the green compacts and create
interconnected pores, drying and freeze-drying processes are used [304]. Another extensively
studied facile approach to fabricate porous Ti is the space holder method [305, 306]. As
illustrated in Fig. 5.3, this process starts with mixing the sacrificial space holder powder – Mg
with Ti powder and followed by hot pressing them to a green compact. After machining the
compact to the desired shape, the sacrificial powders can be removed by dissolving or
evaporating.

Figure. 5. 3 Schematic illustration of fabrication of porous Ti using space holder method
[307]
Although the above mentioned three methods involve different routes, they can all be
classified as powder metallurgy route and sintering in vacuum at around 1300˚C invariably
needs to be conducted as the last processing step to enhance inter-particle bonding and
increase the strength of the struts [308]. In other words, a large thermal energy is needed to
either melt or vacuum sinter Ti particles to enhance diffusivity of Ti and oxygen atoms in the
oxide layer thus achieving sufficient bonding between Ti particles. Not only is this heat input
costly [63], but it also causes undesirable grain coarsening. By contrast, the processing route
proposed below does not involve the use of excessively high temperature and as such makes
it possible to obtain a fine grain structure of the porous product.
Indeed, grain size is a key microstructural factor that has a significant effect on nearly all
aspects of the physical and mechanical behaviour of polycrystalline metals. It also affects
their chemical and biochemical response to the surrounding media, such as bodily fluids and
tissues [12]. Recently, ultrafine-grained (UFG) and especially nano-grained (NG) metals
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came to the fore in the context of implant applications as a promising alternative to alloys,
which in many cases have adverse biological effects due to the release of alloying element
ions [309-312]. A particular avenue to obtaining bulk UFG/NG materials is severe plastic
deformation (SPD) [12, 13]. Grain structure refinement and modification by SPD has been
successfully used to obtain biomedical materials with improved biocompatibility and
mechanical performance [313-318]. Comprehensive reviews of studies on cellular response
to UFG/NG materials produced by SPD can be found in Refs. [319, 320]. The SPD
techniques, such as equal channel angular pressing (ECAP), which were initially developed
for processing bulk billets, can also be used for powder compaction [321]. An important
benefit of ECAP with back-pressure as a means of powder compaction is that it can be
carried out at lower temperatures than the conventional powder consolidation techniques.
Owing to severe shear deformation combined with high hydrostatic pressure, this method
offers higher density, finer microstructure, and possibly stronger bonding of the compact than
traditional powder metallurgy techniques do [192, 193]. In this context, the experience of
fabrication of multicomponent materials using ECAP compaction can be used in conjunction
with the space holder method to replace the traditional powder consolidation techniques.
This approach, combining the mentioned benefits of compaction of powders by ECAP with
the use of sacrificial space-holder powders, was consequently followed in the present study.
The novelty was the use of two types of space-holder particles. Blends of commercial purity
(CP) Ti powder as the base material and Mg and Si powders as the space-holders were used.
CP Ti, rather than a commonly used alloy, such as Ti-6Al-4V, was chosen because it does not
release toxic alloying elements in the body. Likewise, neither Mg nor Si causes cytotoxicity
[322, 323]. Adding Mg had three objectives. The first one was to increase the processability
of the mixture during deformation. The second one was to explore the potential of a porous
Ti/Mg composite. The philosophy behind this concept is a recent proposal to add Mg as a
biodegradable material to Ti strut, thus providing higher mechanical strength to the implant
initially, while enabling its load bearing capacity and stiffness to decrease gradually as Mg
dissolves away giving way to the ingrowing bone tissue [324, 325]. Finally, the use of Mg as
space-holder in titanium makes it possible to provide the compact with machinability
required for implant manufacturing. Porosity can be introduced after machining by leaching
Mg particles from the manufactured implant.
In what follows, the procedures used to fabricate porous Ti and Ti/Mg composites with
different levels of porosity using compaction of powders by ECAP, with subsequent removal
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of sacrificial space-holder particles will be described. Then the results of mechanical testing
and analysis of pore structure and the character of bonding between particles as a function of
the processing conditions will be presented. Finally, cell response to the structures produced
will be discussed.

5.3 Specific experimental procedures and
characterisation
5.3.1 Preparation of Ti/Mg/Si composites by ECAP compaction
CP Ti powder (Grade 2, -325 mesh, Sumitomo, Japan), Mg granules (99.6% pure, -200 mesh,
Materion, USA) and Si particles (99.9% pure, -40 mesh, Hokin, China) were used as the
starting materials. Scanning electron microscopy (SEM) images of the powders are shown in
Fig. 5.4, the average particle size being 49.5±9.5µm, 89.7±16.8µm, and 415.7±39.5 µm,
respectively. Since the level of porosity and pore size both play a critical role in bone
ingrowth, the minimum requirement for pore size for cell migration and transport is
considered to be ∼100μm; higher porosity and larger pore size result in greater bone
ingrowth [150]. The composition of Ti/Mg/Si powder blend by volume ratio was chosen as
Ti40Mg10Si50 (40 vol.% Ti, 10 vol.% Mg and 50 vol.% Si). 50 vol.% of Si is necessary here
to ensure pore interconnectivity once this constituent is removed.
The powder blends were weighted in an argon-filled glove box, then mixed and stirred with 1
wt.% of isopropyl alcohol for 3 mins. Subsequently, this elemental mixture slurry was taken
from glove box in a sealed container and poured into the entry channel of ECAP die, whilst
the exit channel was blocked by a back-pressure punch. The mixture was cold compacted at
50 MPa and dried in at room temperature for 5 mins. Cold compaction as a pre-ECAP step
was used to lock the position of each constituent because otherwise powder segregation
occurred when the isopropyl alcohol evaporated and the adhesion force between particles
disappeared. It is worth noting that good blending and avoiding segregation are essential to
ensure a uniform distribution of all components in the composite and the desired
interconnectivity of the porous structure. ECAP consolidation process was conducted at
400˚C. One, two and four ECAP passes were used following Route Bc, which involves
rotation of the sample by 90˚ about the long sample axis between the passes. The detailed
operation of the ECAP apparatus was described in the chapter 4. The equivalent true strain (ɛ)
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the material underwent in one pass was 1.15. With increasing number of ECAP passes a very
large strain was accumulated. The cumulative equivalent strain was chosen as the main
variable in this study to investigate the effect of plastic deformation of Ti/Mg/Si compacts on
the mechanical properties and the biocompatibility of the porous structures produced.

Figure. 5. 4 Scanning electron microscopy of the initial powder materials (a): titanium
powder; (b) magnesium powder and (c) silicon powder

5.3.2 Synthesis of porous Ti/Mg and porous Ti
The compacts produced by ECAP were soaked in aqueous 5M sodium hydroxide (NaOH)
solution at 60˚C for 12 h to remove Si, washed and ultrasonically cleaned with distilled warm
water. This recipe is similar to the one used as alkali treatment to make Ti surface bioactive
for apatite precipitation by forming a thin sodium titanate layer [326]. To remove magnesium
- the second sacrificial ingredient, porous Ti/Mg composites were immersed in 100 mM
hydrochloric acid (HCl) at room temperature for 6 h followed by distilled warm water wash
and air dry for 24 h. The reactions used to remove Si and Mg are given below:
Si(s) + 2NaOH(aq) + H2 O(aq) = Na2 SiO3 (aq) + 2H2 (g)

(5.1)

Mg (s) + 2HCl(aq) = MgCl2 (aq) + 2H2 (g)

(5.2)

The evolution of the material from Ti/Mg/Si compact to porous Ti/Mg composite with
porosity of 50%, and then to porous Ti with 60% porosity can be followed in Fig. 5.5. The
Ti/Mg composite seen in Fig. 5.5b was obtained by removing Si particles using reaction (5.1),
while porous Ti depicted in Fig. 5.5c was fabricated as a next step, by leaching Mg out of the
Ti/Mg composite according to reaction (5.2). Altogether, three types of materials (Ti/Mg/Si,
Ti/Mg, and Ti) were considered - two of them (Ti/Mg and Ti) with porosity - using three
ECAP histories: one, two, and four passes. Hence, six types of porous structures were
investigated.
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Figure. 5. 5 Optical micrographs of (a) the initial Ti/Mg/Si compact after compaction by a
single ECAP pass, (b) porous Ti/Mg composite after Si particles were leached out, and (c)
porous Ti after Mg granules were removed

5.3.3 Characterisation of porous Ti/Mg and porous Ti
A low-magnification overview of the porous structures was obtained using Olympus SZX-16
stereo optical microscope with digital camera. The morphology of the pores was examined
using JEOL 7001 field emission gun (FEG) scanning electron microscope (SEM) and FEI
Quanta FEG SEM. Porosity and pore interconnectivity were studied using SkyScan 1173
(Kontich, Belgium) micro computed tomography scanner (µ-CT). The basis of X-ray µ-CT is
X-ray radiography, in which an X-ray beam is sent on a sample and the transmitted beam is
recorded on a detector, as shown in Fig. 5.6 [327]. The contrast is caused by the difference in
the photon absorbance of the components in the sample. In the case of porous structure, the
pores do not absorb X-ray and generate high brightness. On the contrary, according to BeerLambert law, only a fraction of X-ray can be transmitted through pore wall material, which
results in low brightness. By rotating the sample stage, the multiple angular views of the
sample are able to be collected. With the aid of computation, they can be reconstructed to
form a complete 3D representation of the internal microstructure over the sample [327].
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Figure. 5. 6 Schematic illustration of the working principle of micro-CT [327]

5.3.4 Measurement of mechanical properties
In order to evaluate the mechanical properties of porous Ti/Mg and porous Ti, uniaxial
compression tests were conducted on cylindrical specimens with the height of 7 mm and
diameter of 4.5 mm, which are shown in Figs. 5.5b and 5.5c. It should be noted that tensile
tests were not carried out because compression tests are more widely accepted in this
application and more available data can be used for comparison [328-331]. Besides,
machining of tensile specimens from a porous material is challenging, and tensile tests on
such specimens are prone to large scatter. However, the shortcoming of compression tests is
also worth noting here. During the compressing test, alongside the deformation of the
specimen, the testing setup (including the platens and the cross-head of the Instron machine)
also deform slightly. Therefore, the apparent Young’s modulus is lower than the true
Young’s modulus of the specimen material. To account for the compliance of the testing
setup, the following equation was used:
1
𝐸∗

1

𝐴

𝐸

𝐾𝑙

= +

(5.3)

where K is the compliance of the testing machine, A is the cross-sectional area and l the
length of the specimen; E is the true Young’s modulus of the specimen material (bulk
titanium) and 𝐸 ∗ is the apparent Young’s modulus, as determined from the slope of the
elastic part of the stress-strain curve.
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To determine the elastic compliance of the Instron machine, testing of a pure bulk titanium
specimen (with a known Young’s modulus) was done on the basis of the above equation. The
compliance of the machine was calculated to be 90.1 GPa·mm.
Compression test samples were cut along the ECAP direction by wire cutting. Compression
tests were carried out using an Instron 5982 machine with a cross-head velocity of 0.007
mm/s corresponding to a nominal strain rate of 10-3 s-1.

5.3.5 Characterisation of microstructure of pore walls
With increasing number of ECAP passes, a higher degree of grain refinement and better
bonding were expected in pore walls in Ti. To measure the grain size and interfacial
microstructure, JEOL 7001 FEG SEM equipped with OI Aztec electron backscattered
diffraction (EBSD) system and 200 kV FEI Tecnai F20 FEG scanning transmission electron
microscope (STEM) equipped with Bruker Quantax 400 STEM X-ray analysis system were
used. EBSD samples were prepared by hand grind/polishing followed by ion beam milling
using precision ion polishing system (PIPS). Transmission electron microscopy (TEM)
samples were prepared by wedge polishing using an Allied MultiPrep™ system and ion beam
milling using PIPS.
The TEM sample prepared by wedge polishing is illustrated in Fig. 5.7. Comparing with
traditional TEM preparation methods where parallel polishing with flat surface is used, here
sample is polished using a wedge at an angle. Consequently, the electron transparent area is
located at the tip of the sample. The procedure conducted in this sub-project was based the
standard method stated in Ref. [332]. Followed by the mechanical polishing, ion beam
milling was carried out to further thin the tip.

Figure. 5. 7 Schematic illustration of wedge polishing [333]
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5.3.6 Cell culture and cell viability
Cell compatibility was investigated by in vitro test using preosteoblast cell line MC3T3-E1.
Cells were cultured in α-Minimal Essential Media (Gibco, Life Technologies) supplemented
with 10% Foetal Bovine Serum (Gibco, Life Technologies), 16.8mM HEPES buffer (Gibco,
Life Technologies), 1% Penicillin/Streptomycin (Gibco, Life Technologies) and incubated at
humidified incubator at 37˚C, 5%CO2. At 70% confluence, cells were harvested and plated at
a density of 1 x 104 cells per well in a 96 multiwell plate. Porous Ti disc with 5 mm diameter
and 1 mm thickness were placed in a 96 multi-well plate and seeded with 1 x 104 cells per
well. Positive control wells containing dense Grade 2 Ti samples of the same size were set up
in parallel. Experiment was set up in triplicate and plates were incubated at 37˚C, 5% CO2.
Cell viability was determined by MTS assay (Cell Titer 96 Aqueous One Solution Cell
Proliferation Assay, Promega) at day 3 and day 7 following manufacturer instructions. For
SEM analysis, cells were fixed onto the porous Ti discs using 2.5% glutaraldehyde in 0.1M
sodium cacodylate buffer for 4 hours and postfixed in 1% osmium tetroxide for 2 hours at
room temperature. The fixed samples were then dehydrated in an ethanol series followed by a
hexamethyldisilazane drying procedure. Finally, all samples were air dried for 30 mins,
sputter-coated with gold, and characterised using an FEI Nova NanoSEM.

5.4 Results
5.4.1 Machinability
Machinability is usually an overlooked property, despite being a determining factor in
fabrication of a desired shape of the implant. The importance of machinability of the compact,
and the advantages of the space holder method in this regard were recently discussed by Kim
et al. [307]. It was found that because Mg has higher strength and elastic modulus than NaCl
as a space holder, the transverse rupture strength of Ti/Mg compact is higher than that of
Ti/NaCl. This also leads to better machinability of Ti/Mg compacts. To verify the feasibility
of machining the Ti40Mg10Si50 composite fabricated by ECAP compaction, turning, drilling
and wire cutting were performed on the compacts. Wire cut samples are shown in Fig. 5.5a
and for turning and drilling, a hollow screw with the external thread M10 × 1 × 5 (shown in
Fig. 5.8a) and inner diameter of 6 mm (shown in Fig. 5.8b) was fabricated. The hollow
version mimics a cannulated screw. The figure demonstrates the integrity of the structure
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after machining and subsequent leaching of the sacrificial material. Moreover, with a closer
inspection of Fig. 5.8(c,d) it can be seen that no cracks initiated from the interfaces between
pores and Ti struts, which indicates good bonding at interfaces between Si and Ti/Mg
particles. With large volume fraction of Si particles this could be criticized by reduce of tool
life especially for high-speed steel used in this study. However, cost-effective methodologies
have been established for instance the use of fine reinforcements and polycrystalline diamond
tooling [334].

Figure. 5. 8 SEM images of (a) external thread fabricated by turning and (b) internal hollow
core produced by drilling. Inserts (c) and (d) are the corresponding enlarged images

5.4.2 Porosity and interconnectivity
Pore morphology in the porous materials produced is presented in Fig. 5.9. Cylindrical
samples 12 mm in diameter and 5 mm in height were cut into two halves. One half was made
to porous Ti/Mg and the other one to porous Ti by the leaching techniques described above.
They were characterised by µ-CT, and the corresponding images are presented in Fig. 5.9. It
can be seen that pores are distributed uniformly, which indicates that the mixing of the three
constituent powders was homogeneous. The µ-CT data confirm 100% interconnectivity in all
six samples. This full interconnectivity is a result of the volume fraction of Si particles being
sufficient high. The level of porosity in Ti/Mg and Ti were calculated to be 50% and 60%,
respectively. It should be mentioned that during wet mixing Ti and Mg particles adhered to Si
granules and after the latter were removed, Mg particles were exposed to open air.
Percolating porosity in porous Ti/Mg enables the use of this material in partly bioresorbable
implants. The Mg constituent will be dissolved in bodily fluids providing the surrounding
bone tissue with the ability to grow into a porous Ti scaffold that is left. The average pore
size and wall thickness calculated from the µ-CT results are presented in Fig. 5.10. It is seen
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that the fourth ECAP pass gives rise to a slight increase in the average pore size and wall
thickness of the porous Ti/Mg composite after two ECAP passes. In contrast, for porous Ti,
an increase in the number of ECAP passes is accompanied with a substantial increase in both
the pore size and the wall thickness. This may be associated with a redistribution of the
constituents during ECAP. This observation will be explained in detail in section 5.5.1.

Figure. 5. 9 Micro-CT images for the porous Ti/Mg and porous Ti produced by ECAP
compaction after (a,d) 1 pass, (b,e) 2 passes and (c,f) 4 passes

Figure. 5. 10 Average pore size and average wall thickness of porous Ti/Mg and porous Ti
produced by ECAP compaction of Ti, Mg and Si particles with subsequent removal of
sacrificial material
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5.4.3 Mechanical properties
Fig. 5.11 shows representative stress-strain curves for the six kinds of porous materials
investigated. Due to the elimination of sintering at 1300˚C in the processing schedule used,
the oxygen content of the materials produced is believed to be low and the curves do not
show brittle behaviour [307, 335]. In the case of porous Ti and porous Ti/Mg whose
processing history involved 4 ECAP passes, a strain hardening region is observed after plastic
yielding. A reasonably good combination of compressive strength and ductility as reflected in
the strain to failure was obtained, with the Ti/Mg composite that experienced 4 ECAP passes
in its processing history showing the best results. The compressive strength and Young’s
modulus of the materials tested derived from the stress-strain curves are presented in Fig.
5.11. In determining the Young’s modulus, the compliance of the testing machine, measured
in separate compression tests on bulk pure Ti, was taken into account. The average values
and the error bars in Fig. 5.12 were determined from three stress-strain curves measured for
each material. Clearly with 10 vol.% of Mg efficiently bonded to Ti particles, porous Ti/Mg
composites with 50% porosity have higher strength and elastic modulus than porous Ti with
60% of porosity. Also, a trend of increasing strength and elastic modulus with the number of
ECAP passes is seen. After 4 ECAP passes, the compressive strength and Young’s modulus
of porous Ti/Mg composite are 168.2±7.7 MPa and 5.7±0.2 GPa, respectively. A drop in the
magnitude of strength and elastic modulus to, respectively, 122.3±9.4 MPa and 3.9±0.5 GPa
after removal of Mg was recorded. This result also indicates that with this amount of Mg
particles, they did not hinder the bonding between Ti particles. Therefore once they were
removed the Ti scaffold still retained a sufficiently high strength.
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Figure. 5. 11 Engineering stress-strain curves for porous Ti/Mg and porous Ti for different
numbers of ECAP passes

Figure. 5. 12 Compressive strength and Young’s modulus of porous Ti/Mg and porous Ti
produced by ECAP compaction of Ti, Mg and Si particles with subsequent removal of
sacrificial material
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5.4.4 Microstructure of the Ti struts in the porous structures
Grain refinement evolution with increasing number of ECAP passes is presented by coloured
EBSD maps in Fig. 5.13. A misorientation of 15˚ was chosen to constitute a threshold value
for high angle grain boundaries (HAGB); boundaries with misorientations below 15˚ are
considered as low angle (or subgrain) boundaries. Measurements of grain size were made
directly from the EBSD images using the linear intercept method. As shown in Fig. 5.14, an
increase in the number of ECAP passes from 1 to 4 led to a grain refinement within the final
Ti struts from 1.86±1.08 µm to 789±335 nm. With its average grain size in the sub-micron
range, this material can be categorized as an UFG one [12].

Figure. 5. 13 EBSD grain orientation maps for Ti struts after ECAP processing of (a) 1 pass,
(b) 2 passes, and (c) 4 passes. The white area in Fig. 12 (b) corresponds to non-indexed
pixels. Black lines denote high angle grain boundaries (HAGBs).

Figure. 5. 14 Evolution of average grain size in Ti struts with increasing number of ECAP
passes.
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To verify the grain size estimated from EBSD data, additional TEM measurements were
carried out on specimens that underwent 4 ECAP passes; representative micrographs are
shown in Fig. 5.15. From the bright field (BF) and dark field (DF) images, the occurrence of
grains in the range from 50 to 200 nm is evident. This means at least part of the grain
population can be classified as nano grains. The inset Fig. 5.15 (c) presents a continuous ring
and suggests a random misorientation and high population of high angle grain boundaries.

Figure. 5. 15 TEM images of cell wall Ti subjected to 4 ECAP passes with (a) bright field
image, (b) tilted dark field image, and inset (c) showing the corresponding SAD pattern using
the aperture diameter of 0.75µm.

5.4.5 Characterisation of morphology of pore walls
The above results show that the porous structures produced by the methods described are
tuneable and have adequate mechanical strength and ductility. However, to achieve rapid and
stable osteogenesis, suitable pore surface morphology and chemistry are essential [336, 337].
The pore surface topography in porous Ti is presented in SEM pictures shown in Fig. 5.16.
After removal of Si particles, two kinds of pore surface topography were observed. One marked by black arrows in Fig. 5.16 (a, b) - is smooth and featureless. The other, indicated by
red arrows, is rough. It is believed to be associated with the areas where the oxide layer on Ti
particles was broken during deformation and after Si particles were removed, NaOH solvent
reacted with fresh Ti to form titanate. The chemical reactions involved are shown below
[338]:
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−
Ti + 3𝑂𝐻 − → 𝑇𝑖(𝑂𝐻)+
3 + 4𝑒

(5.4)

−
𝑇𝑖(𝑂𝐻)+
3 + 𝑒 → 𝑇𝑖𝑂2 𝐻2 𝑂 + 0.5𝐻2 ↑

(5.5)

Analysis was conducted based on more than 100 pores for each condition of porous Ti, i.e.
those stemming from initial compacts processed by 1, 2, and 4 ECAP passes. Statistical
analysis revealed that the proportion of pores possessing a rough surface increased from 18.7 %
after 1 pass to 51.8 % after 2 passes and then further to 73.4 % after 4 passes. This trend can
be explained by a higher incidence of oxide layer breakage with the increasing number of
ECAP passes. The increase in the proportion of rough surfaces was accompanied with a
decline in the surface roughness. A decrease of surface roughness with the number of ECAP
passes is documented in Fig. 5.17. After Si particles were removed by NaOH 5M at 60˚C, a
porous titanate surface was formed, as shown in Figs. 5.17 (a-c). In the case of a four-pass
sample, nearly globular particles with the average size of 320 nm±77 nm and a smoother
surface than that after one and two ECAP passes were observed. To remove Mg, 100 mM
HCl was used and the surface morphology was changed. Topography features in Fig. 17 (f)
have the smallest scale and correspond to the smoothest pore surface. Because these features
were located on the pore surfaces, we could not conduct surface topography measurements by
atomic force microscopy. Nevertheless, from SEM characterisation the trend of decreasing
roughness with increasing number of ECAP passes is clear. It is also worth noting that this
decreased pore surface roughness is believed to be an important factor in the enhanced
strength and stiffness of the porous Ti [339].

Figure. 5. 16 Three conditions of pore surfaces in porous Ti: (a) completely smooth surface,
(b) partially smooth and partially rough surfaces, and (c) completely rough portions of a
surface. The inset in (c) shows surface features at high magnification
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Figure. 5. 17 Representative SEM images of surfaces of pore walls in Ti (a-c) after removal
of Si particles by 5M NaOH, (d-f) after subsequent removal of Mg particles by 100 mM HCl.
Note the evolution of the surface features with increasing number of ECAP passes

5.4.6 Cell viability
Since the fabrication route proposed is new, it is necessary to do a preliminary cell viability
test to verify the biocompatibility of the porous Ti fabricated using this processing recipe. As
shown in Fig. 5.18, based on the measurements of the metabolic activity, in short-term (3
days) there was no significant difference in terms of the MC3T3-E1 preosteoblast cell
proliferation between porous and solid Ti, which indicates that viable cells and initial
attachment did not depend much on the structure during three-day incubation. However, 4
days later the number of viable cells on porous four-pass Ti was increased substantially and
was higher than for one- and two-pass porous Ti or bulk Ti. This result suggests that, based
on 7 days incubation, the pore surface morphology of porous Ti that went through four ECAP
passes at the compaction stage was most favourable for cell proliferation. Since it is generally
accepted that micro/nanotopology influences the proliferation of MC3T3-E1 preosteoblast
cells [340], this higher cell viability can be presumably explained by the largest surface area
with micro/nanotopography features in the four-pass material. However, due to the
difficulties of conducting the atomic force microscopy measurements on inclined pore walls,
the surface roughness could not be quantitatively analysed here. Moreover, it is also generally
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believed that the cell viability can be affected by the chemical compositions of the surface.
The compositions of the culture media and the protein adsorption on the Ti surface can be
altered by the ion release from the surface and the surface charge [341]. However, in this
study, because all the porous Ti specimens prepared for cell viability tests were treated in a
consistent way and also because we did not have access to X-ray photoelectron spectroscopy,
the influence of the surface chemical composition of the surface on cell viability was not
investigated in greater depth.

Figure. 5. 18 Cell viability measured by MTS assay after culturing for 3 and 7 days on the
porous Ti scaffolds from 1, 2,4 ECAP processes.

Figure. 5. 19 SEM images of preosteoblast MC3T3-E1 cells cultured for 3 days on porous Ti
1p, 2p and 4p at the magnification of 2500× (a-c) and the magnification of 10000× with
details of filopodia (d-f).
94

Chapter 5 2nd sub-Project Porous Ti and Porous Ti/Mg
Despite the difference of the roughness of the porous titanate surface in the materials
experienced different numbers of ECAP passes, cells were flattened and attached to the
inclined porous titanate surfaces, Fig. 5.19 (a-c). In addition, the spanning of pores by cells
was not observed, which indicates that the average pore size achieved in this study (158.4 –
220.1 µm) is ideal for ingrowth of cells. With higher magnification shown in Fig. 5.19 (d-f),
the lamellipodia and filopodia were developed and interacted with the porous titanate
substrate manifested as membrane tethers. The cell-substrate interaction observed in SEM
images suggests that the surfaces produced by the present processing sequence are beneficial
for cell attachment.

5.5 Discussion
5.5.1 Redistribution of the constituents during ECAP
The observed increase of pore size and wall thickness with the increasing number of ECAP
passes during the compaction of the elemental powder blends follows that redistribution of Ti,
Mg and Si occurred during processing. The distribution of the different elements in the green
compacts of Ti/Mg/Si powder consolidated by ECAP is illustrated by backscattered electron
(BSE) images based on the atomic number (Z) contrast, cf. Fig. 5.20 (a-c). It is seen that Ti
particles were heavily deformed and merged with neighbouring Ti, Mg, or Si particles after
the first pass. No fragmentation of Si particles is seen in Fig. 5.20 (d, g). A fraction of Mgrich regions (Mg particles) have an elongated shape, which indicates that they went through
heavy shear deformation, Fig. 5.20 (j). However, the rest of Mg regions retained their original
shapes, as one region is marked by arrow in Fig. 5.20 (j). When the composite underwent
further ECAP passes, Si particles tended to fracture, whilst Mg and Ti particles as softer
constituents were ‘extruded’ into the voids created by the fracturing. In the samples with
four-pass history almost all Mg constituents were elongated and located predominantly
around Si particles, Fig. 5.20 (l). Some Si particles are delineated by dashed lines in Fig. 5.20
(f, i, l). From these images it can also be surmised that clustering or agglomeration of Si took
place. Si agglomeration can also be found in samples after two ECAP passes, yet to a lesser
extent, Fig. (b, e, h). Almost no clustering was observed for the single ECAP-pass material,
Fig. 5.20 (d, j).
Redistribution of particles in a composite during processing is not a new finding [342].
However, in this study, due to a mismatch of Young’s modulus and particle size of the
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constituent particles, redistribution caused segregation of Ti and Si particles yet resulted in a
more uniform distribution and size refinement of Mg particles. The level of Ti and Si particle
agglomeration produced by ECAP processing is regarded as beneficial, since it promoted
larger pore size and stronger struts without having a detrimental effect on porosity and pore
interconnectivity.

Figure. 5. 20 SEM-BSE images (a-c) and SEM-EDX mappings (d-l) of Ti/Mg/Si compacts
after 1, 2 and 4 ECAP passes.

5.5.2 ECAP-assisted bonding between the constituents
One of the merits of ECAP-assisted compaction that makes it stand out from other powder
consolidation techniques is its ability to achieve strong bonding at relatively low temperature
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via fresh metal contact and solid state interdiffusion. Imposed severe plastic deformation of
the particles, and especially severe shear promoting breakage of oxide layers, is essential for
creating fresh metal surface contact. In Fig. 5.21, an interface between two Ti particles in a
Ti/Mg/Si compact produced by 4 ECAP passes is presented in STEM-BF and high-angle
annular dark field (HAADF) images. An object with a low atomic number perpendicular to
the interface is seen in Fig. 5.21 (a, b). With higher magnification (c, d) and the
corresponding EDX mappings (e, f), this object can be identified as a pair of Ti oxide
particles with 10 nm thickness stacked or folded together. The rest of the interface is free of
oxide layer. From our previous study [52] and the electron microscopy data obtained in the
present work it can be conjectured that with the growing number of ECAP passes and the
greater shear deformation imparted to powder particles, greater damage to the oxide layer is
induced and fresh metal exposure is increased. High pressure involved in ECAP processing is
also conducive for ‘fusion’ between the adjacent particles stripped bare of the oxide layers.
The highest strength of porous Ti that went through 4 ECAP passes in its compaction history
is believed to be caused by this mechanism.

Figure. 5. 21 Interface between Ti particles in a compact obtained by 4 ECAP passes: (a)
STEM-BF image and (b) STEM-HAADF image of interface between two Ti particles ‘fused’
together. Cross-sections (c) and (d) show an oxide fragment embedded in Ti; (e) and (f) are
the corresponding STEM-EDX mappings showing the distribution of titanium and oxygen,
respectively.
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Strong bonding between Ti and Mg is also important, since without effective bonding Mg
particles would not contribute much to the strength of porous Ti/Mg composites. Fig. 5.22 (a)
and (b) present BF and HAADF images of interfaces between Ti and Mg particles. Diffuse
boundaries between the constituent particles indicate that migration of Ti and Mg atoms
across the interfaces occurred promoting bonding by interdiffusion. From Fig. 5.22 (d), it is
clear that no oxygen-enriched region exists at the interface, which indicates that both Ti and
Mg oxide layers were effectively broken during ECAP processing thus promoting bonding.

Figure. 5. 22Interfaces between Ti and Mg particles in a compact after 4 ECAP passes: (a)
STEM-BF and (b) STEM-HAADF image of interfaces between Ti and Mg; (c) and (d) present
the corresponding STEM-EDX mappings
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5.6 Summary of this chapter
Compaction by ECAP was utilised to consolidate an elemental powder blend, which
comprised Ti, Mg and Si powders. Readily machinable compacts were produced in this way.
By removing Si and the Mg constituents from the compact using chemical reactions, porous
Ti and porous Ti/Mg composite were obtained. Due to the advantages provided by ECAP
compaction, including the relatively low process temperature, the porous structures produced
possessed unique properties. First, ECAP compaction resulted in exceptional grain
refinement in Ti struts down to sub-micron range after four ECAP passes. This grain
refinement gave rise to high compressive strength and acceptable ductility. Second, ECAP
processing led to a redistribution of the constituents, leading to thicker struts and larger
average pore size with increasing number of ECAP passes. With broader strut thickness their
strength increased as well. Third, ECAP deformation led to breakage of the oxide layer of Ti
and Mg particles thus promoting solid state interdiffusion between them. The quality of
bonding between titanium particles as well as titanium and magnesium particles was
improved in this way, as were strength and ductility of the struts. Also, a unique morphology
of pore surfaces was obtained as a result of a chemical reaction between NaOH and fresh Ti.
This pore surface morphology was found to be conducive for interaction of the porous
scaffolds with preosteoblast cells.
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6.1 Outline of this chapter
In the previous two sub-projects, ECAP was investigated as a potent compaction method and
it did show its superior capacity over traditional powder metallurgy techniques. It has been
proven that the severe plastic deformation and imposed hydrostatic pressure make ECAP an
effective technique in fabrication of multicomponent materials for applications such as
upcycling machining chips and fabrication of porous metallic structures.
In the third sub-project, the source of the constituents was scaled up from micron- to
millimetre-size swarfs and powders to centimetre-size bulk metals. Correspondingly, the
ability of ECAP investigated was switched from effective consolidation to co-deformation
mechanism. In this chapter, ECAP was used to fabricate Al/steel bimetallic rod for
application in overhead transmission conductors. Bimetallic rods consist of an Al alloy 6201
jacket layer and an austenitic stainless steel 316L core with three kinds of diameters. After
processing at 175˚C for 1 and 4 ECAP passes, simultaneous increase of both mechanical
strength and electrical conductivity was achieved for one particular geometry out of three
geometries tested. X-ray diffraction and transmission electron microscopy were conducted to
analyse how the microstructure evolution was influenced by varying geometry and number of
processing passes. Co-deformation mechanism of ECAP on bimetallic rod and dynamic
ageing of Al alloy 6201 were discussed based on the microstructure characterisation results.

6.2 Introduction
This third sub-project includes a number of emerging and interesting topics. From the
viewpoint of engineering opportunity, with the rapid increase in electricity demand high
energy efficient conductor materials are needed. From the statistics provided by International
Energy Agency (IEA), world electricity demand will increase by almost 80% over the period
2012-2040 [343]. Growing electricity demands increased load on existing transmission lines,
many of which were built far before such magnitudes of load were considered. According to
Joule’s first law, when the amount of electrical current flowing is increased through the
transmission lines, heat generation increases quadratic with the current and results in rising of
nominal operating temperature. With rising temperatures, the conductors lose their
mechanical strength leading to significant sag [344]. Therefore, high-capacity overhead
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transmission conductors which can carry high volume of powder without overheating or
sagging are in highly demand.
Currently, the existing electric power transmission lines are mostly equipped with traditional
Aluminium Conductor Steel Reinforced (ACSR) cables, which consist a bundle of galvanized
high strength steel wires as core materials to provide mechanical strength and Al wires
around them to carry most electrical current due to the skin effect. The popularity of this type
of conductor is owing to its adequate mechanical strength, widespread manufacturing
capacity and cost effectiveness [345]. Comparing with another widely used conductor – All
Aluminium Alloy Conductor (AAAC) where only Al alloy 6xxx series wires are used, ACSR
provides better performance regarding to long-term creep or relaxation and lower
manufacturing cost [345]. To replace the traditional conductors for meet increasing electricity
demand, efforts have been put into developing new Al alloys which combines high
mechanical strength and high conductivity [346, 347] and better core materials that have
higher strength to weight ratio, corrosion resistance, and conductivity than high strength steel.
In recent years a number of new products have been developed from industry. 3M invented
Aluminium Conductor Composite Reinforced (ACCR) consisting of a core material of Al2O3
fibre-reinforced aluminium matrix composite and outer conductor of aluminium-zirconium
wires. The outstanding feature in this product is the use of metal matrix composite (MMC) to
achieve higher strength-to-weight radio and lower thermal expansion than comparable size
steel core conductor. So it is lighter and sag less, even at higher operating temperature [348,
349]. However, the main limitations of this product are its cost that is five times higher than
conventional ACSR and the low conductivity of core materials since Al2O3 fibre is not
conductive. Alternatively, a polymer matrix/carbon + glass fibre reinforced composite core
was invented CTC Cable Corporation. The product - Aluminium Conductor Composite Core
(ACCC) is designed to fulfil high tensile strength, low coefficient of thermal expansion and
high temperature sag resistance [350]. However, the drawbacks of this product are the large
difference of the thermal expansion coefficient and elastic modulus between outer aluminium
and composite core [351].
Apart from using fibre-reinforced composite as core material, progress has also been
achieved on improving the traditional steel core. Alumoweld Aluminium-Clad Steel overhead
ground wire is invented by AFL. With a high-purity aluminium powder compacted around a
high-strength steel rod and subsequent applications of heat and pressure, a bimetallic rod with
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a dense welded Al jacket layer is obtain. By combining aluminium cladding with steel, this
bimetallic rod possesses higher strength to weight ratio, higher corrosion resistance and better
conductivity [352]. The method of cladding Al powder on steel rod is not stated; however
from perspective of powder metallurgy this cladding route is not efficient and with inevitable
aluminium oxide on the powder the electrical conductivity is decreased by the scattering
effect. Most importantly, with inevitable residual porosity left after powder compaction,
galvanic corrosion between steel and Al could occur and accelerate corrosion of Al. To
improve this route, using plastic deformation to bond bulk Al jacket to steel core can be
potentially used if good interfacial bonding is achieved between them, as stated in Chapter
2.2.
In fact, using deformation techniques to manufacture bimetallic rod with core-jacket or coresleeve architecture have been investigated by several groups in past decade. One of the most
investigated methods is co-extrusion, as schematically shown in Fig. 6.1. Researchers have
tried to bond Al jacket to Cu core for electrical conductor application [353]. Moreover, using
similar route, efforts have been made to bond Al/Mg [272] and Al/Ti [354] for lightweight
applications. Experiment and simulation results showed that, large thickness of the sleeve
layer, optimum die angle and small extrusion ration have positive influences on metal flow
during deformation process and good interfacial bonding [353, 355-357]. Moreover, to
further investigate the effect of geometrical features of the core materials on the mechanical
properties, three different architectures of Al alloy cores were embedded to Mg ally by
extrusion [358]. The results showed that the core architectures can affect the microstructure
and texture evolution of sleeve component in co-extrusion process [358].

Figure. 6. 1 Schematic illustration of bimetal rod co-extrusion [359]
Alternatively, rotary swaging was also investigated for fabrication of bimetallic rod with
core-jacket architecture. As the process illustrated in Fig. 6.2, by using continuous forging
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motion, components are expected to be bonded together with metallurgical bonds. Threelayered Al-Cu clad composites with different stacking sequences were fabricated using cold
rotary swaging to investigate the effect of geometry on the mechanical behaviour [360].

Figure. 6. 2 Schematic illustration rotary swaging of bimetallic rod [360]
In the above mentioned two methods, only moderate plastic deformation is involved for
achieving good bonding properties between jacket layer and core. As it has been stated in the
chapter of literature review, for metallic hybrid, high amount of plastic deformation is
beneficial for the establishment of high strength bonds and severe plastic deformation
techniques enjoy their strength in this aspect.
Based on this principle, the first try of using ECAP to manufacture bimetallic Al/Cu rod was
conducted by A.R. Eivani et al. [361]. Their study showed that the shear strength between
two materials was reasonably high after one pass ECAP and can be increased with a second
pass. After this research, attempts have been made to achieve diffusion bonding with higher
interfacial strength between the mating surfaces by modifying thermal mechanical processing
parameters [362]. Also, it was found that the decrease in die angle leads to a higher bonding
strength between the jacket layer and core [363]. It is worth noting here that due to the
capacity of ECAP for continuous industry-scale application [364-366], this design has the
potential for producing bimetallic wires for transmission lines. As shown in Fig. 6.3, ECAPconform process as one derivative ECAP technique provides the possibility of upscaling the
ECAP processed rods to wires.
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Figure. 6. 3 Schematic illustration of ECAP-Conform process [366]
Although theses previous studies showed ECAP is a promising technique in fabrication of
bimetallic rod or wires with core-jacket architecture, there are several aspects of this route
needed to be further investigated. This sub-project aims at investigating the influences of
geometrical factors on co-deformation mechanism of bimetallic rods using ECAP and the
possibility of tailoring this aspect of design to achieve simultaneous increase of mechanical
strength and electrical conductivity.

6.3 Experimental procedures and characterisation
6.3.1 Materials selection and ECAP processing
To meet the requirements for the potential engineering application, careful materials selection
was carried out first. Rather than using some of the available high strength steels, a
conventional austenitic stainless steel 316L was selected due to its following attributes: high
corrosion resistance, good formability and, most importantly, its being non-ferromagnetic. In
the conventional overhead electrical conductors, a magnetic field originates from the high
carbon steel wire, which is a ferromagnetic material. The magnetic field interferes with the
flow of the electrical current and causes extra power losses due to an increase in the effective
electrical resistance of the aluminium conductor. Furthermore, the dissipated power also
leads to an increase in the temperature of the electrical conductor and may cause fatal
problems with its stability [367]. In contrast, the non-ferromagnetic properties of austenitic
steels eliminate the magnetic loss and enhance the stability and reliability of the conductor
[367, 368].
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For the outer jacket Al, aluminium alloy AA6201 is chosen. This alloy is widely used owing
to its good combination of enhanced strength and relatively high conductivity, with the
ultimate tensile strength (UTS) in the rage 255-330MPa and electrical conductivity of 57.552.5% International Annealed Copper Standard (IACS) comparing to the UTS of about
160MPa and conductivity of 62% provided by pure Al [369-371]. Moreover, severe plastic
deformation has been tried to further simultaneously enhance its strength and electrical
conductivity [371-373]. By imposing extreme deformation at elevated temperature,
decomposition of solid solution and formation of nanosized second-phase precipitates at the
expense of solute atoms occurs. This dynamic aging provided by SPD processing results in a
microstructure possessing ultrafine grains, nanosized precipitates, very low content of solute
atoms and absence of GP zones, which leads to significant enhancement of electrical
conductivity and strength [371]. At this stage, it is also worthwhile to point out that, based on
the same principle that using pure matrix for carrying current and fine particles for
strengthening, a number of other processing route have also been investigated for this
application in recent years. Al/Ca composite conductor was produced via powder
consolidation, hot extrusion and room temperature swaging [351]. Calcium is added as the
form of particles and bonded to matrix Al powders to provide strengthening. Moreover,
Al3BC is another promising secondary phase to enhance the performance of 1070 EC-grade
Al, which can be introduced by Al-8B-2C master alloy [374].
The chemical compositions of austenitic stainless steel 316L and Al alloy 6201 used in this
study are shown in Table. 6.1. Steel bars with three diameters as 3, 4 and 5mm were
produced. Correspondingly, Al tube with internal diameter of 3, 4 and 5mm and outer
diameter of 10mm were made, respectively. The height of bars and tubes was 40mm. Steel
bars were inserted to their corresponding Al tubes with shrink fit. Therefore, three geometries
of bimetallic rods were prepared as as-received materials. They were bimetallic rod with steel
core Ø3, Ø4 and Ø5, or in another word, bimetallic rod with Al jacket layer having thickness
of 3.5, 3 and 2.5mm, respectively.
Bimetallic rods underwent ECAP processing at 175˚C for 1 pass or 4 passes following route
BC. A very low back pressure of 15MPa was used to prevent sliding between two components,
which has a similar function to welding layers together at the edges to prevent slippage in
ARB process [375]. Processing temperature of 175˚C was chosen to avoid the strain induced
martensite formation [376].
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With increasing number of ECAP passes, strain was accumulated and greater grain
refinement was expected. Therefore, two main variables as diameter of the steel core
(thickness of the jacket Al layer) and number of ECAP processing pass were chosen in this
study. Altogether, six types of bimetallic structures having three kinds of geometries and two
kinds of processing histories were manufactured. The properties and microstructure evolution
in the single phase Al rod in isolation, not within a bimetallic rod, was also considered to
compare and evaluate the effect of co-deformation.
Table. 6. 1 Chemical compositions of stainless steel 316L and AA6201in wt.%
Steel
316L

Fe
Bal

C
0.02

Mn
1.51

Ni
10.0

Cr
16.6

Mo
2.09

Si
0.38

Cu
0.43

S
0.02

P
0.04

V
0.05

AA6201

Al
Bal

Si
0.56

Mg
0.73

Cu
0.13

Fe
0.31

Mg
0.73

Zn
0.13

Cr
0.01

Ni
0.01

Mn
0.14

Ti
0.01

6.3.2 Electrical conductivity measurement
The SIGMATEST Ec device (Foerster Instruments Inc., Pittsburgh, USA) was used to
determine the electrical conductivity of the samples. This equipment operates on the basis of
the eddy-current method. Since the size and shape of the tested samples can affect the
measurement, all tested samples had the same cylinder geometry with 10 mm height and 10
mm diameter. Each sample was tested 10 times to calculate the average value of the electrical
conductivity.

6.3.3 Measurement of mechanical properties
Tensile test was not conducted for evaluation of the mechanical properties because the
diameter of the cross-section cannot be reduced for gauge section and the lack of gripping
technique to insure tensile deformation of both core and sheath at same time. Instead,
compression tests were carried out, which is a common practice in testing of bimetallic rods
[377-380]. However, besides the shortcoming mentioned in Section 5.3.4, viz. the effect of
compliance of the testing machine, another limitation of compression tests in this application
is the inability to obtain the ultimate strength of the ductile bimetallic rods. The phenomenon
of the decrease in force prior to fracture in tensile tests does not occur in compression tests
due to the increasing cross-sectional area in the latter one [381]. Therefore, there is no force
maximum prior to fracture when testing a ductile material using compression tests. The tests
were conducted using an Instron 5982 machine. The compression samples had 10 mm height
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and 10 mm diameter. The cross-head velocity was set to 0.01 mm/s to provide a nominal
strain rate of 10-3 s-1.

6.3.4 Microstructure characterisation
Low-magnification overviews of the cross sections were obtained using Olympus SZX-16
stereo optical microscope with digital camera. X-ray diffraction (XRD) using Cu Kα
radiation at 40 kV and 25 mA in a Philips X-ray diffractometer was performed. As in the
previous chapter, data was processed using the peak fitting program MDI Jade for accurate
computation. TEM characterisation was performed using an FEI Tecnai F20 FEG TEM
operating at an acceleration voltage of 200 kV. TEM lamella was prepared by focused ion
beam (FIB) technique on FEI Quanta 3D FEG microscope. The process chain of FIB lift-out
technique is presented in Fig. 6.4. In Fig. 6.4 (a), a protective Pt layer is deposited across the
interested interface between Al and steel. It also worth noting in this figure that, the milling
rate of Al is about 2.5 times faster than steel. Fig. 6.4 (b,c) show that the lamella is cut and
lifted out by a Kleindiek probe. Then the lamella is mounted on a Cu grid and thinned and
polished by ion beam, as shown in Fig. 6.4 (d-f).

Figure. 6. 4 Secondary electron images showing the process chain for fabrication of TEM
lamella using FIB: (a) deposited Pt layer and a milled surface; (b) a j-cut is used to allow an
easy lift-out; (c) lamella is attached to Kleindiek probe and lifted out; (d) lamella is mounted
on a V-shaped Cu grid and Kleindiek is cut and detached from lamella; (e) lamella is ready
to be thinned and polished; (f) lamella with thickness less than 100nm
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6.4 Results
6.4.1 Optical microscopic observation after ECAP

Figure. 6. 5 Optical microscopy images of the cross-sections showing the shape
transformation of the steel cores after one and four ECAP passes: (a-c) initial shapes of
samples with three different core diameters (before ECAP, denoted 0p), (d-e) after one ECAP
pass (denoted 1p), (g-i) after four ECAP passes (denoted 4p).
From the optical micrographs shown in Fig. 6.5, it is clearly seen that, after 1 ECAP pass the
shapes of steel cores changed from perfect circle to irregularity and after 4 passes they
became even far from circle shape. This observation indicates that co-deformation of steel
core exists and the amount of deformation increases with higher ECAP passes. Meanwhile,
no delamination at the interfaces between these two components was observed after ECAP
processing.

6.4.2 Mechanical properties measurements
To evaluate the impact of the co-deformation induced by ECAP on the mechanical strength
of bimetallic rods, compression test was carried out. The compressive yield strengths at 0.2%
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offset of tested materials are listed in Table. 6.2. It can be seen that, in as-received condition,
bimetallic rods possess slightly higher strength than Al rod, which is in a range from 25 to
50MPa depending on the diameter of the steel core. In another word, the steel core did not
bring much strengthening effect to the bimetallic rod. However, after 4 ECAP processes, the
difference increases and varies from 50MPa to 100MPa. For bimetallic rod with steel core Ø3
and Ø4, the increment mostly occurred after 1 pass, from 300MPa and 306MPa to 390MPa
and 418MPa, respectively. The following 3 passes did not contribute much to strengthening
the theses two bimetallic rods.
Table. 6. 2 Compressive yield strength at 0.2% offset of AA6201 rod and bimetallic rods with
three geometries after 0, 1, and 4 ECAP passes (in MPa)
Number of
ECAP
passes
0
1
4

Al rod Ø10
274
323
380

Bimetallic rod
Bimetallic rod
Bimetallic rod
with steel core Ø3 with steel core Ø4 with steel core Ø5
300
390
424

306
418
449

325
492
590

6.4.3 Electrical conductivity measurement
The electrical conductivity results are shown in Table. 6.3. It is seen that with increasing
number of ECAP passes, the electrical conductivity of stand-alone AA6201 and steel 316L
decreases slightly due to the deformation-induced crystal lattice defects that scatter electrons
[371]. This is at variance with the results of the work conducted by Valiev et al. [371], who
demonstrated simultaneous enhancement of strength and conductivity in AA6201 after about
20 revolutions under high-pressure torsion. We note that this deformation corresponded to an
equivalent strain of 483. In contrast, in this study, 4 ECAP passes imposed a much lower
equivalent strain of 4.6, which was apparently not high enough for improving electrical
conductivity to the same extent. Similarly, in the case of bimetallic rods with Ø4 and Ø5 steel
core, samples in the initial condition exhibited a higher electrical conductivity than those with
an ECAP processing history.
However, for the bimetallic rod with Ø3 steel core, ECAP brought about a slightly increase
of the average conductivity from 42.37% IACS to 42.79% IACS and 43.19% IACS after one
and four ECAP passes, respectively. Combining the results from the compression test, this
suggests that for the bimetallic rod with Ø3 steel core, ECAP processing gave rise to a higher
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yield strength and, at the same time, a greater electrical conductivity over the characteristics
of the initial rod. In other words, it can be concluded that the usual trend of an inverse
relation between electrical conductivity and strength was confirmed for AA6201 rod.
However for bimetallic rod, it was possible to reverse this trend: conductivity and strength
were enhanced simultaneously as a result of ECAP processing.
Table. 6. 3 Electrical conductivity of AA6201 rod, steel rod and bimetallic rod with three
geometries after 0, 1, and 4 ECAP passes (in IACS %)
Number
of ECAP
passes

Conductivity
of AA6201
rod Ø10

0
1
4

47.23±0.13
46.59±0.26
46.36±0.13

Conductivity
of bimetallic
rod with Ø3
steel core
42.37±0.98
42.79±0.34
43.19±0.43

Conductivity
of bimetallic
rod with Ø4
steel core
37.40±0.85
34.49±1.05
34.69±0.36

Conductivity
of bimetallic
rod with Ø5
steel core
25.51±0.48
21.83±0.53
23.78±0.35

Conductivit
y of steel
rod Ø10
2.26±0.01
2.25±0.01
2.19±0.02

Because the lengths of steel core and AA6201 sheath were equal, the overall electrical
resistivity of the bimetallic rod 𝜌 could be modelled as in a parallel circuit [382], which can
be written as:
1

=𝜌
𝜌

1
𝑠𝑡𝑒𝑒𝑙

𝑓𝑠𝑡𝑒𝑒𝑙 + 𝜌

1
𝐴𝐴6201

𝑓𝐴𝐴6201

(6.1)

where 𝑓𝑠𝑡𝑒𝑒𝑙 and 𝑓𝐴𝐴6201 are the volume fractions of steel core and AA6201 sheath, and
𝜌𝑠𝑡𝑒𝑒𝑙 and 𝜌𝐴𝐴6201 denote the electrical resistivity of the steel and AA6201 components,
respectively. For the bimetallic rods with Ø3, Ø4, and Ø5 steel core, the volume fractions are,
respectively, 9%, 16%, and 25%. Resistivity values in microohm × metres units can be
converted to % IACS conductivity values using the following formula:
1.724⁄𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 = % 𝐼𝐴𝐶𝑆 × 10−2

(6.2)

Using equations (6.1) and (6.2), the magnitudes of the electrical conductivity of bimetallic
rods in the initial condition can be predicted as 42.71 % IACS, 40.03 % IACS, and 35.99 %
IACS. Except for the bimetallic rod with Ø3 steel core, the calculated conductivity values are
significantly higher than the measured ones. This could be due to the use of the formula for
direct-current contact voltage, while experimentally, the eddy current method was used to
determine the conductivity. Besides, possible changes of resistivity of the individual phases
as a result of microstructure by ECAP deformation could not be considered in Eq. (6.1).
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Therefore, this simplistic model is not suitable for this application and further studies would
be needed to account for the mentioned resistivity changes.
To get a better insight into the influence of the ECAP processing history and the geometry
factor on the overall performance of the bimetallic rod, the electrical conductivity and yield
strength results are plotted together in Fig. 6.6. Three hybrid geometries are represented in
terms of the volume fraction of the steel core in the bimetallic structure. The dashed black
line in the figure corresponds to the yield strength of bimetallic rods (calculated on the basis
of a linear rule-of-mixture) in the initial non-ECAP condition. The solid black line represents
a decrease of the electrical conductivity with increasing volume fraction of steel core. We can
employ the steel volume fraction dependence of yield strength of non-processed bimetallic
rods as represented by the mentioned dashed line to assess the benefits of ECAP processing.
Indeed, making use of that curve, one can see that after one ECAP pass the yield strength of
bimetallic rods with 9%, 16%, and 25% volume fraction of steel is equivalent to the yield
strength of unprocessed bimetallic rods with approximately 40%, 52%, and 78% volume
fraction of steel, respectively, cf. the blue dashed lines. Similarly, after four passes, the yield
strength of the bimetallic rods is equivalent to that of unprocessed bimetallic rods with
approximately 54%, 60%, and 100% volume fraction of steel, respectively, cf. the red dashed
lines. That is to say, through processing by ECAP, a bimetallic rod with a thinner steel core
can maintain the same level of yield strength as an unprocessed bimetallic rod with a thicker
one, while the electrical conductivity of the former will be greater due to the larger volume
fraction of aluminium it has. Comparing bimetallic rods that are equivalent in terms of yield
strength - 390, 418, and 492 MPa, it can be seen that the electrical conductivity of 17, 13, and
4 % IACS (indicated by the blue points on the solid black line) rises to 43, 34, and 22 %
IACS after one ECAP pass, respectively, due to the increased volume fractions of AA6201
component. In the same way, for bimetallic rods with the yield strength of 424, 449, and 590
MPa, the electrical conductivity of unprocessed rods rises from 12, 8, and 2 % IACS (see the
red points on the solid black line) to 43, 35, and 24 % IACS after four ECAP passes,
respectively.
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Figure. 6. 6 Electrical conductivity and yield strength of as-received Ø10 AA6201 and steel
rods and bimetallic rods with three different geometries (Ø3, Ø4, and Ø5 steel core) after 0,
1, and 4 ECAP passes
The result can be interpreted as follows. Through ECAP processing, one can attain a certain
level of strength of Al clad steel rod or wire with a thinner steel core. This means a lighter
product with a higher specific strength and, for certain core/rod diameter ratios, a higher
electrical conductivity.

6.4.4 XRD characterisation
XRD analysis was conducted on all 12 samples prepared. The XRD spectra of bimetallic rod
with Ø5 steel core after 0, 1, and 4 ECAP passes are presented in Fig, 6.7. Phase
identification failed to detect any martensite after 4 ECAP passes, which means that either
martensitic transformation did not occur in the first place or the amount of martensite formed
was below the detection limit of XRD. At any rate, it can be stated safely that ECAP
processing did not introduce a significant amount of martensite. From XRD data, the lattice
parameter of AA6201 constituent was calculated by determining the positions of diffraction
peaks. In this study, peaks for (220), (311) and (222) reflections were chosen as shown in Fig.
6.8. Since the calculated lattice parameter is significantly affected by the diffraction angle θ,
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the error in the calculated magnitude sinθ being smaller for larger θ values, the (111) and
(200) diffraction peaks were not included. The lattice microstrain, the crystalline size, and the
dislocation density were determined by measuring peak broadening, as detailed in Refs. [383385]. XRD peak profiles were fitted using the Pearson VII function with K-alpha2 present
and the full-width at half-maximum (FWHM) of peaks was obtained as a measure of peak
broadening. The instrumental broadening was determined using a well annealed (400 ˚C for 4
hours) commercially pure Al sample. The true peak broadening B was calculated using
2
2
𝐵 = √𝐵𝑜𝑏𝑠
− 𝐵𝑖𝑛𝑠𝑡
, where 𝐵𝑜𝑏𝑠 is the observed peak broadening and 𝐵𝑖𝑛𝑠𝑡 is the

instrumental broadening one [386].

Figure. 6. 7 X-ray diffraction patterns of bimetallic rods with Ø5 steel core after 0, 1, and 4
ECAP passes
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Figure. 6. 8 X-ray diffraction patterns of stand-alone AA6201 and bimetallic rods with three
different geometries (Ø3, Ø4, and Ø5 steel core) after 0, 1, and 4 ECAP passes. Note the well
annealed commercially pure Al was used as a reference material.
As seen from Fig. 6.8, in which the diffraction patterns for the AA6201 constituent after 0, 1,
and 4 ECAP passes are juxtaposed, there is a clear shift of (220) and (311) peaks for Al phase
to greater diffraction angles, which reveals a decrease of the lattice parameter [387]. The
characteristics of stand-alone AA6201 and the AA6201 constituents of the bimetallic rods
determined from the peak shift and peak broadening are presented in Table 4. It is seen that
AA6201 has the largest lattice parameter of 4.0550 Å. With severe plastic deformation
imposed on the stand-alone AA6201 at 175 ˚C, this value dropped to 4.0524 Å and 4.0517 Å,
indicating a purification of AA6201 matrix by dynamic ageing. However, apparently the
extent of depletion of solid solution was not large enough to compensate for the contribution
of deformation-induced lattice defects to electron scattering. Therefore, the electrical
conductivity still decreased even with less solute atoms in solid solution. The AA6201
component in bimetallic rods exhibits the same trend of decreasing lattice parameter with the
increasing amount of plastic strain imparted to the rod. However, by comparing the
magnitudes of the lattice parameter in a stand-alone AA6201 rod and AA6201/steel
bimetallic rod, it can be found that with the steel core embedded, the extent of purification of
the AA6201 bulk is even higher. After one and four EACP passes, the magnitudes of the
lattice parameter of AA6201 component in bimetallic rods were, 4.0515~4.0520 Å and
4.0505~4.0513 Å. These values are smaller than the above figures for the stand-alone
AA6201. This indicates that having steel core co-deformed with the AA6201 sheath can
promote the dynamic ageing thus leading to the formation of secondary precipitate phases
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and the concomitant depletion of solid solution. This is obviously a desired scenario, as the
precipitates formed do not contribute to electron scattering significantly, while the reduction
of the concentration of alloying atoms in solid solution decreases the density of scattering
centres and promotes better electrical conductivity. A decrease of the lattice parameter
signifies a drop in the solute concentration.
Table. 6. 4 Microstructural characteristics of AA6201 rod and the AA6201 constituents of
bimetallic rods after one and four ECAP passes
Al in

ECAP
passes

Lattice
parameter (Å)

Crystallite
size (nm)

Microlattice
strain

Dislocation density
(m-2)

Al annealed

0p

4.0502

—

—

—

0p

4.0550

—

—

—

1p

4.0524

462

0.0025

6.5×1013

4p

4.0517

231

0.0029

1.5×1014

1p

4.0520

231

0.0031

1.6×1014

4p

4.0505

198

0.0029

1.8×1014

1p

4.0515

198

0.0033

2.0×1014

4p

4.0513

115

0.0027

2.8×1014

1p

4.0516

115

0.0033

3.4×1014

4p

4.0505

126

0.0031

3.0×1014

Al rod Ø10
Bimetallic
rod with Ø3
steel core
Bimetallic
rod with Ø4
steel core
Bimetallic
rod with Ø5
steel core

The dislocation density in the AA6201 rod showed an almost two-fold increase, from
6.5×1013 m-2 after the first ECAP pass to 1.5×1014 m-2 after the fourth one. However, in the
AA6201 component in bimetallic rods the dislocation density jumped to 1.6×1014 to 3.4×1014
m-2, after just one pass of ECAP. It remained pretty steady, and was in the range of 1.8×1014
to 3.0×1014 m-2 after the fourth ECAP pass. The crystallite size also evolved as a result of
ECAP processing: after four passes, the average crystallite size of stand-alone AA6201 rod
decreased to 231 nm, which is comparable with the values reported in [388, 389]. The
AA6201 component in bimetallic configuration exhibited an average crystallite size that
approached saturation after just one ECAP pass, with characteristic values down to 115 nm.

6.4.5 TEM characterisation
Based on the results presented above, three bimetallic rods were chosen for further
characterization by TEM. FIB lift-out was employed to cut TEM lamellas from the interface
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regions between the AA6201 cladding layer and the steel core. Figs. 6.10 – 6.13 show that
the microstructure varied significantly with increasing imposed strain and different core/rod
diameter ratios. The influence of the number of ECAP passes can be seen from Figs. 6.10 and
6.12 that refer to samples with the same core diameter of Ø3 but different amount of imposed
equivalent strain, 1.15 or 4.6 (one or four passes, respectively). Figs. 6.12 and 6.13 provide a
comparison between the microstructures for the same processing history (four ECAP passes),
but different core diameters (Ø3 and Ø5 steel core).
An overview of an interface between AA6201 and steel components of a bimetallic rod with
Ø3 steel core after one ECAP pass is shown in a bright-field (BF) TEM image in Fig. 6.10 (a).
It can be seen that these two components were tightly joined without obvious gap between
them. However, a closer inspection of Fig. 6.10 (c) reveals an elongated void along the
interface 40 nm in width. To the left side of the interface, an interfacial Al layer that
underwent profuse plastic flow is observed; it is highlighted by a read dashed circle. Because
AA6201 is softer than austenitic steel 316L, it is believed to accommodate a larger amount of
plastic strain by the intensive plastic flow at the interface. Obviously, the material on the steel
side accumulated a large strain, as well. As seen in Fig. 6.10 (d), next to the interface there is
an area with subgrain structures having the size smaller than 50 nm. Farther away from the
interface, grain structures change to micro size, with extended boundaries inclined to the
pressing direction (henceforth referred to as extrusion direction, ED), as indicated by the
yellow dashed lines in Fig. 6.10 (a, d). In the AA6201 component, grains are equiaxed, as
shown in Fig. 6.10 (a, b). The average grain size was calculated by averaging over 100 grains
to be 224±103 nm, which is close to the value of 231 nm obtained by XRD analysis.
A higher magnification micrograph, Fig. 6.11 (a), shows the nanostructured steel grains in the
vicinity of the interface. By obtaining the selected area diffraction pattern (SADP) of this
region, the presence of a martensite in this region was detected. It cannot be ruled out that the
martensitic phase transformation is an artefact of ion beam milling during sample preparation,
as it may have been dislocations generated in the sputtering process that have facilitated the
transformation in the severe plastically deformed sample. But the occurrence of martensite
could also be a genuine effect of severe plastic deformation by ECAP producing a straininduced phase transformation near the interface. Indeed, the discontinuous ring pattern in Fig.
6.11 (b) speaks in favour of this explanation, as it indicates that the misorientations between
the nano-grains formed are low and they are not fully dynamically recrystallized to form
high-angle grain boundaries.
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Figure. 6. 9 TEM-BF images of (a) the interface between AA6201 (left) and steel (right) from
bimetallic rod with Ø3 steel core after one ECAP pass, (b) AA6201, (c) interface, and (d)
steel with high magnification. Insets are enlarged views of the areas indicated by arrows.

Figure. 6. 10 TEM-BF images of the steel component at the interface with nanostructured
grains and (b) the corresponding SADP shows the present of austenite - γ and martensite - α
phases. SADP was taken using aperture diameter of 180nm
TEM-BF images in Fig. 6.12 demonstrate that a larger amount of imposed strain after four
ECAP passes altered the interface microstructures in a number of ways. First, comparing with
a lesser strain after the first pass, the extremely deformed zone got larger with three more
passes, cf. Fig 6.12 (a). It can be seen from the inset that the scale of the subgrain structure is
around 50 nm. Second, the interface between AA6201 and steel in Fig. 6.12 (c) shows that
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both components are tightly bonded. An amorphous layer, about 60 nm thick, was detected.
Third, in the case of steel component, the extra three ECAP passes did not bring about any
further grain refinement. On the contrary, the grains were coarsened and got elongated in the
extrusion direction as shown in Figs. 6.12 (a, d). In essence, the microstructure of the steel
core evolved from a nano/submicron sized subgrain pattern inclined to the extrusion direction
to an ultrafine grain structure, with grains aligned in the extrusion direction, as seen in Fig.
6.12 (d). This is believed to be a consequence of dynamic recrystallization, the recrystallized
grain structure consuming the subgrain structure developed after the first pass. Finally, in Fig.
6.12 (b), equiaxed grains without any preferred orientation were predominant in the AA6201
component of the bimetallic rod. The grain size determined by averaging over 100 grains was
200±85 nm, a figure that is very close to that obtained by XRD analysis (198 nm).

Figure. 6. 11 TEM-BF images of (a) the interface between Al(left)/steel(right) from
bimetallic rod with steel core Ø3 after 4 ECAP passes, (b) Al, (c) interface and (d) steel with
high magnification. Insets are enlarged view of the areas pointed by arrows
TEM images of bimetallic rod with Ø5 steel core (the largest diameter of steel core and the
thinnest AA6201 cladding layer) after 4 ECAP passes, i.e. for the same amount of imposed
strain as in Fig. 6, is shown in Fig. 6.13. The most prominent features in Fig. 6.13 (a) are
fragments of the amorphous layer at the interface indicated by arrows. In an enlarged view in
Fig. 6.13 (c), they appear to be caused by a shear instability and a displacement of the two
components at the interface relative to each other. Plastic instability at the interface is
documented by the occurrence of shear banding in the steel phase shown in Fig. 6.13 (a, d).
121

Chapter 6 3rd sub-Project Bimetallic Al/Steel Rods
The inset in Fig. 6.13 (c) shows that AA6201 and steel interpenetrated each other at the
interface and formed a mechanical interlocking between the mating surfaces. Shear banding
in the steel component is likely to be related to this process as a way to accommodate the
severe plastic strain in bimetallic co-deformation. In addition, it can be seen that steel grains
have well-defined grain boundaries in contrast to the subgrain structures in the lower strain
case (one ECAP pass) case in Fig. 6.12 (d). Alignment of the grains in the extrusion direction
is also visible, although they are less elongated than in bimetallic rod with a smaller steel core
presented in Fig. 6.12 (d). Finally, back to the AA6201 component in Fig. 6.13 (b), it can be
seen that grains are equiaxed, with the average grain size of 130±49 nm, in accord with the
value obtained by XRD (126nm).

Figure. 6. 12 TEM-BF images of (a) the interface between AA6201 (left) and steel (right)
from bimetallic rod with Ø5 steel core after four ECAP passes, (b) AA6201, (c) interface, and
(d) steel with high magnification. A pair of dashed lines delineate a shear band (SB).
A close-up picture of the grain structure in steel after ECAP processing is presented in Fig.
6.15. With an average grain size of 65±20 nm, the material can be classified as
nanostructured. No martensite was detected by selected area diffraction pattern (SADP). A
continuous ring pattern suggests a random grain orientation and the occurrence of a large
fraction of high-angle grain boundaries (HAGBs) in this region. This again confirms the
XRD phase identification results showing that no phase transformation occurred during
ECAP processing.
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Figure. 6. 13 TEM images of steel core Ø5 subjected to 4 ECAP passes with (a) BF image, (b)
DF images and (c) the corresponding SADP using aperture diameter of 0.75µm
TEM characterisation was used to image precipitates in AA6201 grains. As shown in Fig.
6.15 (a), the as-received AA6201 contained needle-shaped metastable β’’ precipitates on [001]
planes. After one ECAP pass at 175 ˚C, the precipitates disappeared and dislocation cells
were present, as seen in one grain in Fig. 6.15 (b). This suggests that solute atoms in solid
solution and dislocations contributed to a decrease of conductivity. After three more ECAP
passes dislocation cell boundaries were transferred to grain boundaries and few nanosized
second-phase precipitates were developed, cf. Fig. 6.15 (c). By contrast, Fig. 6.15 (d) shows
that the AA6201 component that went through just one ECAP pass, but with a Ø3 steel core
embedded, had a developed fine grain structure with well-defined grain boundaries. Solute
aggregate nanostructures are also observed here. In this case, the combination of these
microstructural features led to an increase of conductivity. With higher imposed strain, a
large number of spherical-shaped solute aggregate nanostructures are observed, cf. Fig. 6.15
(e, f), which have similar morphology to those in Refs. [371, 390, 391]. All these features
contribute to raising the electrical conductivity.
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Figure. 6. 14 TEM-BF images showing AA6201 grain(s) from (a) as-received Al alloy with
needle-shaped β’’ precipitates clearly visible on (001) plane, (b, c) stand-alone Al after one
and four ECAP passes, (d, e) AA6201 component in bimetallic rod with Ø3 steel core after
one and four ECAP passes, (f) AA6201 component in bimetallic rod with Ø5 steel core after
four ECAP passes. Note that (a, b) were taken normally to <001> zone axis, whereas, due to
the strong diffraction contrast, (c-f) were not taken on zone axis. The occurrence of strain
contours in some of the images should be noted.
The dynamic ageing of 6xxx series Al alloys under severe plastic deformation has been
studied by a number of groups. The main finding is that the severe plastic deformation can
cause fragmentation of metastable β’ phase into several parts with spherical shape [392]. With
increasing amount of plastic deformation, they grow to nano sized solute aggregates, which
process is accompanied with a depletion of solid solution [371]. The high density of ECAPinduced crystal lattice defects such as vacancies and dislocations can increase the diffusivity
of solutes in a very significant way, thus accelerating dynamic ageing [389, 391-393]. Based
on this knowledge, it can be summarised that, due to load sharing between the steel core and
the AA6201 cladding, ECAP processing can provide a strain on the cladding layer sufficient
to achieve effective dynamic ageing, therefore ‘purify’ the bulk through formation of nano
scale solute clusters analogous to what was found for HPT processing [371]. This is at
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variance with the case of stand-alone AA6201. It can be conjectured that the strain provided
by ECAP was insufficient to induce simultaneous increase of strength and conductivity was
not achieved in this case.

6.5 Discussion
From the quantitative analysis by XRD and TEM conducted in this study, it can be seen that,
under the same processing conditions, the AA6201 component of the hybrid material with an
embedded steel core went through more efficient dynamic recrystallisation (as revealed by
the smaller average grain size and the morphology of the grains) and dynamic ageing (as
reflected in the magnitude of the lattice parameter) than stand-alone AA6201. In addition, by
comparing different hybrid materials, it was found that the geometry of the rod, i.e. the
core/rod diameter ratio, has a strong influence on the interface bonding. These phenomena
lead us to discuss the size effect on co-deformation mechanism. By analogy with the codeformation mechanism that has been considered for extrusion [353], spiral extrusion [394],
and accumulative roll bonding [395], the microstructure evolution in the current system can
be associated with friction between the AA6201 cladding layer and the die wall on its outer
surface and the steel core on its inner surface.
During ECAP deformation, the die wall causes a frictional shear stress in the AA6201 layer
acting in the direction opposite to the extrusion direction. With the steel core having a
different flow velocity, there is also a friction shear stress acting in the extrusion direction at
the interface between AA6201 and steel. The flow velocity difference between the regions
near the outer surface of the rod and the interface decreases with increasing cladding layer
thickness. This phenomenon was also found in extrusion process [353]. Due to a smaller
distance between the two friction surfaces, a thinner cladding layer would be experiencing a
higher level of shear stress, which is consistent with a more pronounced grain refinement in
this case, as observed experimentally, cf. Fig. 6.12 (b) and Fig. 6.13 (b).
Obviously, the load sharing between the steel core and the AA6201 according to the area
ratio between them determines the level of stresses acting in both constituents. In addition,
plastic deformation near the interface depends on the inherent mechanical properties of the
two materials involved. Aluminium as the softer component accommodates more plastic
strain than steel. That is why for a thicker AA6201 cladding layer, the grain refinement
within the steel core is limited (as seen in Fig. 6.12 (d)), as compared to the very fine grain
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structure observed in Fig. 6.13 (d) for a thin AA6201 layer. Also, the occurrence of a shear
band in the steel core of 5 mm diameter is a sign that strain accommodation therein was
reaching its limits, plastic instability setting in.

6.6 Summary of this chapter
AA6201/316L steel bimetallic rods were successfully produced using ECAP. This technique
has the potential to be scaled up for the application in overhead transmission lines. Bimetallic
rods with different geometry factors of the steel core and Al cladding produced in this way
were investigated. It was found that, beside the sound interface after processing, ECAP can
significantly increase the mechanical performance of the hybrid rods. Moreover, among the
three variants considered, one kind of geometry, viz. a bimetallic rod with a steel core of 3
mm in diameter and Al sheath 3.5 mm in thickness exhibited an outstanding performance in
terms of simultaneous increase of mechanical strength and electrical conductivity after ECAP
processing.
It was found that an embedded steel core can promote the dynamic recrystallization and
dynamic ageing processes in AA6201 cladding components. The working hypothesis is that
under co-deformation by ECAP, the Al sheath accommodates a greater plastic strain than a
mono-material rod under the same processing condition. In addition, the friction shear stress
provided by the steel core also contributes to development of favourable microstructure. Thus,
on top of simple shear and hydrostatic pressure imparted to the material in the ECAP process,
friction shear stress between the cladding layer and the core also influences the interface
properties and the local microstructure evolution near the interface. More specifically, having
larger hard core material and a thinner cladding layer, while keeping the outer diameter of the
bimetallic rod unchanged, leads to a more pronounced grain refinement in both constituents
of the hybrid structure. A thinner core and a thicker cladding layer contribute to better
interface bonding. An optimum should be sought on the basis of these findings, depending on
the targeted levels of strength, electrical conductivity, durability of the rods, and cost of
production.
.
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7.1 Outline of this chapter
In this PhD work, the hypothesis that ECAP can be employed as an effective and special
technique for designing and manufacturing architectured multicomponent materials was
validated for three case studies. Whilst being different with regard to the object of processing,
the three sub-projects demonstrated that not only can ECAP produce a macro-scale
architecture, but it can also refine the microstructure in each constituent of the hybrid
material fabricated. In addition, these three sub-projects extended the potentialities of ECAP
in the area of architectured multicomponent materials. The main contribution and the major
findings of these three studies to the field of multicomponent materials and SPD techniques
are reviewed and summarised. They laid the groundwork for further studies that should help
closing the gaps between the process designs explored in the thesis at laboratory scale and
real engineering products.

7.2 Al/Mg machining chips compacts
In the first sub-project, machining chips were used for the first time as the raw materials to
produce multicomponent material. The processing chain of this route is shown in Fig. 7.1.

Figure. 7. 1 Schematic illustration of the processing chain of the first sub-project – using
ECAP to fabricate metal-metal composites and intermetallic-metal composites from
machining chips
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In this study, we found that by employing ECAP and careful design, machining chips could
be used as valuable raw materials to fabricate multicomponent materials with a high strength
to weight ratio and high ductility. This favourable combination of properties was achieved
thanks to the the high bonding strength between the constituents and the tangled as-deformed
architecture. The formation of high strength bonds is caused by the efficient consolidation
and ultrafast interdiffusion between chips. The tangled architecture is derived from the
unique morphology and length scale of machining chips. As shown in Fig. 7.2, machining
chips, with their helical shape and millimetre to centimetre size, fill the hole in the length
sales of conventional components of hybrid materials, such as powders and 2D layers.

Figure. 7. 2 The unique morphology and length scale of machining chips among other raw
materials for fabricating multicomponent materials
Furthermore, the role of the parameters of ECAP processing in this application was also
investigated. First, with regard to strain path, in comparison with route BC, route A imparts a
larger plastic strain to machining chips thus enabling better densification and higher strength.
Second, increasing back pressure can facilitate interdiffusion between chips due to higher
imposed hydrostatic pressure on mating surfaces. Third, by conducting annealing treatment at
elevated temperature, the diffusion bonding can be enhanced and lead to better mechanical
performance. Finally, perhaps the most significant finding was the simultaneous increase of
strength and ductility of the billet after ECAP at 300˚C with respect to the results of ECAP at
room temperature. This effect can be associated with the formation of intermetallic phases at
interfaces that enhanced the bonding strength and the (quasi)-static recovery of the severely
deformed microstructure of the constituent metals during ECAP processing.
Even though the findings point to a new route of manufacturing multicomponent materials,
the mechanical properties of the materials fabricated in this study are inferior to those of the
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massive Al and Mg alloys [396, 397]. Nevertheless, it is believed that there still are lots of
opportunities for improving the processing performance.

7.2.1 Maximising interface density and minimising interface space
Due to the importance of the heterophase interfaces with respect to both mechanical and
functional properties as stated in Chapter 2, it would be worthwhile trying out 50 vol.%
composition of both kinds of machining chips to achieve the maximum interface density.
Furthermore, by increasing the number of ECAP passes, fragmentation of chips and decrease
of interface space is expected. It will be interesting to know what the most efficient strain
path for reducing the interface excess volume would be and how much space reduction can
be achieved for various numbers of passes. By conducting such further studies, more value
may be added to tangled architectured multicomponent materials produced from machining
chips.

7.2.2 Using different kinds of materials
In addition to the combination of Al and Mg, further possibilities and applications can be
obtained by using different kinds of machining chips. For example, Al and Ti machining
chips can be used for lightweight applications. Considerable amount of machining chips of
both materials are produced annually [250, 398]. Besides, combinations of them have been
studied in several architectures such as multilayers and multifilaments, using a number of
techniques. These include accumulative roll bonding (ARB) [399] and accumulative drawing
[155]. In addition, it will also be promising to try compacting Cu and Nb machining chips
together using ECAP. By imposing a large number of passes, the phase fragmentation is
expected to occur, which would lead to an increase of interface density and a decrease of
interface spacing. Compared with a continuous nanolayered Cu/Nb fabricated by ARB [162],
as shown in Fig. 7.3, this proposed route may provide a discontinuous and tangled
nanolayered architecture which also has potential applications in the area of radiation tolerant
and shock resistant materials.

131

Chapter 7 Conclusion and Recommendations for Future Work

Figure. 7. 3 Optical micrographs showing the evolution of multi-layered Cu/Nb with
increasing number of ARB processes [400]

7.3 Porous Ti and porous Ti/Mg
In the second sub-project, by incorporating the space holder method, ECAP compaction was
first used for fabrication of porous structure. The processing chain is shown in Fig. 7.4.

Figure. 7. 4 Schematic illustration of the processing chain of the second sub-project – using
space holder enabled ECAP to fabricate a porous scaffold
Compared with traditional powder compaction methods, the strength of ECAP compaction is
quite conspicuous in this application. The first and most significate outcome is the successful
synthesis of porous Ti/Mg composite with ultrafine-grained Ti pore walls. This was achieved
owing to the low processing temperature and the elimination of high temperature post
annealing. Again, this demonstrated the usefulness of severe plastic deformation in terms of
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interfacial bonding and microstructure refinement it enables. Second, the method also stands
out from the viewpoint of the strain hardening behaviour and ductile failure of this material it
produced. Third, quite fortunately, it was found that during processing, the inevitable
redistribution of particles due to the mismatch of Young’s modulus and particle sizes is
beneficial for stronger and thicker pore walls. F, it was also interesting to observe that, due to
Ti oxide layer breakage during processing, a unique morphology of pore surfaces was
obtained as a result of a chemical reaction between NaOH and fresh Ti. This pore surface
morphology was found to be conducive for interaction of the porous scaffolds with
preosteoblast cells.
Based on these promising results, further work directed at perfecting the proposed fabrication
route appears worthwhile.

7.3.1 Biological test of porous Ti/Mg composite
For intended medical applications, porous Ti/Mg composite maybe a more attractive product
than porous Ti. The higher strength of the composite ensures a higher load bearing capability
in the beginning and continual reduction of stiffness through dissolving of Mg during the
healing process. Therefore, it will be necessary to predict how long it will take to completely
dissolve the Mg component from the porous Ti/Mg composite. This can be done by mass loss
measurement, in which the samples is be immersed in a simulated body fluid for various
times and the weight loss percentage is determined as (WBefore

immersion

− WAfter

immersion)

/WBefore immersion, where W denotes the weight of the sample [401, 402]. Since Mg phase takes
20 vol.% of the porous Ti/Mg composite, its weight can be calculated. Therefore, its
degradation rate can be predicted based on such measurements.

7.3.2 Fabrication of ultrafine-grained porous Mg
Porous Mg scaffolds is a promising biodegradable product that is receiving increasing
attentions in recent years [403-405]. Compared with full dense, bulk Mg medical devices, the
interconnected porous structure allows tissue ingrowth into the pores, prevents implant
loosening, permits the transport of body fluid and provides possible pathways for drug
delivery [403, 406]. However, due to the higher surface area, porous Mg is more prone to be
corroded [404]. Besides, its strength is lower than that of its bulk counterpart. Here, using
similar route, ultrafine-grained porous Mg is expected to be fabricated. Zn as a biocompatible
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and bioresorbable metal can be used as the space holder material and leached out in body
fluid or aqueous solution of sodium hydroxide by the reaction given below [407]:
Zn(s) + 2NaOH(aq) + 2H2 O(aq) = Na2 Zn(OH)4 (aq) + H2 (g)

(7.1)

Because of the expected ultrafine-grained microstructure, the corrosion resistance and
strength of the Mg struts are believed to be higher than those produced by traditional methods
[408, 409]. Moreover, by imposing high back pressure, it is possible to add drug powders to
the mixture of Mg and Zn and conduct the consolidation at room temperature. Antiinflammatory or other drugs can be gradually realised when Mg is dissolving in the body
[406, 410].

7.4 Al/Steel bimetallic rod
In the third sub-project, ECAP was adapted to processing of bimetallic rod with concentric
jacket/core architecture. The targeted application is in wires for advanced overhead
transmission lines. The processing chain is illustrated in Fig. 7.5. It can be upscaled for
continuous manufacturing of the composite wire.

Figure. 7. 5 Schematic illustration of the processing chain of the third sub-project – using
ECAP to fabricate bimetallic rod with concentric jacket/core architecture
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In this study, a new design strategy for attaining high strength and high electrical
conductivity in the bimetallic rod architecture was achieved. This is due to grain refinement
in both components and enhancement of solid solution decomposition in the Al alloy
component. Perhaps the most significant finding in this work is about the co-deformation
mechanism. Comparing between a single phase Al rod and a hybrid of steel with an Al jacket
layer in a bimetallic architecture, one can recognise that the latter went through considerably
higher rate of dynamic recrystallisation and dynamic ageing. Within the jacket/core
concentric architecture, the microstructure evolution in both constituents can also be altered
by varying the volume fraction of jacket and core components. Specifically, a larger core and
thinner jacket would lead to a more efficient grain refinement in both constituents. A slimmer
core and thicker jacket layer would contribute to better interface bonding. This is an
interesting example of how the properties of the composite can be controlled by varying its
architecture.
We note that after ECAP processing of a bimetallic composite with a particular geometry, the
mechanical strength was significantly improved while electrical conductivity was maintained.
These results can thus be considered as a successful proof of concept. However, there is still a
long way for this design to be taken up by industry. More systematic experiments and
simulation studies are necessary to have a convincing case for pushing this approach towards
real engineering applications.

7.4.1 Test of more geometries
Even though it was found that the co-deformation caused by embedment of hard core can
accelerate microstructure refinement of jacket material, it would be interesting to further
reduce the diameter of the steel core below 3mm and investigate when it will no longer
contribute to microstructure variation of the jacket layer. Obtaining this value can help the
design reduce the use of steel and achieve higher electrical conductivity and specific strength
of the hybrid wire.

7.4.2 Development of finite elements tool
During the ECAP deformation, the initial concentric architecture was inevitably changed by
metal flowing between the constituents. Thus, the core was inclined to the axis in the jacket
layer. Because the targeted architecture is set as a concentric pattern, it will be very useful to
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develop a finite element tool for optimisation of initial geometrical pattern by back
simulation for a certain ECAP processing route.
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