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ABSTRACT

Severe plastic deformation (SPD) is a metal forming process in which a very large
plastic strain is imposed on a billet in order to make an ultra-fine grained metal.
Among all SPD processes, equal channel angular extrusion or pressing (ECAE/P) is
an attractive processing method because of its simplicity and the possibility to scale
up the technique for use in industrial applications. ECAE/P was originally developed
by Segal et al. in the beginning of the 1980s’ to introduce a homogeneous simple
shear deformation into billets without any change in its dimensions. There are various
types of ECAP that have been developed and applied in the production of fine grained
structures like ECAP of rods, bars, tubes etc. Many industrially important materials
such as commercially pure (CP)-Ti and its alloys, CP-Al and its alloys, etc. have been
processed by ECAP.

In the present study, ECAP of CP-Ti rod in the wrought form, CP aluminium rod and
tube in cast and wrought forms and Al-5Zn-1Mg alloy rod and tube in cast form using
a die channel angle of 150° were investigated for various passes using four
fundamental processing routes: route A where the sample is pressed repetitively
without any rotation, route Ba where the sample is rotated by 90° in alternate
directions between consecutive passes, route B¢c where the sample is rotated in the
same sense by 90° between each pass and route C where the sample is rotated by180°
between passes. Mechanical properties of as-received and as-pressed billets after each
pass were determined by Vickers hardness and tensile tests. Frictional property was
determined by ring compression testing. The as-received microstructure and its
evolution due to ECAP were characterized by optical microscopy. Failure analysis of
fractured billets was characterized by scanning electron microscope (SEM).
Compression testing was carried out for as-received and as-pressed billets to
determine the flow properties before and after ECAP. Peak extrusion pressure was
estimated for each pass for various routes by carefully recording the peak force for

each pass.



Processing of CP-Ti at room temperature resulted in improved strength with reduction
in ductility. In spite of increased strength the peak punch pressure decreased as the
number of passes was increased to three. Processing of CP-Al rod in the cast form at
room temperature resulted in improved strength. Flow properties like strength
coefficient (K) and strain hardening exponent (n) were also found to increase as
number of passes was increased to two. The peak punch pressure increased for second
pass compared to the first pass. CP-Al rod in the cast form failed in the third pass. A
failure analysis of the same was carried out with the help of SEM. Processing of CP-
Al rod in the wrought form at room temperature resulted in improved strength with
reduction in ductility. The peak punch pressure increased as the number of passes was
increased to four. Al-5Zn-1Mg rod in the cast form failed during the second pass for
all the temperatures selected for the study (303-673K). Friction factor (m) for Al-5Zn-
1Mg was determined in the temperature range of 303-673K. The maximum plasticity
was observed in the temperature range of 373-573K where a hardness improvement is
also seen. Processing of CP-Al tube in the wrought form at room temperature resulted
in improved hardness. The peak punch pressure increased as the number of passes
was increased to three. CP-Al and Al-5Zn-1Mg tube in cast form could not withstand
even a pass. Failure analysis was carried out and crack propagation was observed
clearly. Out of the four routes employed in the study route B (Ba or Bc) showed
superior mechanical properties in all the chosen metals and alloy. As far as peak
punch pressure is concerned route A showed the least punch pressure for CP-Ti after
three passes, whereas for CP-Al, route C showed lowest punch pressure except in
tubular form where route A showed the minimum punch pressure. From the present
study it is clear that the different microstructural parameters for grain refinement
criterion may give rise to different conclusions on the effectiveness of deformation

route.

Keywords: Severe plastic deformation (SPD), Equal channel angular extrusion or

pressing (ECAE/P), Titanium, Aluminium, Peak punch pressure.
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CHAPTER 1

INTRODUCTION

The primary objective of metal working is to change billet shape and dimensions by
various forming operations such as forging, rolling, extrusion and so forth.
Simultaneously, plastic deformation is also recognized as an effective method for
structure alteration and property improvement of metals and alloys. Until recently,
traditional forming processes have been used to attain both goals. Multiple reductions
of a billet cross section associated with traditional processing require high pressures

and loads, powerful machines and expensive tooling.

There are especially difficulties to be overcome when producing large or massive
products in the processing of new materials with stringent requirements for structure,
texture and other properties. In these cases, the conventional processes are not optimal
and special deformation methods must be developed with advanced technologies to
solve many metallurgical and industrial problems. As a scientific concept, such an
approach may be linked to the work in the 1930s’ and 1940s’ of Bridgeman who used
torsion combined with compression to attain very large plastic strains. Although
Bridgeman’s anvils could be applied only to thin discs, this technique realizes
intensive simple shear under high hydrostatic pressure that was essential for later

developments [Segal, 2006].

Grain refinement is one of the techniques, which provides finer grains and hence ultra
high strength and ductility combination demanded for ambient and cryogenic
temperature applications. On the other hand, severe plastic deformation (SPD) is an
effective tool for producing bulk nanostructured metals. As a new materials
processing technology, severe plastic deformation (SPD) was introduced by Segal et
al. in the beginning of the 1970s’ at the Physical Technical Institute in Minsk, Russia.
The main advantage of these SPD processes is that very high strain can be imparted to
a specimen by repeatedly processing the material several times using the same die.

This leads to the accumulation of plastic strain in the material. Conventional metal

1



forming processes do not provide such high levels of strain to the material without
failure. Materials produced by severe plastic deformation are 100% dense,
contamination free and sufficiently large for use in real commercial structural
applications. These fine grained materials are found to have excellent super plasticity,
high wear resistance, enhanced high cycle fatigue life and good corrosion resistance.
They exhibit higher strength and hardness along with optimum values of ductility.
The superior properties of these materials are derived from their unique
microstructures which control deformation mechanisms and mechanical behavior.
These characteristics of SPD process make themselves a novel technique in material
processing. Several SPD processing methods are now available. These include high
pressure torsion (HPT)[Sakai et al.,2005], equal channel angular pressing or
extrusion(ECAP/E)[Segal et al.,1981], equal channel angular
drawing(ECAD)[Chakkingal et al.,1998], multiple forging[Salishchev et al.,1993] and
cylic extrusion and compression (CEC) [Korbel and Richert, 1985]. For sheet metals,
accumulative roll bonding (ARB) [Saito et al., 1998], repetitive corrugation and
straightening (RCS) [Huang et al., 2001], constrained groove pressing (CGP)[Shin et
al., 2000] and constrained groove rolling [Lee and Park, 2002]. Among all these
processes, ECAP/E is an attractive processing method because of its simplicity and
there is a possibility to scale up the technique for use in industrial applications
[Langdon, 2007].

Equal channel angular pressing or extrusion (ECAP/E) was originally developed by
Segal et al. (1981) in the beginning of the 1980s’ in the last century to introduce a
homogeneous simple shear deformation into billets without any change in its
dimensions. Since the early 1990s’, the method was spreading out worldwide and has
been improved by many research groups [Matthias Hockauf et al., 2008]. Equal
channel angular extrusion is a material processing technique through which an ingot
in the form of either cast or wrought are subjected to intense plastic straining, through
two channels of equal cross-section intersecting at an angle 2¢ that varies between
60°-150°, which produces submicron grain structure without residual porosity. Since
the two sections of the channels within the die are equal in cross section, there is no

change in the billet dimensions during processing [Saravan et al., 2006]. This
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facilitates repetitive extrusion through the ECAP channels. The intense plastic
straining of the billets takes place at the intersection line between the two channels,
where the material is subjected to simple shear strain, the magnitude of which
depends on the angle 2¢. One important characteristic of ECAP is its ability to
fragment the bulk materials structure by simple shear into a very fine grain size of one
order of magnitude less than that produced by any conventional processing
method.[Segal, 1995,Chakkingal and Thomson, 2001,Cornwell et al., 1996,Stolyarov
etal., 2001, Horita et al., 2000 and 2001].

A schematic diagram of ECAP die with round corner intersections is shown in Fig.
1.1. A well-lubricated billet of almost same cross section is placed in the top channel
and extruded into the intersecting channel by a punch [Segal, 1995 and Langdon et
al., 2000]. It is believed that the stress characteristics are uniform in the cross section
of the billet and that this uniformity of the stress-strain distribution ensures the
uniformity of microstructure and mechanical properties in the processed billet
[Lapovok, 2005].

«—— Punch

«—— Die

2¢

Test
Material

Fig. 1.1 Schematic diagram of equal channel angular pressing (ECAP) die with round

corner

ECAP employs different processing routes for the deformation. Four fundamental
processing routes have been identified: these are route A where the sample is pressed
repetitively without any rotation, route Ba where the sample is rotated by 90°in

alternate directions between consecutive passes, route B¢ where the sample is rotated



in the same sense by 90° between each pass and route C where the sample is rotated

by180° between passes [Nakashima et al., 2000].

The various types of ECAP that have been developed and applied in the production of
fine grained structures are conventional ECAP of rods and bars [Nakashima et al.,
2000 and Segal, 1995], ECAP of plate samples [Kamachi et al., 2003],ECAP with
rotary dies, side-extrusion and multi-pass dies[Ma et al., 2005, Azushima and
Aoki, 2002 and Nakashima et al., 2000],ECAP with parallel channels[Raab, 2005],
continuous processing by ECAP [Han et al., 2002,Nam et al., 2003 and Park et al.,
2004], ECAP—conformed process[Raab et al., 2004],consolidation by ECAP[Matsuki
et al., 2000] and ECAP of tubular specimen[Nagasekar et al., 2006].

Many industrially important materials such as commercially pure Ti and its alloys,
commercially pure Al and its alloys, commercially pure Mg and its alloys, steels,

composites etc. have been processed by equal channel angular pressing.

After surveying the available literature, it was found that very less amount of data is
available for ECAP using higher die angles. Most of the published research has dealt
with fundamental issues in metallurgy such as development of sub-grain structures,
grain refinement, formation of shear bands and development of texture in solid
materials. Limited literature related to a die of channel angle 150° and property
enhancement of rod and tubular specimen using ECAP have been reported. Not much
study related to analysis of extrusion pressure during property enhancement of
materials in the form of rods and tubes using ECAP have been reported. No work on
commercially pure titanium rod was carried out with a die angle of 150°whereas
Nagasekhar et al. (2006) conducted studies in the ECAP of tubular CP-Ti using same
die angle. No work on ECAP of commercially pure aluminium and Al-5Zn-1Mg in

the cast and wrought form either as rod or tube with die angle of 150° is reported yet.



1.1 SCOPE OF THE PRESENT WORK

The scope of the present work is to study the candidature of the ECAP process for
commercially pure Ti rod in the wrought form, commercially pure aluminium rod and
tube in cast and wrought form and Al-5Zn-1Mg alloy rod and tube in cast form using

a die channel angle of 150°.

1.2 OBJECTIVES

The objectives of the present research work were as follows:

1. To analyze the stress for forming commercially pure Ti using ECAP and its
influence over the mechanical properties and microstructural evolution.

2. To analyze the stress for forming commercially pure aluminium in the cast and
wrought form for rods and tubes using ECAP and its influence over the
mechanical properties.

3. To analyze the stress for forming Al-5Zn-1Mg in the cast form for rods and
tubes using ECAP and its influence over the mechanical properties and

microstructural evolution.

1.3 STRUCTURE OF THE THESIS

A detailed review of the available literature on current knowledge of ECAP processing
along with some remarks on the gap existing in the ECAP of titanium, aluminium and
aluminium alloys are presented in Chapter 2.

Chapter 3 describes the ECAP die and testing methods to determine strength and ductility
of ECAP processed samples. Experimental set ups and procedures followed for ECAP of
rod and tube are also presented in the same chapter.

The results of mechanical property evaluation, microstructures, fractographs and analysis

of punch pressure of all the chosen metals and an alloy are presented in Chapter 4.



A detailed interpretation and analysis of the results was carried out and the related
discussions are presented in Chapter 5. The conclusions drawn based on these discussions
are listed in Chapter 6.



CHAPTER 2

LITERATURE REVIEW

There are several well-established methods for subjecting metallic samples to an
imposed strain, including the standard industrial metal-working processes like rolling,
forging and extrusion. All of these methods demand a change in the physical
dimensions of the sample. By contrast, equal channel angular extrusion/pressing
(ECAE/P) differs from these conventional processes because the cross-sectional

dimensions of the sample remain unaltered during straining.

Historically, ECAP was developed in the Soviet Union almost thirty years ago but the
process has received significant interest in western countries only within the last
fifteen years [Furukawa et al., 2001]. Several parameters in ECAP can be changed,
such as route type, the number of passes, the extrusion temperature, and pre- or post-
ECAP processing. Heat treatments, annealing, and cold working can be applied before
or after ECAP. Thus, ECAP provides a vast selection of parameters, which in turn,
can yield a wide range of material properties and microstructures. It has also been
suggested that the use of back pressure during ECAP, in which pressure is applied at
the opposite end of the billet as it is pressed through the extrusion channel, can

provide high hydrostatic pressure levels [Cathleen Ruth Hutchins, 2007].

2.1 PRINCIPLE OF ECAE/ECAP

ECAP is a forming technique capable of producing uniform plastic deformation in
various materials, without causing significant change in geometric shape or cross
sectional area. It involves simple shear deformation which is achieved by passing the
billet through a die containing two channels of equal cross section that meet at a
predetermined channel angle usually between 60° to 150°. The effective strain that is
imposed on the specimen increases as the channel angle decreases. An important
advantage of ECAP process is that a large amount of strain can be imposed without

any major changes in the dimensions of the work piece. As the cross section of the
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specimen is not altered, the material can be processed over and over again to achieve
very large strain. Multiple pressing of specimen by ECAP also helps to achieve
complex microstructures and textures by changing the orientation of the billet during

successive pressings.

The schematic diagram of ECAP process is shown in Fig.2.1 [Tjong and Haydn,
2004]. It consists of two channels of equal cross sections intersecting at an angle ¢.
The billet placed in the first channel entry is extruded out of the second channel exit
by the application of load using a punch. It has been demonstrated that, after
extrusion, the entire billet is plastically deformed by simple shear except a small part

at the ends.
plunger

die ¢

sample

Fig.2.1 The schematic diagram of ECAP process
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2.2 DEVELOPMENT OF PROCESSING USING ECAP

Various types of ECAP have been developed and applied in the production of fine-
grained materials. They are described below

2.2.1 Conventional ECAP Of Rods And Bars

The sample, in the form of a rod or bar, is machined to fit within the channel and the
die is placed in some form of press so that the sample can be pressed through the die
using a plunger. In practice, many of the investigations of ECAP involve the use of
bars with square cross-sections and dies having square channels. It is convenient to
develop processing routes for these samples, in which the billets are rotated by
increments of 90° between each separate pass. The same processing routes are also
easily applied when the samples are in the form of rods with circular cross-sections
[Nakashima et al., 2000 and Segal, 1995].

2.2.2 ECAP Of Plate Samples

For some industrial applications, such as the use of the ultra-fine-grained (UFG)
materials produced by ECAP in super plastic forming operations, it is necessary that
the as-pressed samples are in the form of thin metallic sheets. This requirement has
prompted an interest in the possibility of applying ECAP to plate samples where the
as-pressed materials can be readily prepared for use in conventional metal forming
facilities. A limited number of reports are now available on the application of ECAP
to plate samples [Kamachi et al., 2003, 2004, Ferrasse et al., 2004]. Unlike the bars
and rods described in the preceding section, the number of possible rotations between

passes is limited.



2.2.3 ECAP With Rotary Dies, Side-extrusion and Multi-pass Dies

An important limitation in conventional ECAP, as described in the preceding sections,
is that the sample must be removed from the die and reinserted, with or without an
intermediate rotation, in order to achieve large numbers of passes and a high imposed
strain. These operations are both labor-intensive and time-consuming. Accordingly,
several procedures are under development to avoid these limitations. A simple
procedure that effectively eliminates the need for removing specimens from the die
between each pass is to make use of rotary-die ECAP [Ma et al., 2005, Azushima and
Aoki, 2002 and Nakashima et al., 2000].The facility consists of a die containing two
channels, having the same cross-section, intersecting at the center of the die at an
angle of 90°. Three punches of equal length are inserted in the lower section of the
vertical channel and in the horizontal channel .The sample is inserted in the vertical
channel so that it rests on the lower punch and an upper punch is inserted to press the
sample with a plunger. However, a significant advantage of this type of pressing is the
simplicity of operation. For example, rotary-die ECAP has been used effectively for
consecutive pressings up to a maximum of 32 passes [Ma et al., 2005]. However, a
disadvantage of the process is that the aspect ratios of the sample are small so that end
effects may lead to significant inhomogeneities [Ma et al., 2005]. An alternative but
physically similar approach is the side-extrusion. This process uses four punch-pull
cams which are capable of generating high forces during operation. This procedure
has been used effectively for pressing up to 10 passes [Azushima and Aoki, 2002].

An alternative procedure, which does not require the acquisition of a complex
pressing facility, is to construct a die having multiple passes. This type of die is useful
in order to compare the microstructural characteristics in the same specimen after

different numbers of passes.

2.2.4 ECAP With Parallel Channels

There is an important new development showing the potential for conducting ECAP
using a facility containing two parallel channels. Some early results are available,
which were obtained by making use of this approach [Raab, 2005] but the most recent
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approach, combining a two-dimensional finite element method simulation and direct
experiments, provides a very clear demonstration of the advantage of pressing with
two parallel channels. A distinctive feature of ECAP with parallel channels is that,
during a single processing pass, two distinct shearing events take place [Raab, 2005].
This means in practice that there is a considerable reduction in the number of passes

required for the formation of an ultra-fine-grained structure.

2.2.5 Continuous Processing By ECAP

Continuous confined strip shearing, equal-channel angular drawing and conshearing
processing by ECAP have attracted considerable attention because it produces ultra-
fine-grained materials with unique physical and mechanical properties suitable for
important applications in industry. Some initial effort has been made in developing
processing technique for long metal strips. First, a process was developed using a
rolling facility combined with the principles of ECAP [Han et al., 2002, Nam et al.,
2003 and Park et al., 2004]. This process was variously designated as continuous
confined strip shearing [Han et al., 2002], dissimilar-channel angular pressing
(DCAP) [Nam et al., 2003] and equal-channel angular rolling (ECAR) [Nam et al.,
2003 and Park et al., 2004]. Second, equal-channel angular drawing (ECAD) was
proposed as a potential route for the processing of rod samples [Chakkingal et al.,
1998,1999] but subsequent calculations, combined with experiments, demonstrated
that ECAD entails a reduction in the cross-sectional area of the sample by >15% so
that it cannot be used effectively for multi-pass processing [Alkorta et al., 2002].
Third, the conshearing method was proposed for use with metal strips [Saito et al.,
2000, Utsunomiya et al., 2004] and this process, which employs a continuous rolling
mill. Despite the apparent success associated with these various procedures, the
results obtained to date cover only a very limited range of materials and they deal also
with the processing of very small batches of each alloy.
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2.2.6 ECAP-conformed Process

The conform extrusion process was developed over thirty seven years ago for the
continuous extrusion of wire products but very recently it has been conveniently
combined with ECAP in the ECAP—conform process [Raab et al., 2004]. In this
process, the principle used is to generate a frictional force to push a work-piece
through an ECAP die which is similar to conform extrusion process, but using a
modified ECAP die design, so that the work-piece can be repetitively processed to
produce UFG structures. It includes a rotating shaft in the center, which contains a
groove, and the work-piece is fed into this groove. The work-piece is driven forward
by frictional forces on the three contact interfaces with the groove so that the work-
piece rotates with the shaft. However, the work-piece is constrained within the groove
by a stationary constraint die and this die also stops the work-piece and forces it to
turn at an angle by shear as in a regular ECAP process. In the current set-up, the angle
is close to 90° which is the most commonly used channel intersection angle in ECAP.
This set-up effectively makes the ECAP process continuous. Other ECAP parameters,

such as the die angle and the strain rate, can also be incorporated into the facility.

2.2.7 Consolidations By ECAP

Although ECAP is generally associated with the processing of solid metals, it may be

used also for the consolidation of metallic powders too [Matsuki et al., 2000]. An
important difficulty in the pressing of powders is that cracking occurs readily on the
surface of the pressed samples. To avoid cracking during ECAP consolidation, the
powders were inserted into a tight-fitting outer jacket of the same alloy and pressed at
the required temperature. It was shown recently that the propensity for cracking can
be significantly reduced, or even eliminated, by pressing under a confining back-
pressure [Xia and Wu, 2005].These and other similar results confirm, the potential for
using ECAP as a tool in powder consolidation for the production of UFG

microstructures.

12



2.2.8 ECAP Of Tubular Specimen

Nagasekar et al. (2006) studied the candidature of the ECAP process for processing of
materials in tubular form using commercially pure titanium (CP-Ti). The scientific
parameter that characterizes the resistance to flow during extrusion is the shape
difficulty factor (SDF). As the shape difficulty factor is high in tubular specimen
geometries compared to solid shapes, significant differences are expected as far as
extrusion/pressing pressures, microstructures, and mechanical properties are
concerned. In general, higher the value of SDF, higher is the pressure needed for
extrusion. In extrusion of tubes, an addition to the extrusion pressure arises due to the
presence of the mandrel which is inserted inside the tube while ECAP is carried out.
Nagasekhar et al. (2006) also investigated the potential of commercial grade
aluminium alloy (6010) for the ECAP process for the processing of tubular specimen.
They suggested, if mechanical property enhancement can be achieved through this
process, it can be used for the processing of light weight tubular torque transmission
shafts that are subjected to combined axial, torsional, and bending stresses. The study
included the influence of ECAP on tubular specimen geometries in enhancing the

properties with respect to conventional extrusion.

2.3 CONSTRUCTION OF ECAP FACILITY

Normally construction of a conventional ECAP facility is by machining a two-piece
split die consisting of a highly polished smooth plate bolted to a second polished plate
containing a channel on its side. This type of die is well suited for laboratories and
can be used for multiple passes provided care is taken to manually tighten the bolts
between each separate pass. A suitable lubricant such as MoS; is generally used to
minimize frictional effects at the die walls.

However, an alternative approach for minimizing friction is to make use of more
complex configurations incorporating moving die walls [Segal, 2003, 2004, Semiatin
et al., 2000]. An alternative approach is to construct a solid die from tool steel. Solid
dies have an advantage because they avoid any problems associated with the extrusion
of as lender piece of material between the separate parts of a die.

13



However, solid dies require the use of a channel having a circular cross-section and,
in addition, the die must be constructed with a finite outer arc of curvature at the point
of intersection of the two parts of the channel so that w=0°. When working with solid
dies, it is important to note that it is necessary to remove each specimen from the die
by pressing the next specimen into the die. In practice, therefore, the final specimen is
generally removed using a dummy specimen which then remains within the die. The
scaling of ECAP processing to incorporate large billets and the pressing of hard-to
deform materials require more complex construction of the ECAP facilities in order to
maintain enhanced loading during the pressing operation. This is true also for the
development of ECAP processing for commercial use conditions. In the present study,
a two-piece split die made of high speed steel of 150° die channel angle and outer

angle of curvature of 30° is used.

2.4 FUNDAMENTAL CHARACTERISTICS IN ECAP

ECAP is a metal flow process operating in simple shear and characterized by several
fundamental parameters such as the strain imposed in each separate passage through
the die, the slip systems operating during the pressing operation and the consequent
shearing patterns present within the as-pressed billets. Taken together, these various
processes define uniquely the precise nature of the pressing operation.

2.4.1 Strain Imposed In ECAP

Iwahashi et al. (1996) have given the expression by analytical approach for the shear

strain imparted per pass as,
y=2cot (q)+ %) +p (d)+ g) (2.1)

where, 2® is the angle of intersection and YV is the angle of curvature.
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This is derived for ideal conditions of pressing. In reality, several factors should be
taken into account such as the friction in the channel walls, flow localization, material
properties etc. For the situation where W = 0° (i.e. die has a sharp corner), the shear
strain per pass is given by,

y = 2cotd (2.2)

As the number of passes increases the amount of strain also increases. Segal et al.

(1995) has given the expression for total equivalent strain per pass as

_ 2

€= \EcotCD (2.3)

For N passes, the total equivalent stain is given by,

_2N
6= cotd (2.4)

2.4.2 Processing Routes In ECAP

There are four basic processing routes in ECAP and these routes introduce different
slip systems during the pressing operation so that they lead to significant differences
in the microstructures produced by ECAP [Nemoto et al.,1998, Horita et al., 2000,
Furukawa et al., 2003]. The four different processing routes are summarized
schematically in Fig. 2.2 [Nakashima et al., 2000]. In route A the sample is pressed
without rotation, in route Ba the sample is rotated by 90° in alternate directions
between consecutive passes, in route B¢ the sample is rotated by 90° in the same sense
(either clockwise or counterclockwise) between each pass and in route C the sample is
rotated by 180° between passes. Various combinations of these routes are also
possible, such as combining routes B¢ and C by alternating rotations through 90° and
180° after every pass, but in practice the experimental evidence obtained to date
suggests that these more complex combinations lead to no additional improvement in

the mechanical properties of the as-pressed materials. Accordingly, for the simple
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processing of bars or rods, attention is generally devoted exclusively to the four

processing routes illustrated in Fig. 2.2.

Route Ba

N\

Fig.2.2. The four fundamental processing routes in ECAP

2.4.3 Slip Systems For The Different Processing Routes In ECAP

The different slip systems associated with these various processing routes were
studied by Nemoto et al. (1998) and found that in route C, the shearing continues on
the same plane in each consecutive pass but the direction of shear is reversed on each
pass. Thus route C is termed a redundant strain process and the strain is restored after
every even number of passes. Route B is also redundant strain processes because slip
in the first pass is cancelled by slip in the third pass and slip in the second pass is
cancelled by slip in the fourth pass. By contrast, routes A and Ba are not redundant
strain processes and there are two separate shearing planes intersecting at an angle of
90° in route A and four distinct shearing planes intersecting at angles of 120° in route
Ba. In routes A and Ba, there is a cumulative build up of additional strain on each

separate pass through the die.
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2.4.4 Shearing Patterns Associated With ECAP

The information available on shearing patterns in conventional ECAP using 90° and
120° dies for the pressing of plate samples where rotation occurs about the Y or Z
axes by Furukawa et al. (2002) shows that the angular range is zero on all planes
when using route C or when viewing the X or Z planes in route A. It is seen that route
B¢ yields the largest angular range after 4 passes. These angular ranges can be re-
examined when considering the preferred route for developing an equiaxed and

homogeneous microstructure.

2.5 EXPERIMENTAL FACTORS INFLUENCING ECAP

When materials are processed using ECAP, several factors influence the workability
and the microstructural characteristics of the billets. These factors fall into three
distinct categories. Firstly, there are factors associated directly with the experimental
ECAP facility, such as die angle and the outer arc of curvature. Secondly, there are
experimental factors related to the processing regimes where some control may be
exercised by the experimentalist including, for example, the speed of pressing, the
temperature of the pressing operation and the presence or absence of any back-
pressure. Thirdly, there are also other processing factors which may play a role in
influencing the extent of the grain refinement and the homogeneity of the as-received
microstructure including the nature of the crystallographic texture and the distribution
of grain misorientations in the initial material. Therefore it is important for the
experimentalist to conduct a detailed characterization of the material prior to initiating
the pressing operation. The first two sets of experimental factors are under

consideration in the present study.

2.5.1 Influence Of Channel Angle

The channel angle, ¢, is the most significant experimental factor since it decides the
total strain imposed in each pass and thus it has a direct influence on the nature of the

as-pressed microstructure. There are two separate literatures describing experimental
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assessments of the significance of the channel angle. The first literature describes
experiments on pure aluminum using a series of dies. Nakashima et al. (1998)
conducted experiments using four separate dies having channel angles of 90°, 112.5°,
135° and 157.5°: these four dies are illustrated schematically in Fig. 2.3 and the
diagrams include the values for the arcs of curvature, ¥. The second literature
describes experiments on OFHC (Oxygen free high conductivity) copper pressed

using two dies having channel angles of either 90° or 120° [Huang et al. 2001].

Die

Material

(a) (b) (©) (d)

Fig. 2.3 Schematic illustration of the dies used to evaluate the influence of the channel

angle, ¢: the values of ¢ are (a) 90°, (b) 112.5°, (c) 135° and (d) 157.5°[Nakashima et
al. 1998]

Despite the efficiency of ECAP dies with channel angles of ¢ = 90°, it is important to
recognize that it is experimentally easier to press billets when using dies with angles
that are larger than 90°. For some very hard materials or with materials having low
ductility, this may be an important consideration. For example, experiments showed
that it was not feasible to press commercial purity tungsten through a die with a
channel angle of 90° at a temperature of 1273 K because of cracking in the billets but
excellent results were achieved at the same pressing temperature when the channel

angle was increased to 110° [Alexandrov et al., 2000].
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2.5.2 Influence Of Angle Of Curvature

The angle of curvature, y, denotes the outer arc where the two parts of the channel
intersect within the die. This angle plays only a minor role in determining the strain
imposed on the sample. The role of this angle is also important because, whereas
conventional split two-part dies are easily constructed with y = 0°, all solid dies will
necessarily incorporate y> 0°. The reason is because of the development of the corner
gap or ‘‘dead zone”’ which is formed at the outer corner when the billets pass through
the die. This means that the billet no longer remains in contact with the die walls at
this outer corner [Wu and Baker, 1997 and Shan et al., 1999]. The angle subtended by
the corner gap also depends on the rate of strain hardening of the material. From a
practical point of view, however, incorporating an angle of curvature is difficult
because split dies are easily constructed with no curvature at either the outer or inner
points of intersection and in solid dies, where an outer arc of curvature is required, it
is difficult to machine a die having equal fillet radii at both the inner and outer
intersections. In view of these difficulties, it is reasonable to state that the most
promising approach is to construct a die with an outer angle of curvature and with no

arc of curvature at the inner point of intersection of the two parts of the channel.

2.5.3 Influence of pressing speed

Processing by ECAP is generally carried out by high-capacity hydraulic presses that
operate with relatively high ram speeds. Typically, the pressing speeds are in the
range of ~1-20 mm s™. It is also feasible to construct dies for use in conventional
mechanical testing machines and which provides a range of pressing speeds. A study
conducted by Berbon et al. (1999) shows that the pressing speed has no significant
influence on the equilibrium size of the ultra-fine grains formed by ECAP but, since
recovery occurs more easily when pressing at the slower speeds, these lower speeds
produce more equilibrated microstructures. A similar conclusion was reached also in
tests on pure Al and three Al-based alloys using pressing speeds of 18 and 0.18 mm s™
where it was shown that there is an abrupt heating of the samples when testing at the
faster rate but no significant heating at the slower rate [Yamaguchi et al., 1999]. In
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addition, tests on titanium using pressing speeds of 0.2 and 2.8 mm s revealed only
minor microstructural differences in these specimens after pressing through only
1 pass [Kim et al., 2003].

2.5.4 Influence Of Pressing Temperature

The pressing temperature is a key factor in any ECAP process and it can be controlled
relatively easily. A detailed investigation of the influence of temperature involved
samples of pure Al, an Al-3%Mg alloy and an Al-3%Mg-0.2%Sc alloy with the
pressing conducted from room temperature to 573 K. Yamashita (2000) revealed an
increase in the equilibrium grain size with increasing temperature and from the
examination of the selected area (electron) diffraction (SAED) patterns, it was found
that the fraction of low-angle grain boundaries increased with increasing temperature.
It was suggested, that faster rates of recovery at the higher temperatures which led to
an increasing annihilation of dislocations within the grains and a consequent decrease
in the numbers of dislocations absorbed into the subgrain walls. However, there was
also a significant dependence on material because the transition to a high fraction of
low-angle boundaries occurred at pressing temperatures of 473 K in pure Al and at
573 K in the Al-3%Mg alloy.

The tendency for larger grains or subgrains to form at the higher pressing
temperatures was confirmed in several subsequent investigations [Shin et al., 2002,
Chen et al., 2003, Huang et al., 2004 and Ma’lek et al., 2004] and detailed analyses
using Kikuchi patterns also confirmed the tendency for a higher fraction of high-angle
boundaries to form at the lower temperatures [Goloborodko et al., 2004 and Wang et
al., 2004]. For the pressing of commercially pure Titanium, there was evidence for a
change in the deformation mechanism from the formation of parallel shear bands to
the formation of deformation twinning bands when the pressing temperature was
increased from 473 to 523 K [Kim et al., 2003]. All of these results demonstrate that,
although it is generally experimentally easier to press specimens at high temperatures,
optimum ultra-fine-grained microstructures will be attained when the pressing is

performed at the lowest possible temperature where the pressing operation can be
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reasonably conducted without the introduction of any significant cracking in the
billets.

2.5.5 Influence Of Back Pressure

The importance of using a back-pressure is an area of special interest in recent years
[Raab et al., 2000, Stolyarov et al., 2003, Stolyarov and Lapovok, 2005]. ECAP die-
sets can be designed to conduct the processing with a precise back-pressure which is
computer-controlled. An important advantage in imposing a back-pressure is that it
leads to a very considerable improvement in the workability of the processed samples.
For example, during the ECAP of Cu in the absence of a back-pressure it is generally
found that cracks appear on the billet surface after about 12—-13 passes. However,
when a back-pressure of only 300 MPa is imposed during ECAP, the same samples
remain integral without any perceptible cracking even after 16 or more passes [Valiev
et al., 2002]. Similarly, a sample of a quenched aluminum 6061 alloy failed in the first
pass during ECAP at room temperature in the absence of a back-pressure but during
pressing with a back-pressure of 450 MPa the sample was processed up to 4 passes
without any cracking [Krasilnikov, 2005]. Another important advantage of back-
pressure is the visible enhancement introduced in the uniformity of the metal flow
during the ECAP operation. During ECAP there is an under filling of the outer angle
of the die due to the formation of a dead zone and, especially in strain-hardenable
materials, there can also be a change in the shape of the deformation zone from a pure
shear line to a fan shape within the die [Semiatin and DelLo, 2000]. As a result, the
microstructural refinement becomes less uniform, especially in the vicinity of the
bottom surface of the billet. By contrast, the application of a back-pressure leads to a
filling of this outer corner, and a consequent removal of the dead zone, regardless of
the character of the material strengthening. Furthermore, the deformation zone
becomes closer to a localized shear band which is typical of a rigid perfectly-plastic
body [Lapovok, 2005]. A back-pressure can be imposed in several ways. The simplest
procedure is to increase the level of friction in the exit channel or to make use of a
viscous ductile medium [Raab et al., 2000]. However, an improved and more
controlled procedure is to use special devices such as the application of a second

21



punch in the output channel [Lapovok, 2004, 2005]. In practice, an optimum
condition may be achieved by using a computer-controlled ECAP die where it is
possible to control not only the forward and backward pressures but also the velocities
of both punches.

26 CHARACTERISTIC FEATURES OF METALS AND ALLOYS
PROCESSED BY ECAP

The characteristics of the as-pressed microstructures are influenced by several
variables including the total strain imposed in ECAP processing (number of passes
through the ECAP die), the processing route (in terms of routes A, Ba, B¢ and C) and
the nature of the material (including the crystal structure, the stacking-fault energy
and the rate of microstructural recovery). All of these features interact in different
ways so that, when combined with experimental factors such as the values of the
angles ¢ and ¥ within the die, the values of the pressing speed and temperature and
the imposition of any back-pressure, there are a multiplicity of permutations which
make it difficult to identify the precise requirement in order to achieve an optimum
ultra-fine-grained microstructure. Nevertheless, there are some basic trends that
provide very clear indications of the best procedures that maybe undertaken in order
to achieve excellent microstructures after ECAP leading to exceptionally high
strength and good mechanical properties. Few factors which influences the as-pressed

microstructures are listed below.

2.6.1 Microstructural Features After ECAP

The characteristic of the microstructures introduced by ECAP have been evaluated in

numerous investigations. However, almost all of these investigations employ
transmission electron microscopy for determinations of the grain sizes produced by
ECAP and the nature of any dislocation interactions occurring within the grains. An
alternative approach is to employ optical microscopy to study the shearing of the
original grains as they pass through the shearing plane within the die. An initial

examination of shearing at the macroscopic level provides an opportunity to make
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direct comparisons with the theoretical predictions both for the three-dimensional
shearing behavior of large solid bodies and for the slip systems visible on orthogonal
sections after ECAP processing. Iwahashi et al. (1998) in their study showed that the
grains which were initially equiaxed have become elongated along the Y direction and
flattened in the Z direction. In addition, slip was visible within these elongated grains
lying approximately parallel to the Y direction. On the Y plane, the grains were
elongated in a direction inclined, in an anti-clockwise rotation, through an angle of
~25-30° to the X direction. Within these grains, slip systems operate over a range of
angles from ~29° to ~70° but primarily at an angle of 45° to the X direction. Finally,
on the Z plane the grains remain reasonably equiaxed, they retain essentially the

initial size and there is some slip parallel to the Y direction.

Various investigations on processing by ECAP showed significant distortions of the
large equiaxed grains that are present in the unpressed alloy. This includes both the
distortions of the grains at the macroscopic level and the predominant slip systems
visible within the grains on three orthogonal planes of sectioning. Confirmation of
these distortions at the macroscopic level was obtained by incorporating embedded
solid inserts into the unpressed billets and then pressing these billets and examining
the distortions of the embedded elements after ECAP [Kamachi et al., 2003].
Although the microscopic approach using optical microscopy provides very useful
information in the early stages of deformation in ECAP, the approach is not feasible
after multi passes because the grains get extremely distorted and it is difficult if not

impossible to clearly differentiate the shapes of the individual grains.

2.6.2 Significance Of The Grain Size In ECAP

Iwahashi et al. (1998) determined the ultimate equilibrium grain size by measuring
the width of the elongated cell or subgrain array which is formed on the first pass of
ECAP. Fukuda et al. (2006) found that this array was developed such that the longer
sides of the subgrain bands were oriented parallel to the primary slip plane. The

deformation occurring in ECAP is analogous to higher strain deformation occurring in
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conventional metal-working processes. The significant feature of ECAP is that, the
billet retains the same cross-sectional area so that repetitive pressings are feasible.
Materials processed by ECAP can be deformed to very high strains wherein the
subgrain boundaries evolve into high-angle boundaries through the absorption of
dislocations, thereby producing arrays of ultra-fine grains separated by high-angle
grain boundaries. This evolution cannot be achieved in more conventional metal-
working processes because of the natural limit imposed on the total strain introduced
during deformation. It is possible to attain much smaller grain sizes by alloying but
the production of an array of equiaxed grains may then require larger number of
passes. The occurrence of smaller grain sizes on alloying with magnesium is
attributed to the decreasing rates of recovery in the solid solution alloys [Iwahashi et
al., 1998].

An alternative procedure for decreasing the grain size is to combine processing by
ECAP with some other post-ECAP procedure. An alternative possibility is to cut
small disks from the as-pressed billets for processing by high-pressure torsion (HPT).
This combination of ECAP and HPT was successfully used both with CP-Ti where
the grain size was reduced from ~300 nm after ECAP to ~200 nm after ECAP + HPT
[Stolyarov et al., 1999] and high-purity nickel where the grain size was reduced
from~350 nm to ~140 nm using these two processes, respectively [Zhilyaev et al.,
2005]. Combination of ECAP + HPT decreases the fraction of low-angle boundaries.

On the basis of the fragmentation theory, which states that the structure of a severely-
strained metal represents a system of junction declinations [Rybin and lzvestiya,
1991], it was demonstrated that the ultimate grain refinement should depend both on
the nature of the metal and on the straining regimes including the temperature, the rate

of pressing and the applied pressure [Kopylov and Chuvil’deev, 2004].

2.6.3 Influence Of ECAP On Precipitates

The potential for precipitate fragmentation during ECAP was first recognized for 6
precipitates in an Al-Cu alloy [Murayama et al., 2001] and subsequently there were
similar reports of the fragmentation of B - precipitates [Oh-ishi et al., 2002] and
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metastable B - precipitates [Cabibbo et al., 2005] in Al-Mg-Si alloys and n-phase
MgZn, precipitates in Al-7050 [Nam et al., 2003] and Al-7034 alloys [Xu et al., 2003
and 2005]. For the AI-7034 alloy the microstructure in the as-received condition
revealed the presence of three different types of precipitates [Xu et al., 2005]. There
were large rod-shaped precipitates which were identified as the n-phase (MgZn,), an
array of very fine particles which was identified as primarily representing the
metastable hardening 6°-phase but with additional AlsZr particles that were identified
through the presence of Ll, superlattice reflection spots in the SAED patterns.
Microstructures after one and two passes of ECAP revealed that the large rod-shaped
precipitates have become fragmented by the high pressure imposed in ECAP. By
contrast, inspection showed the very fine spherical particles of Al;Zr appeared to be
unaffected by the ECAP processing but there were also arrays of fine and reasonably
spherical precipitates having sizes in the range of ~30-100 nm. These spherical
precipitates were also identified as the n-phase and it was concluded that, although
many of the more irregular particles were formed by fragmentation of the larger
precipitates, it was reasonable to assume that many of the smaller MgZn; precipitates
formed through a direct transformation of the n’-phase into the n-phase with
subsequent coarsening. Thus, it is anticipated that this transformation occurs easily at
the ECAP temperature of 423 K.

2.7 MECHANICAL PROPERTIES ACHIEVED USING ECAP

The small grain sizes and high defect densities inherent in materials processed by
severe plastic deformation lead to much higher strengths than in their coarse-grained

counterparts.

2.7.1 Strength And Ductility

It has been widely demonstrated that a major grain refinement, may lead to a very
high hardness in various metals and alloys but nevertheless these materials invariably
exhibit low ductility under tensile testing [Koch, 2003]. Strength and ductility are the

key mechanical properties of any material but these properties typically have
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opposing characteristics. Thus, materials may be strong or ductile but they are rarely
both. The reason for this dichotomy is of a fundamental nature. The plastic
deformation mechanisms associated with the generation and movement of
dislocations may not be effective in fine grains or in strongly-refined microstructures.
This is equally true for ECAP -processed materials. Thus, most of the materials have a
relatively low ductility but they usually demonstrate significantly higher strength than
their coarse-grained counterparts. Despite this limitation, it is important to note that
ECAP processing leads to a reduction in the ductility which is generally less than in
more conventional deformation processing techniques such as rolling, drawing and
extrusion. For example, experiments conducted to compare the strength and ductility
of the 3004 aluminum alloy processed by ECAP and cold-rolling [Horita et al., 2000]
revealed that the yield strength increased monotonically with the increasing
equivalent strain imparted into the alloy by either cold rolling or ECAP [Zhu and
Langdon, 2004]. However, it is apparent also that the overall ductility exhibits
different trends for these two processing methods. After one ECAP pass, equivalent to
a strain of ~1, the elongation to failure or the ductility of the alloy decreases from
~32% to ~14%. However, there is no additional reduction in the ductility with
additional ECAP passes and therefore with the imposition of even larger strains. By
contrast, cold-rolling decreases the ductility by a similar magnitude initially but
thereafter the ductility continues to decrease with increasing rolling strain although at
a slower rate. Consequently, processing by ECAP leads ultimately to a greater

retention of ductility than conventional cold-rolling.

The extraordinary combination of high strength and high ductility for the nano
structured Cu and Ti after processing by SPD clearly sets them apart from the other
coarse-grained metals. Similar tendencies have been reported in a number of metals,
including Al [May et al., 2005], Cu [Dalla Torre et al., 2004], Ni [Krasilnikov et al.,
2005] and Ti [Valiev et al., 2003] after processing through various types of severe
plastic deformation such as ECAP, high-pressure torsion or accumulative roll
bonding. It has been suggested that this behavior is associated with an increase in the
fraction of high-angle grain boundaries with increasing straining and with a

consequent change in the dominant deformation mechanisms due to the increasing
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tendency for the occurrence of grain boundary sliding and grain rotation. The ductility
enhancement was also suggested to be due to the introduction of a bimodal
distribution of grain sizes [Wang et al., 2002]. The reason for this behavior is that,
while the nano crystalline grains provide strength, the embedded larger grains
stabilize the tensile deformation of the material. Investigation of copper [Mughrabi et
al., 2003] showed that bimodal structures may increase the ductility not only during
tensile testing but also during cyclic deformation. An alternative approach has been
suggested for enhancing strength and ductility based on the formation of second-
phase particles in the nanostructured metallic matrix [Koch, 2003] where it is
anticipated that these particles will modify the shear-band propagation during

straining and thereby increase the ductility.

The principle of achieving high strength and high ductility through the introduction of
intermediate metastable phases can be successfully realized from a commercial Al-
Zn-Mg-Cu-Zr alloy [Islamgaliev, 2001] and an Al-10.8%Ag alloy subjected to
ECAP and subsequent ageing [Horita et al., 2005]. It was shown, using scanning
TEM, that the peak hardness achieved after ECAP and ageing for 100 h is due to
precipitation within the grains of spherical particles with diameters of ~10 nm and
elongated precipitates with lengths of ~20 nm. The spherical particles were identified
as m-zones consisting of arrays of solute atoms lying parallel to the (001) plane sand
the elongated precipitates were identified as the plate-like y* particles. It was also
shown that additional ageing up to 300 h led to a growth in the y" particles and a very
significant reduction in the density of the fine n-zones, thereby giving a consequent
loss in hardening at the longest ageing time recorded. The introduction of ageing after
ECAP has an important influence on the stress—strain behavior at room temperature.
For the ECAP condition, the strength is high in the absence of ageing but there is a

negligible region of uniform strain and no significant strain hardening.
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2.8 ADVANTAGES AND DISADVANTAGES OF ECAP

ECAP has the following advantages:

(i)

(i)

(i)

(iv)

(v)

(vi)

(vii)

Homogeneity in structure and properties are developed throughout the
worked materials.

A high equivalent deformation per pass and a higher total effective
deformation after multiple passing occur without any appreciable change
in the cross section of the initial billet.

Relatively low pressure sand loads are sufficient for pressing at a higher
die angle and temperature.

Complicated structures and textures are possible because of careful control
over the direction of shear, the homogeneous stress-strain state, the
capacity for extremely large deformations in massive products and the
opportunity to modify the shear lane and direction during a multiple
extrusion sequence.

The simulation of different mechanisms of structure formations and phase
transformations are possible using this metal working procedure.

The process is not expensive to set up with standard metal working
equipment fitted with inexpensive devices and tools.

The process can be applied to various metals and alloys, including high
strength and difficult to deform materials under cold, warm and hot

working conditions.

The disadvantages are:

(i)

(i)

Designing a die suitable to process a variety of engineering materials has
been identified as a major difficulty in commercialization of the process.
ECAP is a batch process and is limited by the length of the material it can
handle.
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In spite of these limitations, there are many potential and promising applications of
this deformation method in material synthesis and processing. Breakdown of cast
ingots, consolidation and bonding of powders and grain refinement by intensive
ECAP with subsequent recrystallisation treatments can be used to produce submicron
grained mechanical properties. Extensive studies are being carried out in many
research laboratories all over the world on the use of the process for developing exotic
materials such as nanocrystalline materials, in situ composites, ultra-fine-grained

materials, processing of intermetallics etc.

2.9 DEFORMATION BEHAVIOR OF ALUMINIUM AND ITS ALLOYS

Of all the metals, aluminum occupies the predominant role in terms of both
production volume and value based on the annual volume of production of primary
and secondary metal, aluminum is placed directly after iron. Major amount of
aluminium goes to be produced as wrought alloys and semi-finished products. The
working temperature depends on the flow stress variations and the friction across the
tooling. Alloys and quality requirements determine the necessary exit temperature of
the product. The flow stress of aluminum alloy is very much dependent on the
temperature and composition. The control of processed aluminium alloy grain
structures is being driven by many applications and is the immediate and future
requirements for aerospace as well as automotive industries. Aluminium provides the
characteristics of good strength to weight ratio, machinability, corrosion resistance,
attractive appearance, high thermal conductivity and high electrical conductivity.
Aluminium alloys are low density materials which do not react chemically with a
wide range of liquid fuels and oxidizers and experience no sudden transition from

ductile to brittle behavior at low temperatures.

The physical and metallurgical properties of aluminium and its alloys make them
particularly suitable for ECAP. The face centered cubic (FCC) structure with 12 slip
systems combined with a high stacking fault energy makes aluminum and its alloys
good for cold, warm and hot working. The hot working temperature of aluminium
alloys falls in the range of 350 to 550°C, which the tools made from the hot working
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steels can easily withstand. Aluminium forms age hardening alloys with low alloying
additions that combined good hot workability with a high strength after heat

treatment.

Iwahashi et al.(1997,1998) and Nemoto et al. (1999) processed pure Al with ECAP
routes A, B¢ and C using a die with g = 90°. They concluded that route B¢ is the most
effective in refining grain size and route A is least effective. Oh-Ishi et al. (1998)
processed pure Al with routes B¢ and Ba using a 90° die. Collectively, they found that
route Bc is the most effective in grain refinement while route C is intermediate and
routes A and Ba are least effective. These results are different from the observations
of Prangnell et al. (1999) who found that the most effective method of forming a sub
micron grain structure is to maintain a constant strain path. While no satisfactory
explanation has been found to interpret the above observations, shearing strain path
generated by different processing routes [lwahashi et al., 1997, 1998] and
accumulative strain [Prangnell et al., 1999] are believed to play major roles. Zhu and
Lowe (2000) suggested that the interaction of shear path with crystal structure and
deformation texture, which has not been well understood, play a major role in the
grain refinement. The crystal structure largely determines the deformation system

under a certain deformation mode.

The age hardenable wrought aluminium alloy compositions include alloys of the
2XXX (Al-Cu, Al-Cu-Mn and Al-Cu-Mg), 6XXX (Al-Mg-Si) and 7XXX (Al-Zn-
Mg) series. The high strength 2XXX and 7XXX series are used extensively in
airframe construction due to their superior strength, high fracture toughness, good
fatigue resistance and acceptable corrosion properties. In a typical commercial aircraft
structure, aluminium alloys of the 2XXX and 7XXX series comprise 80-85 percent of
the structural weight. Among aluminium alloys Al-Zn-Mg system is the hardest of all.
Early research on the processing of Al and its alloys by ECAP generally focused on
the process of grain refinement [Wang et al., 1996, Stolyarov et al., 1997, Iwahashi et
al., 1997, 1998]. More recently, there has been a growing interest in controlling the
precipitation microstructures of Al alloys and thereby achieving a combination of
strengthening from both grain refinement and precipitation hardening [Nakashima et
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al., 2000]. The evidence to date suggests that processing by ECAP has a relatively
complicated effect on precipitate evolution. Thus, conducting ECAP at room
temperature generally suppresses precipitation in Al alloys because no precipitation
was reported in the as-quenched samples during the process [Zhao et al., 2004 and
Horita et al., 2005] and there was dissolution of pre-existing 0" precipitates in the
matrix after eight passes of ECAP [Murayama, 2001]. On the other hand, when the
ECAP is conducted at higher temperatures, such as 473 K, precipitation is promoted
in an Al-Zn—Mg alloy [Gubicza et al., 2007]. Experiments on an Al-Cu-Mg alloy
showed that one pass of ECAP at room temperature initiated a rotation of pre-existing
large hy precipitates, whereas four passes led to the fragmentation of hy plates and the
formation of spherical nanoparticles [Murayama, 2001]. In an Al-Zn-Mg-Cu (Al-
7034) alloy, processing by ECAP at 473 K produced spherical precipitates by
fragmentation of the pre-existing larger platelet precipitates [Xu et al., 2005]. To date,
only fragmentation of the larger precipitates has been identified as a mechanism
dominating precipitate evolution for materials containing pre-existing large
precipitates [Murayama, 2001 and Xu et al., 2005] and accordingly it is not clear at
present whether other mechanisms may be involved and, if so, whether they are
equally important in precipitate evolution. The results to date have established that the
high strains imposed by SPD are effective in altering the precipitate orientations
within the matrix. This potentially may provide an effective method for manipulating
the precipitate morphology and obtaining unique microstructures that are significantly

different from those formed by conventional ageing treatments.

2.10 DEFORMATION BEHAVIOR OF CP-TITANIUM

Commercial purity titanium (CP-Ti) is an attractive candidate material for a wide
range of applications. It is widely used for medical implants and as a structural metal
for high performance applications. There have been several studies on the ECAP of
CP-Ti. The possible application of ECAP to HCP metals, such as titanium and its
alloys, is challenging because the deformability of these materials is normally inferior
to that of cubic metals. It depends on physical mechanisms such as crystallographic
texture, density of twinning, morphology of grain and dynamic strain aging. Plastic
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behavior of CP -Ti depends not only on the current state of deformation but also on
the deformation history. CP-Ti is usually processed by ECAP at warm working
temperatures in the range of 350°C to 500°C. However there are reports of
successfully pressing the CP-Ti material at lower temperatures and room
temperatures. Raab et al. (2004) successfully pressed Ti at 200°C using a back
pressure of 640 MPa. Zhao et al. (2008) had shown that ECAP of CP-Ti at room
temperature is possible using an increased channel angle of 120° within the ECAP die
and relatively a low ram speed of 0.5 mm/s. Xirong et al. (2009) showed that CP-Ti
can be processed by multipass ECAP process at room temperature. Zeipper et al.
(2002) have noticed that one to eight passes of ECAP results in a homogeneous
microstructure formation with an increasing amount of high angle grain boundaries.
Stolyarov et al. (2001) processed Ti through ECAP routes B¢, Ba and C to study the
effect of shearing strain path on its microstructures. They also studied surface quality,
microhardness, tensile properties, anisotropy and thermal stability. Stolyarov et al.
(2008) also combined ECAP and cold rolling to create UFG CP-Ti and thereby
obtained vyield and ultimate strengths as high as 1020 MPa and 1050 MPa

respectively.

The mechanical behavior of CP-Ti has been systematically investigated by Nasser et
al. (1999). They have found that true stress- true strain curves of CP-Ti show two
stages of deformation pattern at low temperatures, three stages at temperatures above
296 K and only one stage at temperatures exceeding 800 K, although all three stages
may exist even at 1000 K for very high strain rates where the dislocation motion is
still the major cause for plastic deformation. The loss in ductility and the variation of
flow stress, the strength coefficient and the strain hardening exponent with variation
in temperature characterize the onset of strain aging. A sudden increase in the work
metal temperature due to adiabatic heating also contributes to occurrence of strain
aging. At lower test temperatures in the range 100°C - 250°C dynamic strain ageing

phenomenon is observed [Venugopal et al., 1990].

Due to its limited number of slip systems, plastic deformation of CP-Ti is usually
accommodated by a combination of deformation twinning and slip by dislocation
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motion [Kim et al., 2003].This behavior is mainly due to the fact that slip occurs
primarily only on basal or prism planes along the close-packed a direction. Yoo
(1981) revealed, a slip in titanium along (1120) direction primarily on {1010} planes
and less frequently on the {0001} planes. Since a slip does not induce a plastic strain
along the c axis of the crystal, deformation twinning or c+a slip on pyramidal planes
have been observed to accommodate the plastic strain imposed by conventional
deformation processes [Paton and Backoften, 1970, Akhtar, 1975, Minonishi et al.,
1982]. The twinning planes in titanium are {1121} and {1122} at ambient
temperatures and {1011} at temperatures above 673K [Numukura and Koiwa, 1998].
Furthermore deformation twins have been found to enhance slip along the (1123)
direction (c+a slip) on {1011} or {1122} planes [Minonishi et al., 1982, Numukura
and Koiwa, 1998].

Bozzolo et al. (2007) pointed out that multiple twinning is an effective mechanism of
grain fragmentation at the beginning of deformation and that the refined grains are
mainly deformed by prismatic slip. Shin et al. (2003) examined microstructure
evolution during ECAP of Ti. In the first pass of ECAP, titanium was observed to
deform by deformation twinning. TEM analysis revealed that twinning occurred on
{1011} planes. During the second pass ECAP, strain was accommodated primarily by
dislocation glide processes. The specific slip system was strongly dependent on the
processing route i.e. route A, B or C. Alternating twin bands containing prism a and
c+a dislocations characterized deformation via route C but basal a slip with
deformation micro twins comprised the mechanism via route A. However, prism a
slip was the main deformation mechanism in every twin band in route B. Furthermore
Shin et al. (2003) suggested that the texture formed during the first pass and the
resolved shear stress for each slip system determine the deformation mechanism
during the second pass ECAP and thus must be carefully considered in understanding

the microstructure development.

Strain hardening behavior of CP-Ti is a very complex process and many aspects of it
are still intensely debated. Salem et al. (2003) investigated strain hardening behavior

of CP-Ti with emphasis on the role of deformation twinning; they have observed three

33



stages of strain hardening in o Ti. Biswas (1973) did the comparison of strain
hardening behavior of HCP o Ti with strain hardening behavior of other cubic
materials. Furthermore he demonstrated that Ti deformed by wire drawing shows a
decreasing hardening rate upto equivalent strain of 2 and beyond this strain a linear

stress-strain relationship was observed upto the largest equivalent strain of 4.

34



CHAPTER3

EXPERIMENTAL PROCEDURES

3.1 MATERIAL

This research was conducted on commercially pure titanium, aluminium and Al-5Zn-
1Mg.

3.1.1 Commercially Pure Metals
3.1.1.1 Commercially pure metals in the wrought form

Commercially pure titanium was processed in the as-received wrought form after
homogenization at 973 K for 3 hours in the electric resistance furnace. This material
was supplied by Indira Gandhi Centre for Atomic Research, Kalpakkam, India.
Commercially pure aluminium was also processed in as-received wrought form after

homogenization at 623 K for 3 hours in the electric resistance furnace.

3.1.1.2 Casting of commercial pure metal ingots

Melting of the metal was carried out in electric resistance furnace of 3 kg capacity
with automatic temperature controller, which had allowed the variation of + 5°C. Pure
aluminium pieces were charged into silicon carbide crucible. The charge was melted
and held at a temperature of 973 K. Slag was removed from the surface of molten
aluminium after complete melting. The melt was degassed with hexachloroethylene
tablets.

3.1.2 Al-5Zn-1MgAlloy

Nominal composition of the above-mentioned alloy used in the present study is

presented in Table 3.1.
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Table 3.1The nominal composition of the alloy used for the study
Alloy Al (Wt. %) Zn (Wt. %) Mg (Wt. %)
Al-5Zn-1Mg 94 5 1

3.1.2.1 Melting of Al-5Zn-1Mg

Pure aluminium pieces were charged into silicon carbide crucible along with
appropriate addition of zinc granules. The charge was melted and held at a
temperature of 1023 K. The melt was degassed with hexachloroethylene tablets.
Magnesium in the pure elemental form was added to the melt just before pouring. In
order to avoid the loss by flaring, magnesium was packed in aluminium foil with a
few pieces of aluminium. The package was immersed into the superheated melt using
graphite pusher rod. The melt was mildly stirred; surface dross is skimmed off and
immediately poured into the mold. In order to get homogeneous composition, the
solidified alloy was remelted and poured into an appropriate mold.

3.1.3 Pouring

The melt was poured into a mild steel die. The dimensions of the mold cavity are
presented in Fig.3.1. The cast billets were homogenized at 623 K for 3 hours in an

electric resistance furnace.

3.2 SAMPLE PREPARATION

From the cast and wrought cylindrical billets, the following types of samples were

prepared:

(i) Cylindrical billet samples for ECAP - The schematic diagram of the samples are
shown in Figure 3.2. L/D ratio for all the samples were fixed at 3 where L= 60
mm and D = 20 mm except for titanium where L/D ratio was fixed at 2.5 where
L= 50 mm and D = 20 mm. Cylindrical billet samples for ECAP were made with

all the materials used for the present study.
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Fig. 3.1 The dimensions of the mold cavity used to produce billets

(if) Tubular samples for ECAP - The schematic diagram of this sample is shown in
Fig.3.3. The Cylindrical billet samples were further machined to tubular form
with outer diameter 20 mm, inner diameter 13 mm and length 60 mm. The end
thickness (t) of 3 mm and a 30°taper were made at one end of the specimen.
Tubular samples for ECAP were made with all the material except titanium in the

present study.

(iii) Ring compression test samples - The schematic diagram of this sample is shown
in Fig.3.4. The proportion (do: d-to) was fixed at 6: 3: 2 where do = 24 mm, d, =
12 mm and t, = 8 mm respectively. Ring compression test samples were made
out of Al-5Zn-1Mg to study the frictional property before ECAP.

(iv) Axisymmetric compression test samples — The schematic diagram of this sample
Is shown in Fig.3.5. ho/dg ratio for the samples were fixed at 1.5 where ho = 18
mm and dp = 12 mm. Axisymmetric compression test samples were made out of
commercial purity (CP) aluminium in the cast form to study the flow properties
after ECAP.
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(v) Tensile testing samples after ECAP - The schematic diagram of this sample is
shown in Fig.3.6. Tensile testing samples were made out of CP aluminium and
CP titanium in the wrought form to study the improvement in mechanical
properties after ECAP.
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All dimensions in mm
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60

All dimensions in mm

(b)

Fig. 3.2 Schematic diagram of cylindrical billet samples with diameter 20 mm and

length (a) 50 mm for titanium, (b) 60 mm for aluminium and its alloy

3.3 CHARACTERIZATION
3.3.1 Chemical composition

Samples were taken from the top and bottom of the material received and from the
cylindrical cast ingots to chemically analyze using optical emission spectroscope. The
chemical compositions of the materials are presented in Tables 3.2 to 3.4. From the
various values presented in Tables 3.2 to 3.4, it can be seen that all the materials and

ingots meet the specified requirement and can be taken for further investigation.

38



Fig. 3.3 Dimensions of the tubular specimen used for equal channel angular pressing
(L=60 mm, H=57 mm, t = 3 mm).
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All dimensions in mm

Fig.3.4 Schematic diagram of ring compression testing sample
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Fig.3.5 Schematic diagram of compression testing sample

39



i

30

!

=

F
+.__

i

All dimensions in mm

Fig. 3.6 Schematic diagram of tensile testing specimen

Table 3.2 Chemical composition of commercial purity titanium

Elements

Fe Ti

Wt %

0.035

0.05 | 0.05

0.02 | 0.001

99.844

Table 3.3 Chemical composition of commercial purity aluminium

Elements

Si

Fe

Cu

Mn

Mg

Ti

Al

Wt %

0.860

0.158

0.0160

0.580

0.760

0.0140

97.612

Table 3.4 Chemical composition of Al-5Zn-1Mg alloy

Elements

Fe

Cu Mn

Cr

Mg Zn

Al

Wt% | 0.860

0.238 |0

.0160

0.560

0.

0069 | 146 | 5.72

91.139
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3.3.2 Microstructural analysis
3.3.2.1Characterization by optical microscopy

Standard metallographic technique was resorted to polish the sample for
microstructural analysis. The polished samples of aluminum and its alloy were etched
with Keller’s reagent whereas titanium was etched with Kroll’s reagent . Their

microstructures were studied under a Zeiss Axioimager optical microscope.

3.3.2.2 Characterization by scanning electron microscopy

The detailed investigations of the samples after fracture were conducted using
scanning electron microscope (SEM, JEOL JSM 6380LA). Details of the final

fracture and the evolution of damage were studied.

3.3.3 Hardness measurement

Vickers microhardness tester was used to find out the hardness of the materials: it was
measured on the polished surface of the samples, both in transverse and vertical
direction, with 300 gmf and 1 kg load. Average of minimum ten readings were taken

in each field.

3.4 AXISYMMETRIC COMPRESSION TESTING

Axisymmetric compression testing was used to determine the flow of stress of all the
materials.

3.4.1 Flow stress determination

The compression test was carried out using 40 T universal testing machine (Fuel
Instruments & Engineers Pvt. Ltd. Model — UTN/E40). The schematic setup of
compression test is shown in Fig. 3.7. The test was carried out at room temperature.
Samples were lubricated with MoS,. All the samples were tested with a constant ram

speed of 3.3 x 10™ m/s. Experiments were carried out in the following steps:

" 5% HNOs, 5% HCI, 3% HF and 87% H,0

6% HNOs (conc.), 2% HF and 92% H,0
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Q) Extent of compression at different loads was found out for all the

categories of the samples at room temperature.
(i) From the above experimental data force — stroke diagrams were generated.

(ili)  Force — stroke diagrams were converted to engineering stress - strain

curves.

(iv)  From the stress — strain diagrams true stress — true strain diagrams were

derived and plotted on log — log scale.

(v) Finally these flow curves were fitted into well-known Hollomon equation,

i.e.
o =Kg"

Where ¢ = true stress, K= material strength coefficient and n denotes the
strain hardening exponent. K and n were determined for different samples

processed during various passes and routes employed in each pass.

(vi)  Using these values plots were drawn which show the variation of K and n
with respect to equivalent plastic strain.

3.5 RING COMPRESSION TEST

Schematic diagram of the sample for ring compression test is shown in Fig.3.4.
Samples were lubricated with MoS,.The test was carried out using 40 T universal
testing machine (Fuel Instruments & Engineers Pvt Ltd. Model — UTN/E40). Fig. 3.8
shows the schematic set up for the ring compression test. The test was carried out at a
constant load of 11000 Kgf and the reduction in height (t — tp) and the reduction in
internal diameter (d —d;) were noted down. Using the calibration chart (Fig.3.9)
developed by Male and Cockroft (1964-65) friction factor (m) for various
temperatures in the range of 303 — 673 K was determined. A plot of the friction factor

v/s temperature was developed.
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Fig. 3.7 Schematic set up for compression testing
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Fig. 3.8 Schematic set up of ring compression test
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Fig.3.9 Calibration chart to determine friction factor (m)

3.6 ECAP
3.6.1 Design of die

Conventional design of dies for performing ECAP is extremely difficult due to the
complexity of the shape of the dies. Further, designing the dies by trial and error is
expensive. Therefore, finite element method (FEM) has been resorted to for the
design of dies. A split die was designed for a load of 60 T with FE software ANSYS
for the ECAP of Ti and its alloys. 200 mm breadth x 300 mm height x 150 mm
thickness is the minimum dimension of the die to work safely with a displacement of
50 mm. It induces a Von—Mises stress of 1197MPa with a factor of safety of 1.67.
The present die was designed for 250 mm breadth x 250 mm height x 250 mm
thickness (Fig. 3.10) which gives a Von—Mises stress of 1390MPa with a factor of
safety of 1.43.Basically the die is composed of two channels, the entrance and exit
channels intersecting at an angle of 2¢p = 150°. Fillet radius of 3 mm was given to all
the sharp corners in the die as well as in the punches.

The design details of the punch are shown in the schematic diagram presented in
Fig.3.11. It should be noted that a small reduction in cross section is provided on the
stem. The reduced circular cross-section of 19.8 mm was chosen to reduce the friction

between the die and the punch.
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Fig. 3.11 Schematic diagram of punch used for ECAP
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3.6.2 Die materials

AISI M2 HSS was used for making the punch and dies. The sample of the material
was analyzed using optical emission spectroscope and its chemical composition is
presented in the Table 3.5. The material was rough machined, close to the dimensions
of die and punch. Then it was given the appropriate heat treatment. The time —
temperature diagram of heat treatment is depicted in Fig. 3.12. The heat treatment in
vacuum was carried out by Bhat Metals Research Pvt. Ltd., Bangalore. The final
hardness after the heat treatment was determined and found to be R¢ 62, which is
appropriate for present experimental work. Having ensured adequate hardness the
final fine machining was carried out to arrive at the correct dimensions of the die and

punch.

Table 3.5 Chemical analysis of AISI M2 HSS used for making the die and punch

Alloy C Si Mn Cr W \Y/ Mo
(%) | (%) | (%) | %0) | (%) | (%) | (%)
AISI M2 HSS 0.8 0.4 0.4 4.3 6.5 2 5
1453 K -
1423 K {1 Quenching with N2 gas at 3 bar
‘_'J '.I over pressure
1123 K T_..-' I'I
| ', 823 K 843K 833K
Temp (K) |II Il T " | I| T "
| 1 | | | | |
|II II| 'II III |II I| | III
| |I I|I || | |I | |
I| | / | II | | II
| (I b . |
| | |
| |I | II [ | | |
a | | L | N

Time
Fig.3.12 Heat treatment cycle of AISI M2 HSS for attaining a hardness of 61/62 R
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3.6.3 Die assembly

The die assembly consisted of two split sections of the die. They were assembled with
two pairs of roller bolts with nuts keeping them intact over a press bed. A guide rod
was inserted through the channel to ensure proper alignment of the die. The schematic
sketch of ECAP die assembly for extruding rod and tube is shown in Fig 3.13 and
3.14 respectively. The photograph of the die assembly including the load cell is
shown in Fig.3.15.

PUNCH

L DIE

SPECIMEN

Fig.3.13 The schematic sketch of ECAP die assembly for extruding rod and tube
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EXTRUSION

Fig. 3.14 Schematic diagram showing direction of punch travel, mandrel, deformation

zone and exit direction of extrusion of the tubular specimen used for ECAP

Load cell

Punch

Die

Roller bolt and nut

Fig.3.15 The photograph of the die assembly including the load cell
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3.6.4 Preparation of ECAP specimen
From the metals and alloy chosen for the study, specimen of 50 mm and 60 mm

length and 20 mm diameter were machined. The photograph of a billet sample before
and after machining is shown in Fig. 3.16.

(b)

Fig.3.16 The photograph of an aluminium billet sample(a) before and (b) after

machining

49



3.6.5 Testing
3.6.5.1 ECAP of solid cylindrical specimen

The ECAP was carried out using 250 T hydraulic press (Oriental Hydraulics—
319/1987) with ram velocity of13x10™ m/s. The billet samples were coated with
MoS; and heated to temperatures required for each material in a temperature
controlled electric resistance furnace. They were taken out and inserted into the die
and pressed immediately.

The specimens were pressed multiple times or till they fracture. The maximum passes
were up to four in the present study. Routes A, Ba, Bc, and C were employed for
pressing. After each pass the flash as well as the undeformed end part were cut off
using abrasive cut off wheel and were machined to the required cross section and with
reduced length for next pass, the specimen was reinserted to the channel and pressed
again. The equivalent plastic strain is equal to approximately 0.31.ECAP was carried
out by varying the load and measuring the stroke from which force-stroke diagrams
were generated. Maximum punch pressure or stress is equal to the ratio of maximum

punch load to the cross sectional area of the punch.

3.6.5.2 ECAP of tubular specimen

Tubular specimens with the dimensions shown in Fig.3.3 were used for the
extrusions. The end thickness (t) of 3 mm was provided to support the mandrel which
is made of sand in this study. A 30°taper was made at one end of specimen to
facilitate easy start of ECAP. Various passes of ECAP were carried out with four
different routes (Routes A, Ba B¢ and C) with molybdenum disulfide as lubricant.
After each pass, the specimen ends (the unextruded portion) were cut off and faced in
a lathe and the sample surface made smooth by using polishing papers. The specimens
were then subjected to further pressing. The force—stroke diagram was recorded

during the pressing and used in finding the maximum punch pressure during ECAP.
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CHAPTER 4

RESULTS

4.1 MECHANICAL PROPERTY EVALUATION

Vickers hardness, tensile testing and compression testing were the tests carried out for
evaluating the mechanical properties before and after ECAP. Vickers hardness was
determined for all the materials whereas tensile testing was restricted to CP titanium
and CP aluminium rods in the wrought form. Compression testing was confined to CP

aluminum rod in the cast form.

4.1.1 VHN Before and After ECAP
4.1.1.1 CP titanium

Results of Vickers hardness measurement on CP titanium is presented in Table 4.1.
From the values presented in the Table 4.1, it can be observed that hardness increased
from 176 VHN in the annealed condition to 193 VHN after first pass at room
temperature. Hardness value increased to 198, 206, 197 and 194 VHN for routes A,
Ba, Bc and C respectively after second pass. Hardness further increased to 228, 213,
218 and 212 VHN for routes A, Ba, B¢ and C respectively after third pass. This is
illustrated by plot of Vickers hardness number v/s equivalent plastic strain in Fig. 4.1
This trend may be due to an increased twinning which may contribute to the overall
hardness of a material [Kalidindi et al., 2003].

Table 4.1 Vickers hardness (VHN) data of CP-Ti in the annealed condition and after

various passes at 623K for different routes

Processing condition Vickers hardness number (VHN)
Route A | Route Ba | Route B¢ | Route C
Annealed CP-Ti 176 176 176 176
Pass 1 193 193 193 193
Pass 2 198 206 197 198
Pass 3 228 213 218 212
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Fig.4.1 Variation in hardness (VHN) with equivalent plastic strain for CP titanium

processed at 623K for different routes.

4.1.1.2 CP aluminium rod in the cast form

Results of Vickers hardness measurement on CP aluminium rod in the cast form is
presented in Table 4.2. From the values presented in the Table it can be observed that
hardness increased from 47 VHN in the annealed condition to 54 VHN after first pass
at room temperature. Hardness value increased to 56, 57, 62 and 56 VHN for routes
A, Ba, Bc and C respectively after second pass. This is illustrated by plot of Vickers
hardness number v/s equivalent plastic strain in Fig. 4.2 This trend is may be due to
severe breakdown of cast structure by changing the orientation of specimen from one
pass to another. Studies carried out by El-Danaf (2008), Saray and Purcek (2009) also

show that ECAP caused mostly elimination of porosities by shear deformation.
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Table 4.2 Vickers hardness (VHN) data of cast CP-aluminium rod in the annealed

condition and after various passes at room temperature for different routes

Processing condition Vickers hardness number (VHN)
Route A | Route Ba | Route B¢ | Route C
Annealed CP-Al 47 47 47 47
Pass 1 54 54 54 54
Pass 2 56 57 62 56
—— Route A —&— Route Ba
=i Route Bc —&— Route C
65
g
E 60 N
=}
[
§ 55 -
[
j=
& 50
[75]
g
L 45 -
>
40 1 1
0 0.3 0.6 0.9

Equivalent plastic strain

Fig.4.2 Variation in hardness (VHN) with equivalent plastic strain for cast

aluminium rod processed at room temperature for different routes
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4.1.1.3 CP aluminium rod in the wrought form

Results of Vickers hardness measurement on CP aluminium rod in the wrought form
is presented in Table 4.3. From the values presented in the Table it can be observed
that hardness increased from 50 VHN in the annealed condition to 58 VHN after first
pass at room temperature. Hardness value increased to 61, 63, 67and 62 VHN for
routes A, Ba, Bc and C respectively after second pass. Hardness value increased
during third pass to 62, 64, 68 and 63 for routes A, Ba, Bc and C respectively.
Hardness further increased to 66, 67, 69 and 65 VHN for routes A, Ba, Bc and C
respectively after fourth pass. This is illustrated by plot of Vickers hardness number
v/s equivalent plastic strain in Fig. 4.3. This trend may be due to the initial massive
reduction in the grain size and grain breakup into bands of sub grains during first pass
and subsequent passes. The present results are good comparison with earlier

experiments [lwahashi et al.,1997] on pure aluminium.

Table 4.3 Vickers hardness (VHN) data of CP-aluminium rod in wrought form in the

annealed condition and after various passes at room temperature for different routes

Processing condition Vickers hardness number (VHN)
Route A | Route Ba | Route B¢ | Route C
Annealed 50 50 50 50
Pass 1 58 58 58 58
Pass 2 61 63 67 62
Pass 3 62 64 68 63
Pass 4 66 67 69 65
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Fig.4.3 Variation in hardness (VHN) with equivalent plastic strain for wrought

aluminium rod processed at room temperature for different routes.

4.1.1.4 Al-5Zn-1Mg rod in the cast form

Results of Vickers hardness measurement on Al-5Zn-1Mg rod in the cast form
processed in the temperature range of 303 — 673 K are presented in Table 4.4. From
the values presented in the Table it can be observed that hardness increased from 120
VHN in the annealed condition to 150, 145, 140, 130 and 155 VHN after first pass at
303 K, 373 K, 473 K, 573 K and 673 K respectively. This is illustrated by plot of
Vickers hardness number v/s temperature in Fig.4.4. Al-5Zn-1Mg specimen couldn’t

survive further passes.

Table 4.4 Vickers hardness measurement on Al-5Zn-1Mg rod in the cast form

processed in the temperature range of 303 — 673 K

Processing Vickers hardness number (VHN)
condition 303K 373K 473 K 573 K 673 K
Pass 1 150 145 140 130 155

55




160

150 -
140 -
130
120
110 -

Vickers hardness mumber

100 I I I I
273 373 473 573 673 773

Temperature (K)

Fig.4.4 Effect of processing temperature on hardness of Al-5Zn-1Mg after first pass

4.1.1.5 CP aluminium tube in the wrought form

Results of Vickers hardness measurement on CP aluminium rod in the wrought form
is presented in Table 4.5. From the values presented in the Table 4.5 it can be
observed that hardness increased from 48 VHN in the annealed condition to 59 VHN
after first pass at room temperature. Hardness value increased to 62 VHN for routes
A, Ba, Bc and C respectively after second pass. Hardness further increased to 64, 66,
65 and 63 VHN for routes A, Ba, Bc and C respectively after third pass. This is
illustrated by plot of Vickers hardness number v/s equivalent plastic strain in Fig. 4.5.
This trend may be due to the strain hardening mechanism in the initial stage. Further
ECAP promoted the formation of equiaxed grains accompanied with gradual decrease

in dislocation density [Ferrase et al., 1997 and Iwahasi et al., 1997].
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Table 4.5 Vickers hardness (VHN) data of CP-aluminium tube in wrought form in the

annealed condition and after various passes at room temperature for different routes

Processing condition Vickers Hardness Number (VHN)
Route A | Route Ba | Route B¢ | Route C
Annealed 48 48 48 48
Pass 1 59 59 59 59
Pass 2 62 62 62 62
Pass 3 64 66 65 63
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Fig.4.5 Variation in hardness (VHN) with equivalent plastic strain for wrought

aluminium tube processed at room temperature for different routes
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4.2 TENSILE TESTING
4.2.1 CP Titanium

Results of tensile testing on CP titanium rod in the wrought form are presented in
Table 4.6. From the values presented in the Table 4.6 it can be observed that ultimate
tensile strength shows a considerable improvement after the first pass. The UTS in the
annealed condition was 562 MPa and it increased to 593 MPa after the first pass. UTS
increased to 632, 812, 656 and 640 MPa for routes A, Ba, B¢ and C respectively after
second pass. UTS further increased to 742, 906, 703 and 671 MPa for routes A, Ba,
Bc and C respectively after third pass. In contrast ductility decreased from 31 % to
30 % after first pass ECAP at room temperature. After second pass the percentage
elongation to failure was 22 %, 22 %, 25 % and 17 % for routes A, Ba, Bc and C
respectively. Percentage elongation to failure further decreased to 19 %, 17 %, 17 %
and 22 % for routes A, Ba, Bc and C respectively. The profiles which depict the
variation of ultimate tensile strength and elongation to failure with equivalent plastic
strain are presented in Fig. 4.6 and 4.7 respectively. The superior properties attained
after multi passes at room temperature reflect the increased densities of dislocation
and twins introduced at the room temperature and the consequent increase in the rate

of strain hardening [Xicheng et al., 2008].

Table 4.6 Tensile strength and percentage elongation to failure of different ECAP
passes at 623K

Processing Tensile strength (MPa) % Elongation to Failure
condition

Route | Route | Route | Route | Route | Route | Route | Route
A Ba Bc C A Ba Bc C

Annealed CP-Ti | 562 562 562 562 30 30 30 30

Pass 1 593 593 593 593 30 30 30 30
Pass 2 632 812 656 640 22 22 25 17
Pass 3 742 906 703 671 19 17 17 22
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Fig. 4.6 The variation of ultimate tensile strength with equivalent plastic strain for CP

titanium for various passes
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Fig. 4.7 The variation of elongation to failure with equivalent plastic strain for CP

titanium for various passes
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4.2.2 CP Aluminium Rod In The Wrought Form

Results of tensile testing on CP aluminium rod in the wrought form are presented in
Table 4.7. From the values presented it can be observed that ultimate tensile strength
shows a drastic improvement after the first pass. The UTS in the annealed condition
was 227 MPa and it increased to 273 MPa after the first pass. UTS increased to 277,
281, 277 and 281 MPa for routes A, Ba, B¢ and C respectively after second pass. UTS
increased to 285, 289, 289 and 285 MPa for routes A, Ba, B¢ and C respectively after
third pass. UTS further increased to 289, 305, 293 and 289 MPa for routes A, Ba, Bc
and C respectively after fourth pass. In contrast ductility decreased from 19 % to 18 %
after first pass in ECAP at room temperature. Percentage elongation to failure further
decreased to 17 % and 14 % for all the routes after the second and third passes
respectively. Percentage elongation to failure remained same for route A and C while
it further decreased to 11 % for route Ba and Bc. The profiles which depict the
variation of ultimate tensile strength and elongation to failure with equivalent plastic
strain are presented in Fig. 4.8 and 4.9 respectively. After ECAP, CP aluminium
processed at room temperature may contain dislocations and long range internal
stresses as well as a significant fraction of low angle boundaries, all of which can
influence the UTS [Mallikarjuna et al., 2009].

Table 4.7 Tensile strength and percentage elongation to failure of different ECAP

passes at room temperature for aluminium rod in the wrought form

Processing Tensile strength (MPa) % Elongation to Failure
condition

Route | Route | Route | Route | Route | Route | Route | Route
A Ba Bc C A Ba Bc C

Annealed CP Al | 227 227 227 227 19 19 19 19

Pass 1 273 273 273 273 18 18 18 18
Pass 2 277 281 277 281 17 17 17 17
Pass 3 285 289 289 285 14 14 14 14
Pass 4 289 305 293 289 14 11 11 14
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Fig. 4.8 The variation of ultimate tensile strength with equivalent plastic strain for CP

aluminium rod in the wrought form for various passes
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Fig. 4.9 The variation of elongation to failure with equivalent plastic strain for CP

aluminium rod in the wrought form for various passes
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4.3 COMPRESSION TESTING
4.3.1 CP Aluminium Rod In The Cast Form

After first, second and third passes of ECAP at room temperature, values of strength
coefficient K and the strain hardening exponent n were determined from the flow
stress data obtained from compression test. Results of tensile testing on CP aluminium
rod in the wrought form were presented in Table 4.8. The K and n values of annealed
CP aluminum was found to be 221 MPa and 0.18 respectively. K and n values
increased to 245 MPa and 0.21 after first pass. K and n was further increased to 260,
270, 285, 257 MPa and 0.22, 0.28, 0.29, 0.22 for routes A, Ba, Bc and C respectively
after second pass. The profiles which depict the variation of strength coefficient and
strain hardening exponent with equivalent plastic strain are presented in Fig. 4.10 and
4.11 respectively. This suggests extensive strain hardening during deformation. The
deformed microstructure strain hardens considerably leading to higher values of
nand K.

Table 4.8 Strength coefficient and strain hardening exponent of different ECAP

passes at room temperature for aluminium rod in the cast form

Processing Strength coefficient K (MPa) Strain hardening exponent n
condition

Route | Route | Route | Route | Route | Route | Route | Route
A Ba Bc C A Ba Bc C

Annealed CP Al 221 221 221 221 0.18 0.18 0.18 0.18

Pass 1 245 245 245 245 0.21 0.21 0.21 0.21

Pass 2 260 270 285 257 0.22 0.28 0.29 0.22
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Fig. 4.10 The variation of strength coefficient with equivalent plastic strain for CP

aluminium rod in the cast form
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Fig. 4.11 The variation of strain hardening exponent with equivalent plastic strain for

CP aluminium rod in the cast form
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4.4 ANALYSIS OF FRICTION

Results of friction factor measurement on Al-5Zn-1Mg are presented in Table 4.8.
From the values presented in the Table 4.9 it can be observed that friction factor
increased from 0.42 to 0.44, 0.62, 0.75 and 0.9 as temperature was increased to 373,
473, 573 and 673 K respectively. This is illustrated by plot of friction factor v/s
temperature in Fig. 4.12. It is seen that friction factor increases as temperature

increases in the case of MoS; lubricant.

Table 4.9 Friction factor (m) of Al-5Zn-1Mg alloy with MoS; lubricant at various

temperatures
Temp (K) | Friction factor (m)
303 0.42
373 0.44
473 0.62
573 0.75
673 0.9
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Fig.4.12 Plot of friction factor against temperature for Al-5Zn-1Mg alloy with MoS;
lubricant
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4.5 MICROSTRUCTURAL CHARACTERISTICS
4.5.1Characterization By Optical Microscopy
4.5.1.1 CP titanium

Microstructure of CP titanium specimens annealed at 973 K for 3 hrs is shown in
Fig.4.13. The microstructure consists of fairly equiaxed grains. It was used as a
starting material for ECAP. The deformed microstructure after first pass ECAP which
is extensively refined is shown in Fig. 4.14. In addition, a large number of both micro
as well as macro twinning in grains can be found. The twinning direction is nearly
parallel to the elongation direction which is in accordance with the study of Xirong et
al. (2009), Shin et al. (2003) and Kim et al. (2003). Fig. 4.15 shows the
microstructures after second pass where more volume fraction of elongated grains are
seen. Fig. 4.16 shows the microstructures after third pass where no significant grain

refinement is apparent when compared with initial annealed condition.

4.5.1.2 CP aluminium rod in the cast form

Microstructure of CP aluminium specimens annealed at 673 K for 3 hrs that was used
as a starting material for ECAP is shown in Fig. 4.17. Dendrites and porosities are
clearly visible. Fig. 4.18 shows microstructure of CP aluminium after first pass in
which dendrites have been partially broken and porosities were decreased to a large
extent. In second pass due to the change in orientation of cast aluminium from one
pass to other pass different microstructures with various combination of severity of

breakdown of the cast ingot were observed (Fig. 4.19).
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Fig.4.13 Optical microstructure of annealed CP-Ti

Fig.4.14 Optical microstructure of CP-Ti after first pass ECAP at 623 K
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(a) Route A (b) Route Ba

(c) Route B¢ (d) Route C

Fig. 4.15 Optical microstructure of CP-Ti after second pass (a) Route A (b) Route
Ba (c) Route B¢ and (d) Route C by ECAP at 623K
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a) Route A (b) Route Ba

c) Route B¢ (d) Route C

Fig. 4.16 Optical microstructure of CP-Ti after third pass (a) Route A (b) Route
Ba (c) Route B¢ and (d) Route C by ECAP at 623K
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Fig.4.18 Optical microstructure of CP-Al after first pass ECAP at room temperature
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a) Route A (b) Route Ba

c) Route B¢ (d) Route C

Fig.4.19 Optical microstructure of CP-Al after second pass (a) Route A (b) Route
Ba (c) Route B¢ and (d) Route C by ECAP at room temperature
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4.5.1.3 Al-5Zn-1Mg rod in the cast form

The initial microstructure of Al-5Zn-1Mg before ECAP consisted of coarse grains in
which n' precipitates were homogeneously distributed (Figure 4.20). Similar
precipitates (") were identified by Zhang et al. (2010) as MgZn, intermetallic particle

and matrix was semi-coherent. The local dislocation density is generally very high

b

next to the precipitates.

," |
P
ol

Precipitates
L]

Fig. 4.20 The microstructure of Al-5Zn-1Mg tubular specimen before ECAP

4.5.2 Characterization By Scanning Electron Microscopy
4.5.2.1 CP aluminium tube in the cast form

The pores in cast aluminium microstructure instead of closing up propagated as a
crack along the tube thickness of 3.5 mm. The smaller cross section can easily drive
the crack due to elastic stored energy in the material. The fractograph showing the
crack propagation in cast aluminium tube is shown in Fig. 4.21.
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Fig. 4.21 Fractograph showing crack propagation in cast aluminium tube

4.5.2.2 Al-5Zn-1Mg tube in the cast form

Fractograph showing shallow dimples intermingled with microscopic cracks
suggesting localized ductile and brittle deformation of Al-5Zn-1Mg alloy is shown in
Fig. 4.22. Since the cross section of tubular section is less than a rod section the stored

elastic strain energy can easily drive the microcrack to complete fracture.

Fig. 4.22 Shallow dimples intermingled with microscopic cracks suggesting localized
ductile and brittle deformation
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4.6 EXPERIMENTAL ANALYSIS OF PEAK PUNCH PRESSURE
4.6.1 CP Titanium

Results of peak punch pressure while extruding CP titanium rod in the wrought form
is presented in Table 4.10. From the values presented in the Table it can be observed
that the peak pressure decreased from 232 MPa as equivalent plastic strain was
increased from 0.31 to 0.93 for all routes selected for the study. This is illustrated by
plot of extrusion pressure v/s equivalent plastic strain in Fig. 4.23. It was observed
that for CP-Ti the pressure required for extrusion, is maximum in route C (150 MPa)

and minimum in route A (94 MPa) after three passes.

Table 4.10 Comparison of peak extrusion pressure at comparable strains for CP Ti rod

in the wrought form processed at various routes

Equivalent Average Peak extrusion pressure (MPa)
pIaSF'C Route A Route Ba Route B¢ Route C
strain

0.31 232 232 232 232
0.62 223 183 178 181
0.93 94 128 128 150
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Fig.4.23 The variation of extrusion pressure with equivalent plastic strain for CP-Ti

rod in the wrought form for various passes

4.6.2 CP Aluminium Rod In The Cast Form

Results of peak punch pressure while extruding CP aluminium rod in the cast form is
presented in Table 4.11. From the values presented in the Table it can be observed
that the peak pressure increased from 62 MPa as equivalent plastic strain was
increased from 0.31 to 0.62 for all routes selected for the study. It was observed that
for CP-Al the pressure required for extrusion, is maximum in route B¢ (74 MPa) and

minimum in route C (65 MPa) after two passes.

Table4.11 Comparison of peak extrusion pressure at comparable strains for CP-Al rod

in the cast form processed through various routes

Equivalent plastic strain Average Peak extrusion force (MPa)
Route A | Route Ba | Route B¢ | Route C

0.31 62 62 62 62

0.62 68 71 74 65
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4.6.3 CP Aluminium Rod In The Wrought Form

Results of peak punch pressure while extruding CP aluminium rod in the wrought
form is presented in Table 4.12. The peak pressure increased from 74 MPa as
equivalent plastic strain was increased from 0.31 to 1.24 for all routes selected for the
study. This is illustrated by plot of extrusion pressure v/s equivalent plastic strain in
Fig. 4.24. It was observed that for CP-Al the pressure required for extrusion, is

maximum in route B¢ (96 MPa) and minimum in route C (85 MPa) after four passes.

Table 4.12 Comparison of peak extrusion pressure at comparable strains for CP-Al

rod in the wrought form processed through various routes

Equivalent plastic strain | Average peak extrusion pressure (MPa)

Route A | Route Ba | Route B¢ | Route C
0.31 74 74 74 74
0.62 79 79 77 77
0.93 85 85 82 79
1.24 88 91 96 85
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Fig.4.24 The variation of extrusion pressure with equivalent plastic strain for CP Al

rod in the wrought form for various passes

4.6.4 Al-5Zn-1Mg Rod In The Cast Form

During ECAP, the force —stroke graphs were recorded. Typical extrusion force versus
stroke diagrams corresponding to first pass are shown in Fig.4.25. The entry side of
the specimens was little tapered and this is indicated in the force stroke graph by a
change in slope in the initial stage. The transition of slope indicates end of extrusion
of the tapered length. Results of peak punch pressure while extruding Al-5Zn-1Mg
rod in the cast form is presented in Table 4.13. At room temperature the Al-5Zn-1Mg
took 100 MPa to get extruded completely. As the temperature was raised the flow
resistance of the material was decreasing. It showed maximum plasticity in the
temperature range of 373-573 K. However, at 673 K peak pressure further increased
to 97 MPa from 59 MPa at 573 K.

76



©-673K X-573K -4 473K —4-373K -# Room temperature

Force (KN)

Stroke (mm)

Fig.4.25 Force — stroke curves obtained during first pass at various temperatures
for Al-5Zn-1Mg rod in the cast form during ECAP

Table 4.13 Comparison of peak extrusion pressure at various temperatures for Al-

5Zn-1Mg rod in the cast form corresponding to first pass

Temperature (K) | Average peak extrusion pressure (MPa)
303 100
373 72
473 69
573 59
673 97

4.6.5 CP Aluminium Tube In The Wrought Form

Results of peak punch pressure while extruding CP aluminium tube in the wrought

form is presented in Table 4.14. It can be observed that extrusion pressure for ECAP
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increased from one pass to the next when processed through all routes. This is
illustrated by plot of extrusion pressure v/s equivalent plastic strain in Fig. 4.26. The
magnitude of the increase in load was reported to be higher in Route B¢ and least in
Route A. The rate of increase is not significant except for Route B¢. This may be due

to the insignificant increase in shape difficulty factor from one pass to the next.

Table 4.14 Comparison of peak extrusion pressure at comparable strains for CP-Al
tube in the wrought form with various shape difficulty factors processed through

different routes

Equivalent | Surface area/ Average Peak extrusion force (MPa)

plastic strain | volume ratio | Route A | Route Ba | Route B¢ | Route C
0.31 0.604 28 31 33 30
0.62 0.608 30 33 38 31
0.93 0.611 31 38 45 35
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Fig.26 The variation of extrusion pressure with equivalent plastic strain for CP-Al

tube in the wrought form for various passes
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CHAPTER S5

DISCUSSION

5.1 ECAP OF COMMERCIAL PURITY TITANIUM

5.1.1 Effect Of Equivalent Plastic Strain And Processing Routes On Hardness Of
CP Titanium

The high hardness obtained in CP-Ti is thought to originate from three primary
factors. Firstly, the reduction in grain size and the presence of ultrafine grains in the
microstructure are likely to have contributed to the observed strengthening via the
well-known Hall-Petch mechanism [Stolyarov et al., 2003]. Secondly, the presence of
a high density of dislocation networks and tangles is also a known factor that will
contribute to strengthening [Courtney, 2000, Sergueeva, 2001]. Thirdly, there will
likely be a solid solution strengthening effect as a result of increased amount of
elements such as O, N, C, H and Fe [Donachie, 2000]. Overall contribution to
increase in hardness is due to the contribution of second and third factors and not

from first factor since the die angle is as high as 150°.

The hardness after the first pass is higher than that in annealed CP-Ti, which may be
connected with enhancement of the dislocation density. Deformation by twinning
makes considerable contribution into strain hardening when deformed during first
pass. The process of accumulation of dislocations in the cell walls is far more
intensive than that in their interiors. On further passes through the die, the orientations
across these boundaries increase as more dislocations move from the subgrain
interiors and become absorbed in the subgrain walls, thereby refining the
microstructure. After second pass it was found that route B showed the maximum
hardness. This result indicates that the twin bands would have been rotated and
distorted severely during the second pass by route Ba compared to other routes where

there is no appreciable difference in the increased hardness. After third pass it was
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found that route A showed the maximum hardness. This may be due to micro-twins
aligned in longitudinal direction which is more pronounced and finer compared with
the second pass. The increased alignment of shear bands to the longitudinal direction
in aluminum alloys and carbon steels processed via route A has already been observed
by Nemoto et al. (1998) and Kim et al. (2001). There is no appreciable difference in

the increase of hardness in other routes after the third pass.

5.1.2 Effect Of Equivalent Plastic Strain And Processing Routes On Tensile
Properties Of CP Titanium

Dealing with the tensile properties of CP-Ti, comparison with data shows that,
although the present samples were submitted to a relatively low shear strain, they
exhibit similar trend as specimens which are much more heavily deformed [Stolyarov
et al., 2003, 2001 and Zhu et al., 2003]. Strain hardening may be the phenomenon that
controlled the plastic deformation of annealed CP-Ti when tested at room
temperature, which is associated with the dislocation accumulation in the material. As
the metal was processed at 623 K during each pass the contribution of strain
hardening mechanism is not intensified in further passes. Still it is noted that the
ultimate tensile strength (UTS) of CP-Ti increased as the number of passes were
increased for all routes. This may be due to the increased dislocation densities in the
deformation band. The dislocations may have blocked at the twin boundaries. This
indicates that twin boundaries acted as obstacles for dislocation movement and
enhanced dislocation pinning [Serra et al., 2002]. This phenomenon has been
generally observed in HCP metals that are plastically deformed by rolling or drawing
[Christian and Mahajan, 1995].

This effect can be similar to that of second-phase particles and aid in the refinement
of microstructure during SPD [lwahashi et al., 1998]. Route Ba showed the maximum
tensile strength after both second and third pass. This may be due to the fact that route
Ba Is not a redundant strain process and there are four distinct shearing planes

intersecting at various angles. In routes Ba, there is a cumulative buildup of additional

80



strain on each separate pass through the die and thus higher UTS compared to other

routes.

On the contrary ductility decreased after each pass till the third pass except in Route C
where an increase in ductility was observed after third pass compared to the second
pass. The percentage elongation to failure was decreased after the third pass compared
to the first pass in all routes. This result is consistent with the classical mechanical
behavior of metals that are deformed plastically with no significant grain size
reduction. The plastic deformation mechanisms associated with the generation and
movement of dislocations either by slip or twinning may be effective in improvement
in strength but not in ductility enhancement. So it is expected that Route Ba which is
having the highest UTS will have the least ductility. The increase in ductility after
second pass by Route C may be due to an increase in the fraction of high-angle grain
boundaries with increase straining and with a consequent change in the dominant
deformation mechanisms due to the increasing tendency for the occurrence of grain

boundary sliding and grain rotation.

5.1.3 Microstructural Analysis Of CP Titanium Before And After ECAP

The microstructure of as—received CP titanium showed equiaxed, coarse-grained
structure which could be individually resolved. Observation of the fine features in
titanium microstructure after first pass revealed elongated grain structures and a
number of deformation twins (Fig. 4.14). At low strains, twinning can contribute
significantly to accommodation of the deformation [Kim et al., 2003 and Minonishi
et al.,1985]. In particular, grains with three distinct features were observed. Twins
spanning the entire grain were formed parallel to the elongation direction; the twins
inclined to the orientation of the deformation zone of the pressing and micro twins
inside the grains were observed. Thus, the observations after the first ECAP pass

revealed deformation twins either on a macro- or a micro-scale.

The micrograph after the second pass by route A revealed that most of deformation

zone consisted of micro-twins which were aligned to the longitudinal direction. Some
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of the twins, however, were aligned at an angle to the direction of the shear
deformation. The alignments of the twins after the third pass was more pronounced

and were finer compared with that after the second pass.

After the second pass by route B (Ba and Bc), alignment of the twins after the second
pass remained almost the same as after the first pass except that their density (of
twins) was increased. Micrograph after third pass route B revealed that most of the
twins were aligned parallel to the orientation of the deformation zone of the second

pass.

After the second pass by route C, the twins associated with the simple shear
deformation of the first pass appeared to be randomly oriented, thus resulting in a
relatively homogeneous microstructure. This observation is in accordance with the
fact that the original macrostructure tends to be restored after every even pass of route
C [Stolyarov et al., 2001, 2003, Zhu et al., 2003, Kim et al., 2003, Shin et al., 2003].
Micrograph after the route C third pass revealed remnants of micro-twins, which were
distorted and segmented compared with those after the first pass (Fig. 4.16 d). The
dislocation density may be slightly increased compared to that of first and second
passes. Dislocation activity during the third pass must have rotated the twins
developed during the second pass.

5.1.4 Effect Of Equivalent Plastic Strain And Processing Routes On Peak Punch
Pressure While Forming CP Titanium

From the analysis of improvement in strength after the first pass, it can be predicted
that the density of dislocations had increased significantly and from the
microstructure it is clear that the density of twin bands is also increased. This suggests
that plastic strain is mainly accommodated by a combination of slip, and deformation
twinning. This result differs with previous findings that titanium deforms mainly by
slip of a-type dislocations above ambient temperature and that twinning assists the

activation of secondary slip systems [Yoo et al.,1981 and Paton and Backofen, 1970].
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Thus an average peak extrusion pressure of 232 MPa may be a contribution to
deformation both by slip and twinning.

The peak punch pressure decreased continuously for the second and third passes. This
result also differs with previous findings that as titanium deforms, the twin boundaries
act as obstacles for slip [Christian and Mahajan, 1995] and dislocations during ECAP
were blocked by the twin boundaries. In such cases, the critical resolved shear stress
(CRSS) for twinning must have increased much more significantly compared with
that of dislocation slip, promoting the deformation by slip during the second pass. It is
to be noted that there were significant grain size reduction during subsequent passes

in the above study.

In the present study the relatively high deformation temperature (623 K) must have
made the recovery and stress relaxation easier, which must have significantly relieved
stress, caused by the deformation and dislocation density. With the number of passes
increasing, annihilation processes intensify in the cell interiors and in the cell walls,
which is connected with growing of annihilation during non-conservative dislocations
motion. Therefore during the second and third pass since, the critical resolved shear
stress (CRSS) for twinning may be less than dislocation slip and thus twinning must
have dominated over deformation by slip. Since there is no appreciable grain size
reduction in the present study, the rate of increase in the twinning stress need not be

larger than that of dislocation slip.

After three passes Route A showed least punch pressure. This may be because of the
same Schmid factor for basal slip system as that of the as-received CP-Ti since the
texture will be retained in route A. Therefore, the grain size plays a dominant role but
a significant increase in grain size is not observed and thus decreases in peak punch
pressure. In other routes the Schmid factor for basal slip system varies and there will
be coexistence of different modes of deformation is also reflected in the peak punch

pressure.
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5.2 ECAP OF COMMERCIAL PURITY ALUMINIUM ROD IN CAST FORM

5.2.1 Effect Of Equivalent Plastic Strain And Processing Routes On Hardness Of
CP Aluminium Rod In The Cast Form

Porosities can result from several diverse mechanisms but are always related to casting.
Entrapped gas can be present in the melt, evolve from the mould coatings or be present
within fire cracks in the mould chill walls. Porosities decrease the strength of the material
since they act as an area of stress concentrations. From the results it can be found that
the increases in hardness are very profound in the first and second passes. This may
be due to the closing of porosities during subsequent passes. By changing the
orientation of cast aluminium from one pass to another, different combinations of
severity of breakdown of cast ingots can be obtained. Varying the processing route
effectively changes the strain path to which the material is subjected to deformation.
The higher hardness obtained after processing by route B¢ may be due to severe
breakdown of dendritic structure which was observed in the samples. Previous studies
carried out by El-Danaf (2008) and Saray and Purcek (2009) also show that ECAP
caused mostly elimination of porosities by shear deformation with superimposed
hydrostatic pressure.

5.2.2 Microstructural Evolution Of CP Aluminium Rod In The Cast Form

It is well known that inherent in the casting process is the introduction of porosity,
such as gas or shrinkage porosity, where the porosity size and shape distribution are
dependent up on the casting process. If the porosity goes undetected and / or is not
closed by the forming operation, it is often responsible for the failure of a component
during metal forming operation or subsequent service life. After one pass of ECAP,
the dendritic micro structure distorted through the way of shear stress acting during
deformation. Increasing the number of passes caused further effect on the
microstructure depending on the processing route. A severe break down of cast ingots
was seen in the samples processed by route B¢ where grains and grain boundaries

were visible in some area, which is the characteristic of a wrought metal (Fig 4.19 c),
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whereas in the case of samples processed by route C the breakdown of cast structure
was not severe as Bc. This is in good comparison with result obtained by Saray and
Purcek (2009) when they studied the microstructural evaluation in Al-40wt% Zn
alloy. They also revealed significant grain refinement by samples processed through
Route Bc.

5.2.3 Fracture Analysis Of CP Aluminium Rod In The Cast Form

It is evident from Fig. 5.1 that ECAP processing significantly changes the nature of
the fracture surface. Interdendritic porosities that were formed during solidification
lead to crack nucleation and fracture occurred with the propagation of crack through
interdendritic region in the as-cast state. Fang et al. (2006) studied the fracture
mechanisms of the as-cast Al-0.63%Cu and Al-3.9% Cu alloys processed by ECAP
via route B¢ and found that shear fracture occurred and became more obvious with
increasing ECAP pass. Phase boundaries and interdendritic shrinkage micro porosities
formed as a result of dendritic solidification limit the ductility and strength of the

aluminium due to increasing cracking tendency.

Fig. 5.1 Fractograph of cast aluminum rod fractured during third pass
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5.2.4 Effect Of Equivalent Plastic Strain And Processing Routes On Strength
Coefficient And Strain Hardening Exponent Of CP Aluminium Rod In The Cast

Form

Mechanical properties of as-cast pure aluminium are strongly influenced by dendritic
structures. Phase boundaries and interdendritic shrinkage micro porosities formed as a
result of dendritic solidification limit the ductility and strength of the aluminium due
to increasing cracking tendency. A significant increase in strength coefficient and
strain hardening was observed in ECAP processed samples in comparison with as-cast
structure. Strain hardening and strength coefficient are the result of dislocation
accumulation and their interaction during deformation. Once a dislocation is emitted
from a grain boundary, its path to transverse the grain interior is very short, and it may
deposit on another grain boundary directly without intersecting other dislocations.
This lack of strain hardening causes the onset of inhomogeneous deformation at small

strains [Saray and Purcek, 2009].

From the results obtained it is clear that elimination of dendritic structure caused a
simultaneous increase in both strength coefficient and strain hardening exponent. It is
also seen that when processed by route A the increase in strain hardening was not
significant due to the absence of strain reversal; instead the shear is accumulated
continually on one plane. Route B showed a higher strength coefficient and strain
hardening exponent due to the build-up of high dislocations densities and initiation of
subgrains. This is in good agreement with the microstructure obtained in present
study. It is evident that there is a gradual breakup of cast structure into subgrains
[Nagasekhar et al., 2006]. The severity of breakdown of cast structure is more

pronounced in route Bc.

5.2.5 Effect Of Equivalent Plastic Strain And Processing Routes On Peak Punch

Pressure While Forming CP Aluminum In The Cast Form

The peak punch pressure was increased for second pass for all routes compared to the

first pass. It is due to the breakdown of dendritic structure and closure of pores. As the
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number of passes increases, the dislocation density increases which must be a reason
for increase in peak punch pressure. Different combinations of severity of breakdown
of dendrites were observed while changing the orientation of cast aluminium from one
pass to another. These microstructural changes may be the reason for higher punch
pressure to form using route Bc and lower punch pressure to form using route C
during second pass. Furukawa et al. (2001) suggested that a wide angular range of slip
traces might favor the formation of equiaxed grains. It may account for the present
observations that among four routes studied, the grains developed in route B¢ have the

most equiaxed shape.

5.3 ECAP OF COMMERCIAL PURITY ALUMINIUM ROD IN WROUGHT
FORM

5.3.1 Effect Of Equivalent Plastic Strain And Processing Routes On Hardness Of
CP Aluminium Rod In The Wrought Form

It is a well established fact that processing by ECAP leads to an increase in the
hardness, which is typically by a factor of ~1.5 - 2.0 for the first pass through a die
with @ = 90° where the imposed strain is ~1[Kamachi et al., 2003]. In the present
study with a die angle of 150° where the severity is less, an increase in hardness as
found in above study is not feasible yet an improvement in hardness can be expected.
From the results it can be found that the enhancement in hardness is so profound in
the first pass itself and then at a much lower rate in subsequent passes. This may be
due to increased dislocation densities and grain refinement during the first pass.
Generally aluminium and its alloys undergo grain refinement with increasing
deformation, but these values normally stabilize in the submicron range with further
deformation not leading to grain refinement. With larger initial grain sizes, a greater
number of passes (i.e. more plastic deformation) would be required to achieve a stable
micron or submicron sized grain [Khan et al., 2003]. In the present study since the
commercially pure aluminium was having very fine initial grain structure, it was
difficult to quantify the grain refinement by using SEM or optical microscope. But

from the gradual increase in hardness after first pass suggests that a submicron sized
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grain must have already formed from its first pass itself. It can be noted that Route B
(Ba and Bc) showed higher hardness compared to other routes and route C showed
the least hardness after second, third and fourth passes. Because of the 90° rotation
about the extrusion direction in route B, new deformation bands and cell blocks must
have formed in each grain, deforming with a set of slip systems different from the
previous passes. A similar situation occurs for all subsequent extrusion passes. Such
an out of sequence strain reversal makes it more difficult for the cell blocks to rotate
back to the initial state. Therefore, misorientation between cell blocks can accumulate
strain quite effectively in route Bc. For route C, however, the shear strain reverses in
the subsequent passes, thus there is generally a low efficiency for preservation of
dislocations. Therefore increase in hardness by route C is not as high as other routes
after multiple passes.

5.3.2 Effect Of Equivalent Plastic Strain And Processing Routes On Tensile
Properties Of CP Aluminium Rod In The Wrought Form

The ultimate tensile strength of CP-Al processed by ECAP showed a substantial
increase after first pass itself. This behavior may be due to the initial massive
reduction in grain size achieved in the first pass and the original grains, break-up into
bands of sub grains. These sub-boundaries subsequently evolve with further pressings
into high angle grain boundaries, giving ultimately a reasonable equiaxed
microstructure. As the number of passes increases up to 4 passes, the UTS increased

for each pass for all the routes but not at the rate of increase shown after first pass.

It is to be noted that Route B (Ba and Bc) showed the maximum UTS whereas there is
no difference in UTS between route A and C after third and fourth pass. Previous
works carried out by El-Danaf (2008) also shows that route B¢ is the most effective
way for the grain refinement of commercially pure aluminium. Similar results were
observed by Sarvanan et al. (2006) too. In route B¢, where the sub-grain boundaries
evolve most rapidly into high angle grain boundaries, the two shearing directions lie
on planes which intersect at 150°. As a result of this duality in the shearing directions,
sub grain bands are developed on repetitive pressings along two separate and
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intersecting sets of planes and this leads rapidly to an evolution in the boundary
structure into a reasonably equiaxed array of high angle boundaries. Thus, it is
reasonable to conclude that route B¢ is the preferable procedure for use in ECAP
experiments for CP-Al for higher tensile strengths.

5.3.3 Effect Of Equivalent Plastic Strain And Processing Routes On Peak Punch

Pressure While Forming CP Aluminum

The peak punch pressure increased with the number of passes. This trend is expected
since each pass showed superior mechanical properties compared to the previous pass.
During plastic deformation, a grain tends to subdivide into blocks with different
combination of slip systems, thus boundaries are generated between these blocks. As
deformation progresses, the blocks will rotate to different end orientations and the
boundaries between the blocks evolve into high angle grain boundaries. It is seen that
route B (Ba or Bc) took maximum stress and route C took minimum stress to form
after each pass till four passes. The low punch pressure for route C may be due to the
shear strain reversal in the subsequent passes and due to the low efficiency for
preservation of dislocations. Geometrically, route B¢ is also a redundant strain
process after four passes, but the shear strain reversed is way out of sequence, unlike
the case of route C, where the shear is immediately reversed in the following pass.
Because of the 90° rotation about the extrusion direction in route B¢, new deformation
bands and cell blocks form in each grain, deforming with a set of slip systems
different from those used in the previous pass. A similar situation occurs for all
subsequent extrusion passes. Such an out of sequence strain reversal makes it more
difficult for the cell blocks to rotate back to the initial state thus increasing the punch
pressure for further passes. Therefore, misorientation between cell blocks can

accumulate quite effectively in route B¢ [Sun et al., 2004].
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5.4 ECAP OF Al-5Zn-1Mg ROD

5.4.1 Effect Of Processing Temperature On Hardness Of Al-5Zn-1Mg After First
Pass

The results show a significant increase in hardness after first pass of ECAP at all the
selected temperatures. This may be due to elongated subgrains and high dislocation
densities at the subgrain boundaries formed during the first pass. Second phase
particles, such as MgZn,, normally present in the Al-Zn-Mg alloy, can hinder the
movement of dislocations and act as dislocation sources, which can affect the grain
size refinement. Nam et al. (2003) showed that large platelet MgZn, precipitates can
also act as obstacles to dislocations and provide favorable sites for the development of
grain boundaries. During the first pass the alloy hardness may have increased due to
the strain hardening too. As the temperature was increased for processing the strain
hardening effect must have come down thus showing a decrease in hardness in the
range of 303 — 573 K. The softening effects caused by the use of a pressing
temperature of 303 — 573 K, can also be related to the recovery process and the
dissolution of 0' phase with consequent transformation to stable 8 phase. The increase
in hardness at 673 K, which is against the general behavior, can be attributed to strain
ageing. The diffusion coefficient increases exponentially with temperature and thus,
an increase in temperature will result in an increase in diffusivity of the solute atoms

which interact with the moving dislocations and influence the hardness.

5.4.2 Microstructure

A high magnification SEM image of the as-cast and homogenized microstructure of
Al-5Zn-1Mg alloy is shown in Fig. 5.2. The a-Al phase with (o+1) eutectic in inter
dendritic regions and constitutive particles along the grain boundaries can be clearly
seen. Shwe et al. (2008) reported as- cast structures of Al-5.8Zn-2.2Mg alloy Fig (5.3)
which resembles the SEM images in the present investigation.
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Fig. 5.2 SEM image of the as-cast and homogenized microstructure of Al-5Zn-1Mg
alloy

Fig. 5.3 Microstructure showing precipitate phases adjacent to the grain boundaries

before solution treatment, 200X
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During the solidification of the Al-Zn-Mg alloys some intermetallic particles such as
MgZn, phases are formed [Rokhlin et al., 2004, Lim et al., 2006, Mondal and
Mukhopadhyay, 2005, Gupta et al., 2006, Ahmed et al., 2008]. An X-ray diffraction
(XRD, A JEOL JDX-8P-XRD) with a Cu K-alpha radiation over a range of 20° — 94°
at 2%min on the Al-5Zn-1Mg alloy in the present study reveals MgZn, phase, which
is shown in Fig. 5.4 In addition, mutual dissolutions of different phases can result in
the formation of new particles, for example, Al,MgsZn; compound (t phase). Most of
them have low melting points, which may result in incipient melting during hot

deformation.
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Fig. 5.4 X-Ray diffraction analysis of Al-5Zn-1Mg alloy
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5.4.3 Analysis Of Forming Stress

This study was to analyze the forming loads required and how they vary during the
processing temperatures. From the extrusion force versus stroke diagram it is
observed that these curves show a maximum force between 10 — 20 mm stroke
lengths. This value is taken to serve as the basis for comparison. As the temperature
of ECAP was raised, a transition in flow was observed for the same extrusion speed.
Flow resistance of the material was decreasing as the temperature was increasing. It
shows maximum plasticity in the temperature range of 373-573 K and the stress
required for deformation was more at 303 K. However at the highest extrusion
temperature (673 K) flow stress increased and it is because of dynamic strain ageing
(DSA) caused by substitutional elements in this temperature range. At room
temperature, the elements have considerably lower diffusivities. They gain enough
mobility, at high temperature such that the diffusivity approaches the dislocation
velocity. Dynamic strain ageing increases the flow stress and decreases the ductility
[Reed Hill and Reza Abbaschean, 1994]. DSA is totally undesirable during
mechanical processing. Therefore this temperature range should be avoided while
ECAP of Al-5Zn-1Mg.

5.4.4 Role Of Friction

Friction coefficient has a noticeable effect on the magnitude of the punch pressure and
this pressure/stress increases with increasing friction coefficient. For example, when
friction coefficient decreases from 0.3 to 0.001 in the die channel angle of 110°, the
magnitude of the punch pressure reduces by 60% [Djavanroodi and Ebrahimi, 2010].
For deformation to be uniform across the cross section of the billet, friction at the
specimen-die interface has to be minimized. With moderate friction, a small dead end
zone develops at the die corner. In the present study the friction factor m was found to
increase from 0.42 to 0.9 at temperatures between 303Kand 673K which is a

drawback when considering hot working.
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5.5 ECAP OF WROUGHT ALUMINIUM IN THE TUBULAR FORM

5.5.1 Effect Of Hardness On Equivalent Plastic Strain During ECAP

The VHN of ECAP processed material increased for 0.3 and 0.6 strain but did not
show pronounced difference between various routes but at 0.9 strain route Ba showed
maximum hardness and route C showed the minimum hardness. The marginal
difference existing in hardness is difficult to explain since the number of passes
required to achieve a homogeneous microstructure in pure Al are subjected to many
parameters including the impurity content. lwahashi et al. (1998) and Xu et al. (2005)
found that it is 4 passes for 99-99% pure Al whereas Sun et al. (2002, 2004) found
that it is 8 passes for 99-5% pure Al. The grain refinement by ECAP has been
explained by Valiev et al. (2000) the increase of dislocation density, formation of a
cellular or sub-grain structure and subsequent formation of high angle grain
boundaries by partial annihilation of dislocations. The present study and that of
Sun et al. (2002) have used CP-aluminium having 0-158 and 0-2 wt% iron contents,
respectively. Since the solubility of iron in solid state aluminium is very low
(0-04 wt %), the iron appears as intermetallic second phase causing heterogeneities in

plastic flow and more grain refinement thus increasing the hardness after each passes.

5.5.2 Effect Of Peak Extrusion Pressure On Equivalent Plastic Strain During
ECAP

The magnitude of punch pressure is a major factor to be considered for selecting the
suitable hydraulic press in designing the ECAP die. The force—stroke diagram for
extruding a 60 mm length tubular CP-Aluminium was found. After each pass of
ECAP, the end of the sample, i.e. un-extruded portion of 5 mm sample was cut off.
This caused a reduction in length of the specimen after each pass. Therefore, to
compare the three different passes (for the purpose of calculations and comparison
between passes) calculations were carried out for a stroke of 60, 55 and 50 mm in
each case. It can be observed that extrusion pressure for ECAP increased from one
pass to the next when processed through all the routes. The observed high pressure is
due to the higher strains generated along the sample by multiple passes. So, the

existence of the high pressure assures homogeneous and reduced dead zone. Also,
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friction coefficient has a noticeable effect on the magnitude of the punch pressure
requirement and this pressure increases with increasing friction coefficient. The
magnitude of the increase in extrusion pressure was reported to be higher in Route B¢
and least in Route A. The rate of increase is not significant except for Route B¢. This

may be due to the insignificant increase in SDF from one pass to the next.

5.5.3 Influence Of Shape Difficulty Factor (SDF)

Shape difficulty factor is defined as the ratio of the surface area to volume of the
extruded specimen. In general, higher the shape difficulty factor, higher the forming
pressures requirement. The comparison shown in Table 4.13 reveals that even though
the ECAP specimen have high SDF, the peak pressing pressures recorded were very
less compared to conventional extrusions of CP-Aluminium [Sivaraman and
Chakkingal, 2008]. Even though the hardness of the material improved when
processed though ECAP, the forming pressures required were lower when compared
to conventional extrusion. This demonstrates that the ECAP process is advantageous
in improving the properties for higher SDF specimen compared to conventional

extrusion.

55 ECAP OF CAST ALUMINIUM AND Al-5Zn-1Mg ALLOY IN THE
TUBULAR FORM

The equivalent plastic strain imparted would have been 0.3 if the samples survived a
pass but the sample showed multiple fractures after the pass at room temperature [Fig.
5.5].

Fig. 5.5 Tubular specimens (a) Cast Al before ECAP (b) Cast aluminium (c) Al-5Zn-
1Mg after first pass
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Theoretical work required for ECA pressing of tubular specimens can be calculated
according to work done principle. Fig. 5.6 shows the stresses and forces acting during

ECA pressing of tubular specimen.
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Fig 5.6 Stresses and forces during ECAP of tubular specimen geometries

Theoretical work required for ECAP of tubes is the addition of the following forces
[similar to work done principle in metal forming (Lange K., 1985)]

Fiot= Fsheart Frw +Fescosy - Fcosy - Fevm - Frsmcosy (5.1)

where Fy Is the total extrusion force needed for the ECA extrusion of the tube; Fshear,
the force required for shear deformation; Fry, the force due to friction between the die
wall and outer surface of the specimen (before entering deformation zone); Fgs, the
force due to friction in the deformation zone between die wall and outer surface of the
specimen (in the deformation zone); Frv , the force due to friction between mandrel
(sand) and inner surface of the specimen (in the deformation zone); Feswm, the force
due to friction in the deformation zone between mandrel (sand) and inner surface of
the specimen (after leaving the deformation zone); y, the angular separation between
the direction of application of load and the direction in which the pressed tube
emerges. The friction factor of CP Al was determined using a ring compression test at
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room temperature and reported as 0.34 by Vidyasagar et al. (2006). The friction factor
of Al-5Zn-1Mg at room temperature was determined using ring compression test and
was reported as 0.42 (Table 4.9). The strength coefficient and strain hardening
exponent of Al-5Zn-1Mg was determined using a compression test at room
temperature by Rijesh et al. (2011). The flow properties are given in Table 5.1.

Table 5.1 Flow properties of Al-5Zn-1Mg at room temperature

Strength coefficient, K(MPa) | Strain hardening exponent, n
611 0.54

5.5.1 Microstructural Analysis
5.5.1.1 Microstructure of cast Al tube

Microstructure of cast Al specimen showed dendritic arms and inter-dendritic
porosities. Inter-dendritic porosities are typically irregular shaped cavities with rough
dark interiors as shown in Fig.5.7. Porosities may be due to poor inter-dendritic

feeding during solidification of the roll casting.

Fig.5.7 Optical microstructure of annealed CP-Al in the cast form revealing inter-

dendritic pores
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5.5.1.2 Microstructure of Al-5Zn-1Mg

The formation of precipitates in Al-5Zn-1Mg may be attributed to the super-saturation
of the structure with alloying elements occurring during solidification at high cooling
rates while solidifying in a metallic mould. When the as-cast alloy is exposed to a
homogenization treatment at a low temperature (< 743 K), there is a tendency for the
alloying elements to precipitate out. As the temperature increases (> 743 K), the
solubilities of these elements in the a-Al matrix increase (Belov et al. 2005, ASM
Handbook 1992) and the formation of new particles is not expected. In the present
study homogenization treatment was given at 623 K thus formation of new particles is
expected and the local dislocation density is expected to be very high next to the
precipitates. The high strength coefficient (K) and strain hardening exponent (n)
values reveal the same. AI-5Zn-1Mg contains precipitate phases along the grain

boundaries and near the grain boundary as shown in Fig. 5.8.

zBkU X258 188mm 8849

Fig.5.8 Scanning electron micrograph of as-cast and homogenized Al-5Zn-1Mg
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5.5.2 Fracture Analysis

The process of brittle fracture consists of 3 stages: 1. Plastic deformation which
involves pileup of dislocations along the slip planes at an obstacle, 2. The buildup of
shear stress at the pileup to nucleate a microcrack, and 3. The stored elastic strain
energy drives the microcrack to complete fracture without further dislocation
movement or a distinct growth stage is observed in which an increased stress is

required to propagate the microcrack [Dieter, 2001].

5.5.2.1 Cast Al tube

If the porosities are large, and extend to a measureable depth and/or are clustered
together in a small area, the stress concentration effect can result in contact stress
crack initiation and propagation which could eventually result in failure of tube walls.
Cast aluminium tube has porosities as revealed from its microstructure, the pores in
cast aluminium microstructure instead of closing up propagated as a crack along the
tube thickness of 3.5 mm. The elastic stored energy can easily drive the crack along
the tube thickness. Fig. 5.9 shows the fractograph revealing crack propagation along
the tube thickness.

Fig.5.9 Fractograph showing crack growth along the wall thickness of CP-Al tube in
the cast form
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5.5.2.2 Al-5Zn-1Mg

In the present study, ECAP, which is a severe plastic deformation process, would
have helped dislocations to pileup near MgZn, precipitates. ECAP is a material
processing technology by simple shear stresses, which would help to build up shear
stresses at the head of the pileup to nucleate many microcracks in Al-5Zn-1Mg alloy.
Shallow dimples intermingled with microscopic cracks suggesting localized ductile
and brittle deformation of Al-5Zn-1Mg alloy is shown in Fig.5.10. Since the cross
section of tubular section is less than a rod section the stored elastic strain energy can
easily drive the microcrack to complete fracture. Microcrack propagation into various
sizes and shapes are shown in Fig. 5.10. Fig. 5.11 exhibits flat facets. The river
markings are caused by the crack moving though the crystal along a number of
parallel planes which form a series of plateaus and connecting ledges. These are
indications of the absorption of energy by local deformation. The direction of the

“river pattern” represents the direction of crack propagation.

Fig 5.10 Microscopic cracks of varying size and shape and dimples
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2KV X18. 888

Fig. 5.11 Cleavage of Al-5Zn-1Mg caused by severe plastic deformation (ECAP) at

room temperature

It is worth noting from the above study that cast aluminium and Al-5Zn-1Mg couldn’t
survive the required amount of passes even though they were deformed at a higher die
angle where severity of deformation is less. Apart from the reasons discussed above it
can be also interpreted from type of deformation during ECAP. While ECAP was
believed to impart uniform simple shear deformation to the material while processing,
many finite-element simulation and experimental works have shown that the actual
stress—strain distribution is non-uniform and the deformation is not simple shear
[Segal, 2003]. Uniformity of the stress and strain distributions can be improved, and
an ideal simple shear deformation can be obtained with the application of back
pressure during ECAP [Lapovok, 2005]. Another advantage of an imposed
hydrostatic pressure during ECAP is the decrease of internal void initiation and
improvements in the mechanical properties of cast billets. Application of back
pressure would have helped cast aluminium and Al-5Zn-1Mg to survive more number

of passes without cracking.
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CHAPTER 6

CONCLUSIONS

1. Processing of CP titanium results in improved strength with reduction in ductility.
Even though the hardness and ultimate tensile strength of the material was
improved, the forming pressure decreased for each passes till 0.93 strains. This
demonstrates that the ECAP using a 150° die angle is advantageous in improving
the mechanical properties of CP titanium compared to other die angles with

respect to lower punch pressure.

2. As received microstructure of cast aluminium is altered by ECAP. The casting
defects like inter-dendritic porosities are reduced by changing the orientation of
cast aluminium from one pass to another; different combinations of severity of
breakdown of cast ingots were obtained. Processing via route Ba and B¢ has a
profound effect in breakdown of dendrites as compared to samples processed by
route A and C. It is clear that altering the dendritic structure caused a
simultaneous increase in flow properties like strength coefficient and strain
hardening exponent. The severity of increase in strain hardening was more in first
pass and at a lesser extent in the subsequent passes, VHN exhibit a significant
increase with increase in equivalent plastic strain for cast aluminium rods. These
enhancements in strength and hardness are profound in the first pass itself, but
happen to increase at lower rate in next subsequent passes. Comparison of
microstructure, flow properties and mechanical properties were carried out for
different routes for multiple passes and the most effective route determined for
cast aluminium rod in the present study was route B,

3. Comparison of UTS and hardness were carried out for all the four routes and the
most effective routes determined for commercially pure wrought aluminium rod
were found to be was Ba and Bc UTS and VHN of CP aluminum rod in the
wrought form exhibited a significant increase with increase in equivalent plastic
strain. These enhancements in strength and hardness were profound in the first

pass itself, but happen to increase at lower rate in next subsequent passes at the
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expenses of reduction in ductility. The increase may be due to the buildup of high

dislocation density and initiation of sub grain walls.

. Al-5Zn-1Mg rod showed maximum plasticity in the temperature range of 373-573
K, where an improvement in hardness is also seen. The peak punch pressure was

least when processed at 573K.

. Tubular specimens of CP aluminium in the wrought form were subjected to three
ECAP passes using four different processing routes. The VHN of ECAP
processed material increased for 0.31 and 0.62 strain but didn’t show pronounced
difference between various routes. At 0.93 strain route Ba showed maximum
hardness and route C showed the minimum hardness, whereas increase in forming
pressures for three passes were insignificant except for route B¢. Thus it can be
concluded that ECAP is a promising technique for improving properties of tubular

specimen of CP aluminium in the wrought form.

. Cast Al and Al-5Zn-1Mg tube cannot be processed at room temperature using
ECAP without back pressure. A proper workability range where precipitates are
dissolved and flow stresses are minimum is to be determined to process cast
Al-5Zn-1Mg tube and a workability range where pores gets welded instead of
propagating should be determined for cast aluminium tube. It also reveals that
application of back pressure is a requirement even in the case of higher die angles

when processing tubular specimen.
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APPENDIX -1

1. VARIATION OF MICRO VICKERS HARDNESS ALONG THE
LONGITUDINAL AND RADIAL DIRECTION OF CP-Al TUBE
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Fig.1 Hardness variation in radial and longitudinal direction of an as —received and as-
pressed CP-Al tube
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Microvickers hardness (HV)
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Fig.2 Hardness variation in radial and longitudinal direction of a CP-Al tube after

ECAP second pass processed by various routes
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Fig. 3 Hardness variation in radial and longitudinal direction of a CP-Al tube after

ECAP third pass processed by various routes
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2. CALCULATION OF SHAPE DIFFICULTY FACTOR FOR CP-Al TUBE
AFTER EACH PASS OF ECAP

Shape difficulty factor is defined as the ratio of the surface area to volume of the
extruded specimens. After each pass of ECAP, the end of sample, i.e. un-extruded
portion of 5 mm sample was cut off. This causes a reduction in length of the specimen
after each pass, so there will be a change in shape difficulty factor too which is shown

in Table 1 below.

2.1 Surface area calculations

Surface area of a tube = 2 x x [(Outer radius) > — (Inner radius) 2] + (2 x & x Outer

radius x Length of specimen) + (2 x  x Inner radius x Length of specimen)

2.2 VVolume calculations

Volume of a tube = © x Length of specimen [(Outer radius) ? — (Inner radius) %]

Table.1 Shape difficulty factor of CP-Al tube after successive pass

(When un-extruded portion of 5 mm sample was cut off after each pass)

No of passes Length of the | Surface area of | Volume of the Shape
tube (mm) the tube tube difficulty
factor (SDF)
1 60 6579.87 10880.1 0.604
2 55 6061.77 9973.43 0.608
3 50 5543.67 9066.75 0.611
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