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PROCESSING OF ALUMINIUM AND TITANIUM ALLOYS BY
SEVERE PLASTIC DEFORMATION

by Saleh Naser Alhajeri

Severe plastic deformation (SPD) techniques ar&eabfo polycrystalline materials
to significantly refine their grain sizes which deaormally to an enhancement of the
material properties. Equal-channel angular presglBGAP) and high pressure
torsion (HPT) were considered as very important SEhniques. Very high
deformation is applied to the samples in ECAP aRd kvhich refines the grain size

and enhances the properties of materials.

In the present research, the evolution of homoggnén microhardness
measurements in the aluminium alloys was invest@after processing by ECAP
and HPT. In the ECAP experiments, billets of Al-Q0&lloy were processed by
ECAP at room temperature using route fBr up to six passes. The results of the
microhardness measurements show that the hardmesases significantly after the
first pass and continues to increase by smalleruatsoin the subsequent passes.
There are regions of lower hardness near the tdpbattom surfaces of the billet
after one pass. The hardness of the alloy beconmesodeneous along the
longitudinal and cross-sectional planes after sissps of ECAP except in a very
small region with lower hardness near the lowefasa:. Better results were achieved
when processing the same material by HPT. The Hi&ranents were conducted at
room temperature at a pressure of 6 GPa and feo fipe turns. The hardness was
completely homogeneous across the entire surfams &fe turns of HPT. A

comparison between the results performed by prowess-1050 alloy by ECAP



and by HPT shows clearly that better homogeneityragher hardness was achieved
by using the HPT process. Another aluminium alldi+1%Mg) was processed by
HPT under similar conditions of processing as f6A850. The results illustrate that
there is still a small region of lower hardnesgsheg centre of Al-1%Mg disk after
five turns. It was clear that the Al-1%Mg alloy deemore than five turns under the

pressure of 6.0 GPa to become totally homogeneous.

A series of [114] convergent beam electron difi@ct(CBED) zone axis patterns
were obtained at 148.7 kV with a 20 nm diametecteda probe from dislocation-
free regions close to and away from the grain batied in the billets processed by
ECAP through two and four passes after coolingdtdK8The results show that there
were no detectable strains in the centre of thengraf both billets. Near the grain
boundaries, compressive and shear strains wereteleétd he compressive strain was
constant in both billets with a value of ~0.1% dhd shear strain at the two passes
sample was ~0.044% and increased at the four passegle to reach a value of
~0.177%. Similar patterns from the billet processbhbugh eight passes were
difficult to be analyzed due to the higher dislomatdensity which led to a blurring
of the HOLZ lines.

Processing of commercial purity titanium alloy bYCAP at room temperature
proved the feasibility to perform this when the diennel angle increased and the
pressing speed decreased. The experiments we@rped at an angle of 135 deg
and pressing speeds of 0.5 and 0.05 mm/s. A maxiofuone pass were reached by
processing under the speed of 0.5 mm/s whereaspagses were successfully
performed under the speed of 0.05 mm/s without mepeing any visible cracks in
the billet.

Finally, HPT experiments were performed monototyc@h-HPT) and cyclically (c-
HPT) on two aluminium alloys (Al-1050 and Al-1%Mahd two titanium alloys (CP
Ti and Ti-6Al-4V). The results show that the ratketbe evolution towards the
homogeneity of microhardness along the diametethefdisks in the aluminium
alloys is higher when the disks are processed byRM-rather than processing by c-
HPT. Opposing results were found at the titaniuloyal where the rate was higher

when the disks are processed by c-HPT rather tr@egsing by m-HPT.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

The mechanical and physical properties of polyatiise materials are generally
enhanced by a decrease in the average size ofatexiah grains. Examples of these
properties include the strength and the resistafiqdastic deformation. The Hall-

Petch equation illustrates the relation between gtrength of polycrystalline

materials and the average grain size [1,2]. In &usation the yield stressy, is

given by
o,=0,+k,d™? (1.1)

whereo, is the friction stress, is a constant of yielding and is the average grain
size. The Hall-Petch equation illustrates cleahigttthe strength increases with the
reduction in grain size of the polycrystalline miate Another important advantage
of the small grain sizes materials is their enhdrazgerplastic properties at elevated
temperatures compared with the coarse-grained ialatg3]. These facts have

increased the interest in producing materials witiemely small grain sizes.

The conventional procedures using thermomechatmealments are usually used to
enhance the grain sizes of polycrystalline materiahd hence to improve the
properties of these materials. In these procedsresified regimes of temperature
and strain are normally applied to the materialsefine the grains. However, the
ability of these procedures in refining the graires is limited to the order of a few
micrometers only. Therefore, the development of n@ehniques to produce
materials with grain sizes in the submicrometer aatometer range was very

important. The materials having grain sizes in taege of 0.1-1 um are called



submicrometer structured materials while the mal®faving grain sizes less than
100 nm are called nanocrystalline materials. Bulkafine-grained materials (UFG)
are defined as polycrystals having grains with agersizes less than ~1 pm. Bulk
UFG materials require homogeneous and reasonablgpesl microstructures with a

majority of grain boundaries having high anglesnidorientation [4].

Materials with UFG microstructures can be produgsihg two different approaches
[5]. In the first approach, which is known as theottom- up" approach, the
individual atoms or the nano-particles are assednbbdgether to form bulk UFG
materials. Examples of some techniques using thypsoach to form UFG materials
include inert gas condensation [6], electrodepmsit[7] and ball milling with
subsequent consolidation [8]. The advantage of dpisroach is the capability of
producing materials with exceptionally small graires. However, this approach has
many limitations such as the sizes of the finispeaducts which are very small,
introducing some contaminations during processimg) the residual porosity in the
materials after processing.

In the second approach, which is known as the -town” approach, the bulk solid
which has a relatively coarse grain size initiallyprocessed to produce a material
having an UFG microstructure through the applicatmf heavy straining. The
limitations of the “bottom-up” approach such as temall product sizes and the
contamination or residual porosity were avoidedtly application of the “top-
down” approach. Examples of this approach incladeal-channel angular pressing
(ECAP) [9], accumulative roll-bonding (ARB) [10] drhigh-pressure torsion (HPT)
[11]. All these processes are based on the inttamuof severe plastic deformation

(SPD) into the materials, so these processes mnedethe SPD processes.

To convert a solid with coarse grains into an tilexgrained material (UFG), it is
necessary to impose an extremely high strain orstiid. Two conditions should
result from imposing the high strain: first, inteazing a high density of dislocations
and second, re-arranging these dislocations to fannarray of grain boundaries.
This conversion into UFG materials can be attaibgdapplying severe plastic

deformation to the coarse-grained materials, whexgemely high strains are



imposed on the solid at relatively low temperatusghout introducing any

significant changes in the overall dimensions efsblid [12].

The first development in using SPD in processingenis was in the 1940s by
Bridgman [13]. In the 1970s and 1980s, many devekds and investigations of
UFG materials produced by the use of SPD techniguezse achieved by Segal and
coworkers [14,15]. However, the interest in thedaciion of UFG materials by

using the SPD techniques has increased significahiting the last two decades.
Some of these SPD techniques are already wellle$tatl processes for producing
UFG materials. Leading examples of these well-distadxd processes are the ECAP

and the HPT processes.

1.2 Aims and Objectives

The aim of the present research is to gain thereqpee on processing materials by
severe plastic deformation (SPD) techniques. Iriquaar, using ECAP and HPT
processes as an SPD techniques to process somaialamand titanium alloys.

The main objectives of this research are as follows

* Investigate the evolution of the microhardness hgeneity in aluminium

alloys during processing by ECAP and HPT.

* Perform strain measurements by convergent beamtratediffraction
(CBED) on commercial purity aluminium (Al-1050) @yl after processing by
ECAP.

» Perform ECAP on commercial purity titanium (CP @ijyoom temperature.
* Investigate the effect of strain reversal on twarahium alloys (Al-1050 and

Al-1%Mg) and two titanium alloys (CP Ti and Ti-6A4N) during processing
by HPT.



* Examine the existence of slippage between the sesfaf the processed
disks and the surfaces of the upper or lower alittng processing by HPT.

1.3 Thesis Structure

The thesis consists of eight chapters. Chaptere2epits the fundamentals of the
ECAP and HPT processes. Chapter 3 illustratesubkiton of the homogeneity in
commercial purity aluminium (Al-1050) alloy durimgocessing by ECAP. Chapter
4 contains the strain measurements by convergem ledectron diffraction (CBED)
in commercial purity aluminium (Al-1050) alloy aftprocessing by ECAP. Chapter
5 illustrates the feasibility of processing of coemgial purity titanium (CP Ti) by
ECAP at room temperature. In this chapter the weak cooperated with a group
from China consisting of Prof. Jingtao Wang anddtiglent Yue Zhang. The ECAP
experiments were performed at Southampton but tlteohardness measurements
and the micrographs were taken in China. Chapifugrates the evolution of the
homogeneity in aluminium alloys during processiygHPT. Chapter 7 presents the
effect of strain reversal on aluminium and titaniahoys during processing by HPT.
Finally, chapter 8 summarizes all conclusions amdlimigs from the previous
chapters and highlights of the future work are g@nésd.



CHAPTER 2

FUNDAMENTALSOF THE ECAP AND HPT
PROCESSES

2.1 Introduction

Equal channel angular pressing (ECAP) and highsprestorsion (HPT) are termed
as leading severe plastic deformation (SPD) preseds the present chapter, the
fundamentals and a literature review of some agptins of both processes will be
reviewed. The relation between the microhardnesasarements and the internal
microstructure of the materials which processed®AP or HPT will be discussed

at the end of the chapter.

2.2 Equal-Channel Angular Pressing (ECAP)

The process of ECAP is an SPD process in whichtarmahin the form of square or
circular billet is deformed through a process ofge shear. This process was first
introduced by Segal and his co-workers in the 19#@51980s [14,15]. The purpose
of this process was introducing severe plastiarsirdo the material billets without
changing the cross-sectional dimensions of thetbillThe constancy of the cross-
sectional dimensions provides an opportunity fqreeging the pressing for many
passes. Accordingly, different slip systems cambeduced by rotating the billet in
different ways between the different passes [16]the early 1990s the process of
ECAP as an SPD technique was further developedtlraghotential for using the
process to fabricate UFG materials with grain simethe submicrometer and the

nanometer range have increased significantly [17,18

Many reasons have made the ECAP process one diasie and most attractive

processing techniques over the other SPD techniffjesirst, processing by this



technique can produce quite large billets and gassible to produce materials that
may be used in some structural applications. Sedbedorocess is relatively simple
and it uses equipment that is available in mosbratories except the relative
difficulty in constructing the die. Third, it carelapplied to materials with different
crystal structures. Fourth, processing for suffitiaumbers of passes can lead to
reasonably homogeneous microstructures. Fifthetieera possibility for scaling up
the process where it can be incorporated in comalanetal-processing procedures.
These reasons and advantages of the processingCB Ehave increased the

attention in the process in the last two decades.

The principle of the process of ECAP is illustrathematically in Fig. 2.1 [19].
There are two angles in the die shown in the figthre internal channel angl&,
which is equal to 90° in this die and the angléhef outer arc of curvature where the
two channels intersec¥, which is equal to 0° in this die. The channellang, and
the angle at the outer arc of curvatu¥e,are illustrated schematically in Fig. 2.2
[20]. The three orthogonal planes in Fig. 2.1 Xantl Z are defined as follows: X is
the transverse plane which is perpendicular tdltve direction, Y is the flow plane
which is parallel to the side face at the pointeait from the die and Z is the
longitudinal plane which is parallel to the topfage at the point of exit from the die.
In the process of ECAP, the sample which is hasisguare or circular cross-section
is placed within the die channel then pressed pluager using some form of press
and this process can be repeated for several passeach the required strain. The
die and the plunger are made from material havigger strength than the sample.
When the sample passes through the die channed,ahgkperiences a simple shear
as shown schematically in Fig. 2.3 [21]. The dimems of the sample's cross-
section remain constant despite the severe impgisaith when it passes through the
shear plane and this is defined as the most immtoctzaracteristic of the process of
ECAP. There are several fundamental parametersmgjogethe ECAP process such
as the imposed strain in each pass, the processutg, the operated slip planes

during the process and many other parameters.
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Fig. 2.1: Schematic illustration of a typical ECA&eility showing the three
orthogonal planes X, Y and Z [19].

Plunger

Fig. 2.2: Schematic illustration of a typical ECAdeility showing the channel angle
(@) and the angle at the outer arc of curvatife[R0].
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Fig. 2.3: The principle of ECAP process showingghearing plane between the two
adjacent elements labelled 1 and 2 [21].

2.2.1 Thestrain imposed in ECAP

The magnitude of the strain which is imposed onsdm@aple in each pass during the
ECAP process may be estimated using analyticallzdlons based on the different
die configurations illustrated schematically in F2g4 [22]. Two angles are shown in
the figure; the channel angl@) and the angle of the outer arc of curvatuf. (
There are three conditions corresponding to thesin of the angle of the outer arc
of curvature ¥) which are shown in Fig. 2.4. These situations Big 2.4(a) where
¥ =0°, Fig. 2.4(b) wher& = (n - @) ° and Fig. 2.4(c) where 0° ¥ < (x - ®)°. The
strain is estimated where the frictional effects meglected.



(b)

Fig. 2.4: Principle of ECAP wher@ is the channel angle arfdis the angle the outer
arc of curvature: (af = 0°, (b)¥=(x - @) °and (c) 0° ¥ < (n - D)° [22].

For the situation wher# = 0°, it was shown in a previous study [22] tHe shear

strain,y, is given by
y= 2cot(§j (2.1)

For the situation wher® = (t - @) °, the shear strain, is given by
y=u (2.2)

and for the general situation where 09< (x - ®@)°, the shear strain, is given by

the general solution



y= 2cot(% +%j +¥ COSG({% +%j (2.3)

The general solution in Eq. (2.3) reduces to EdL)(# ¥ = 0° and reduces to Eq.
(2.2)if¥=(@- D) °.

Generally, the equivalent strain imposed duringcessing by ECAP after N passes,

en, may be expressed in a general form by the reistip [22],

_ N O Y ¢ W
EN = ﬁ |:2COI(E+E\]+ Wy COSG({E +Ej:| (2.4)

Take into considerations that the same strain uad after each pass. Two
modeling experiments revealed excellent agreemdtht kqg. (2.4), except for the
regions near the cell walls or adjacent to the losueface of the billets [23,24]. The
significance of the die angleB and ¥ are shown in Fig. 2.5 [20]. The equivalent
strain will increase with decreasing channel ar{die while the angle at the arc of
curvature P) has a relatively small effect on the equivalanais. The equivalent
strain in the conventional dies with a channel ar@fl 90° is approximately ~1 for
each single pass and this strain is independernthefangle of the outer arc of

curvature ).

2.2.2 Theprocessing routesin ECAP

Four essential processing routes are defined fargssing materials by ECAP which
are termed as routes AaBBc and C. In route A the sample is pressed without
rotation between the repeated passes, in roytéh® sample is rotated by 90° in
alternate directions between the repeated passesyte B the sample is rotated by
90° in the same direction after each pass, anduterC the sample is rotated by 180°
between the repeated passes. The four differemepsing routes are illustrated in

Fig. 2.6 [21]. Different slip systems will be inthaced when using various routes

10



during the pressing. Therefore, different microstinees may be produced by ECAP
through using different routes [25-27].

1.5

1.0 -

1

05

D (deg)

Fig. 2.5: Variation of strain with the anglésand ¥ after ECAP for a single pass
[20].

Hute A

N\

Route Ba

N

Fig. 2.6: The four basic processing routes usdeidAP [21].
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2.2.3 Slip planesfor thedifferent processing routes

Different slip planes are introduced when processmaterials by ECAP using
different processing routes. Fig. 2.7 illustrateshesnatically the slip planes
introduced by each processing route [28]. In tlgurg, the planes X, Y and Z
correspond to the three orthogonal planes showiqusgly in Fig. 2.1 and the slip
planes labeled 1, 2, 3 and 4 correspond to thiedfipmsses of ECAP for the different
processing routes.

In route A, there are two separate shearing planiessecting at an angle of 90°. In
route By, there are four separate shearing planes intergeat angles of 120°. In
route B, the slip in the first and second passes are daddey the slip in the third
and fourth passes, respectively. In route C, tleashg occurs on the same plane in
each consecutive pass with reversing the directidhe shear in each pass. Routes C
and B are called redundant strain processes becaustr#ie is restored after every
two and four passes, respectively. Routes A apdaB: not redundant strain
processes and there is an additional buildup afrstbn each separate pass through
the die.

2nd press istpress
z \ ‘.".. \
Xy \ ra
route A Ko A

A

route B, | X & ’__ P

route B¢ || ;-‘
,..

route C

Fig. 2.7: The slip planes associated with the focessing routes [28].
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The distortions introduced into a cubic element tuthe different processing routes
are illustrated in Fig. 2.8 [29]. The cube elemearts viewed on the X, Y and Z
planes for processing routes A,,Bc, and C after pressing through 1-8 passes. In
Route A, the distortions of the cube element irmeean the X and Y planes with
increasing number of passes. There is no distodiorihe Z plane in route A. In
route B, the distortions increase in all planes with iasiag number of passes. In
route B, the cubic element is restored every four paskesoute C, the cubic
element is restored every two passes but there distortion on the Z plane. It is
concluded from Fig. 2.8 that route: Bs better than the other routes because the
evolution of the microstructure occurs most rapidhyen using this processing route

in which the sample is rotated by 90° in the samection after each pass.

Number of pressings
o 1 2 3 4 5 6 7 8

Route| Plane

N o = = = = - w—
O

oo oo0oo0o0bao

x |10 o 2 s Z SN /2 N /

BA Y Di/-f’f-ﬁ#"'.ﬁ"ﬂ.—n—

X |0 o ¢ 0 O o ¢ 0 0O
BlY|O =~=—0 0 =="0 0O
Z |0 0 ==~ 0 00

X | O o 0 o 0 o 0 o 0O
= 0 = 0 = 0 =01

O
O 0 o0o0o0oooaoao

Fig. 2.8: The distortions of cubic elements onXhé& and Z planes when pressed
for up to 8 passes for different processing ro[26%
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2.2.4 Influence of the processing route on the microstructure

The microstructures formed in pure aluminium on ¥hplane after ECAP through
four passes using (a) route A [30], (b) rouig[B1], (c) route B [30] and (d) route C
[30] are shown in Fig. 2.9 together with the seddarea electron diffraction (SAED)
patterns. It is clearly evident from these photaogcaphs that pressing for four
passes using routecBeads to an array of reasonably equiaxed ultrajiraéns. It is
also evident that after pressing for four passasgusutes A, R, and C the grains
become elongated. The SAED patterns show that gsowgthrough route Bled to

a high fraction of boundaries having high anglesnaforientation, while processing
routes A, B and C led to high fraction of boundaries havingv langles of

misorientation.

Fig. 2.9: The microstructures on the X plane fdypiystalline aluminium after
ECAP through 4 passes using routes A [3Q][8L], B¢ [30] and C [30] together
with the associated SAED patterns.

14



2.2.5 Significance of the channel angle ( @)

As stated in equation (2.4) and presented by tbeiplFig. 2.5, the channel angle
(@) is one of two factors significantly affecting timposed strain on the sample
during processing by ECAP. The second factor isttit@l number of passes. To
investigate the effect of the channel angl§ on the microstructure, experiments
were performed on pure aluminium using four differdies having channel angles
of 90°, 112.5°, 135° and 157.5° [32]. The total oved strain on each sample was
approximately 4. The samples were pressed usirtg Be in which the sample was
rotated by 90° in the same direction after eacls mdsECAP, for 4, 6, 9 and 19
passes giving total strains of 4.22, 4.27, 4.21 483 for the dies having channel
angles of 90°, 112.5°, 135° and 157.5°, respegtividlie microstructure and selected
area electron diffraction (SAED) pattern of eacimgke are shown in Fig. 2.10. It is
clear from the figure that the microstructure afis¥ssing using a die with a channel
angle of 90° consists of ultrafine equiaxed grawuits boundaries having high angles
of misorientation. With increasing the channel andhe microstructure becomes
less regular and the fraction of boundaries hatow angles of misorientation
increased. It is shown from these results thatpalgh the total imposed strain on the
four samples was almost equal, the resultant nticrctsires were different. It is
concluded that the factor of the channel angle leartte the imposed strain in each
separate pass is more important than the total segatrain after ECAP through
many passes. It is concluded also that increasi@gniposed strain in each separate
pass enhances the resultant microstructure. Howéwvereasing the die channel
angle is required in processing some hard or ditfito-work materials such as
titanium and tungsten at low temperatures to pregsacking or segmented failures
[33,34].

15
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®=157.5°

Fig. 2.10: Microstructures and SAED patterns a#€AP for an imposed strain of
~4 using dies having channel anglés ¢0f 90°, 112.5°, 135° and 157.5° [32].

2.2.6 Influence of the pressing speed

Usually, the processing by ECAP is conducted attiradly high speeds using high-
capacity hydraulic presses. It was confirmed by ynamvestigations that the
equilibrium size of the ultrafine grains which d@med through processing by
ECAP is not influenced significantly by changing thressing speeds [19,35,36].
Fig. 2.11 illustrates the variation of the yieldess with changing the pressing speed
for Al-1%Mg alloy after ECAP through 1, 2, 3 angbdsses [19]. It is clearly evident
from the figure that the pressing speed has nafgignt effect on the resultant yield
stress. However, in processing hard or difficultstork materials such as titanium at
relatively low temperatures, it is always requiteddecrease the pressing speed in

order to prevent cracking [33,37].
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Fig. 2.11: Variation of the yield stress with thegsing speed of Al-1%Mg alloy
after ECAP through 1, 2, 3 and 4 passes [19].

2.2.7 Influence of the pressing temperature

The pressing temperature has a great effect ogreie size, thus it is termed as a
key factor in any use of the ECAP process. Fig2 2lllistrates the influence of the
pressing temperature on the grain size for difieeaminium alloys after ECAP
through several numbers of passes at differentspprgstemperatures [38]. It is
clearly evident from the figure that the equilibniugrain size of all materials
increases with increasing temperature. With inéngapressing temperature, the
fraction of low-angle grain boundaries increasesahee the rates of recovery
become faster. Consequently, this leads to an asorg in the annihilation of
dislocations within the grains which in turn leadsa decrease in the numbers of

dislocations absorbed into the subgrain walls.
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Fig. 2.12: Variation of the grain size with the g8mg temperature after ECAP of
different aluminium alloys [38].

2.2.8 Incorporation of ECAP in continuous production

As is known, ultra-fine grains (UFG) materials wigxceptional physical and
mechanical properties can be achieved by processing the ECAP process. These
materials may have important applications in thadugiry. There is some effort to
incorporate ECAP technique in continuous procesepegyations [39-50]. Fig. 2.13
illustrates an example of incorporating a processnéd the dissimilar-channel
angular pressing (DCAP) in continuous productiorrapon [45]. Another example
of incorporating ECAP in continuous production giems is illustrated in Fig. 2.14

where a process termed ECAP-Conform was incorpibiata continuous production

operation [49].
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Fig. 2.13: Schematic illustration of the DCAP presevhich was used in continuous
production operations [45].

Fig. 2.14: Schematic illustration of the proces&6fAP-Conform [49].
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2.2.9 Evolution of the microhardness homogeneity during processing by ECAP

Since the sample pressed through the ECAP die iexgges a homogeneous simple
shear strain, it is suggested theoretically thae thicrostructure will be
homogeneous. However, practically the applied mstraiuring ECAP is
inhomogeneous. The frictional forces between thepsa and the die walls, for
example, may affect the strain distributions esgcnear the die walls. The lack of
contact between the sample and the lower surfa@nlie sample passes through
the outer arc is another example of the effecthenstrain distribution. However, the
experimental data available to date suggests thraasonable homogeneity of the

microstructure can be achieved after sufficient bernof passes.

ECAP experiments were conducted on pure Al and08li6alloy to investigate the
evolution of homogeneity after pressing for sevpeases [51]. In these experiments,
the billets were pressed for up to four passe®@mnrtemperature using route.B
Microhardness measurements were taken followinggalar rectilinear grid pattern
over the cross-sectional planes of the billets. f@seilts were presented in the form
of contour maps representing the individual micrdhass values. The results show
that the hardness on both materials became inhameogs after one pass with lower
hardness regions near the bottom surface. Witreasong numbers of passes, the
microhardness values became more homogeneous. fAfterpasses, the hardness
values of the pure Al became homogeneous while hHbenogeneity of the

microhardness values of the Al-6061 alloy graduiatigroved.

A new technigue was developed recently by recordihg microhardness
measurements in a rectilinear grid pattern acrbssdifferent planes of the ECAP
billets. These measurements were then plottedanfdrm of colour-coded contour
maps to provide a visual representation of theatians in the microhardness across
these planes [52,53]. Examples for the colour-codedtour maps for pure
aluminium and Al-6061 alloy subjected to ECAP anewn in Figs. 2.15 [52], 2.16
[52] and 2.17 [53]. In Fig. 2.15, the microhardnassasurements were recorded on
the cross-sectional plane of pure aluminium in deereceived unpressed condition
and after pressing through one, two, three, four @ight passes of ECAP at room

temperature using routecBIn Fig. 2.16, the microhardness measurements were
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recorded on the cross-sectional plane of Al-60@dyah the as-received unpressed
condition and after pressing through one, two,ehfeur and six passes of ECAP at
room temperature using route:.BIn Fig. 2.17, the microhardness measurements
were recorded on the vertical longitudinal planeAd6061 alloy after pressing
through one, two, four and six passes of ECAP aimrtemperature using route.B
The results of these experiments show that therrabhb®came inhomogeneous after
one pass, although the hardness remarkably inctediss this pass. With increasing
numbers of passes, the hardness continued to s&craasmall amounts and at the

same time the homogeneity of the microhardnessesahcreased significantly.
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Fig. 2.15: Colour-coded contour maps of the micrdhass through the cross-
sectional planes of pure aluminium billets in tigressed condition and after ECAP
through 1, 2, 3, 4 and 8 passes [52].
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Fig. 2.16: Colour-coded contour maps of the micrdhass through the cross-
sectional planes of an Al-6061 alloy in the unpeessondition and after ECAP
through 1, 2, 3, 4 and 6 passes [52].
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Fig. 2.17: Colour-coded contour maps of the micrdhass through the longitudinal
planes of Al-6061 alloy after ECAP through 1, 2add 6 passes [53].

2.2.10 Processing of titanium alloys by ECAP

It is known that processing by ECAP at low tempsée; such as room temperature,
leads to the optimum ultrafine-grained microstroesu Pressing at low temperatures
results in smaller grain sizes and higher fractiohsiigh-angle boundaries [38].
However, it is not easy to perform ECAP processindhard metals such as titanium
at low temperatures due to the high loads needepréssing which may exceed the
capacity of the press or lead to the formationratks and segmentations. Therefore,
most of the low temperature ECAP investigations caeied out on relatively soft
metals such as aluminium and copper. One of tHg Eaestigations for processing
titanium by ECAP was in 1999 by Semiatin et al.][38 this study, ECAP pressing
was performed on commercial purity titanium (CP Us$)ng a conventional die with
an angle of 90° between the two channels. It veasd that the CP Ti billet
experiences segmented failure at room temperating umany pressing speeds (25,
0.25 and 0.025 mm/s) as illustrated in Fig. 2.18thermore, CP Ti experiences the
same failure at temperatures of ~400 K and ~50Gikgua pressing speed of 0.25
mm/s. By contrast, CP Ti experiences a uniform flelaen pressed at a temperature
of ~550 K using a pressing speed of 0.25 mm/s.eAtperature of ~600 K, CP Ti
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experiences a uniform flow at the pressing spedd3.2b and 0.025 mm/s but it

experiences segmented failure again at a prespeef 25 mm/s.

All subsequent experiments of ECAP of CP Ti werefgeamed at elevated
temperatures with only one exception of performitig experiment at room
temperature. Most of these experiments were peddrat temperatures in the range
of 623 - 773 K [36,54-65]. Only one investigatiancsessfully performed ECAP on
CP Ti at a temperature of 473 K [66]. The dies usedll these investigations were

having an angle of 90° between the two channels.

Up to date, there is only one investigation showlE@AP of CP Ti at room
temperature successfully [37]. In this study, bsllef CP Ti were pressed in two
different dies; one having an angle of 90° betwintwo channels and the second
having an angle of 120° between the two channels.bBth dies, the angle of the
outer arc of curvature was 20°. Using the calcafatvritten by lwahashi et al. [22],
it is found that the equivalent strain imposed loa billet in each pass is ~1 for the
90° die and ~0.6 for the 120° die. All billets wgneessed for a single pass at room
temperature using a pressing speed of 0.5 mm/shawn in Fig. 2.19, the billets
pressed using the 90° die start to have crackgyaloa direction of the shear and if
the pressing is continued the billet will experiersegmented failure similar to the
failure reported by Semiatin et al. [33]. By costrahe billet pressed using the 120°
die shows a uniform and smooth flow without havany visible surface cracking.
Furthermore, as shown in Table 2.1, the yield stkgs the ultimate tensile strength,
outs, and the Vickers microhardness, Hv, of the bijetssed by ECAP at room
temperature for one pass by 120° die shows a gignif increase compared to the
billet in the initial unpressed condition. In adadiit, the elongation to failure in the
billet pressed at room temperature remains rea$phajh. The comparison between
those mechanical properties in the billet presdesb@m temperature for one pass
with those in the billets pressed for multiple masat elevated temperatures show
that the values are reasonably similar or evenrtioen temperature billets show
slightly better values in some cases. Finite elénmeodelling predictions on hard
and difficult-to-work materials performed by Figredo et al. [67] show that the

increase in the angle of the die distributes therdeation zone within the shearing
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region and this prevents the shear localizationclviin turn leads to reducing the
tendency for cracking and segmented failures.

A conclusion from the previous mentioned studiegpeeially [33,37], is that there
are two important parameters in processing by EG@@&Pthe hard or difficult-to-
work materials at room temperature. The first pat@mis increasing the channel
angle () within the ECAP die to an angle equal or abov®°12lrhe second
parameter is reducing the pressing speed to sleedsp(in the range of 0.5 mm/s or
less). Those two important parameters manage dlceufie behaviour and controlling
them can prevent the failure by segmentation aad fe a uniform flow in the ECAP

process.

v =0.025 mm/s

e

v =0.25 mm/s

v= 2.0 mm/s

I 25 mm |

Fig. 2.18: Samples of CP Ti billets after pressahgoom temperature using pressing
speeds of 0.025, 0.25 and 25.0 mm/s [33].
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Fig. 2.19: CP Ti billets after pressing at room pemature with dies having channel
angles @) of (a) 90° and (b) 120° [37].

Table 2.1: Mechanical properties of CP Ti before and after ECAP [37]

ECAP conditions Mechanical properties

Angled T (K) N Ram Speed (mm/s) Hv(MPa) ox(MPa)  ours(MPa) 5(%)
Thisinvestigation
Initial material - - - - 1550 405 530 41
After ECAP 120° R.T. 1 0.5 2430 680 780 14
Earlier investigations
Stolyarov et al. [5] 90° 723-773 7 - 2350 520 540 16
Stolyarov et al. [7] 90° 673-723 8 6 - 640 710 14
Stolyarov et al. [8] 90° 673-723 8 - 2700 640 710 14

2.2.11 Twinningin titanium alloys after processing by ECAP

Slip and the activated slip systems in the matepabcessed by ECAP play a critical
role in the introduced structure of the materigl |9 has been found by von Mises
(1928) and Taylor (1938) that the minimum requiraegdnber of independent slip
systems for a material to experience a homogengefiasmation by slip is five [68].

For face-centered cubic (FCC) metals and body-cedteubic (BCC) metals, this
condition exists and the required five independgstems for slipping are available.
On the contrary, the number of the independenvadip systems in the hexagonal
close-packed (HCP) metals such as titanium (Ti)nsted. This limitation in the

number of the slip systems makes the processing@AP of the h.c.p. metals and

alloys very difficult. Due to this limitation in éhslip systems, deformation twinning
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plays a critical role in the processing of h.c.petafs such as Ti by ECAP. The
formation of deformation twins in titanium alloys a® reported in many
investigations [37,55,59,60,66].

Commercial purity titanium (CP Ti) was processed B@AP for one pass at a
temperature of 623 K [55]. The analysis of the wstructure showed that the

deformed structure was covered by multiple micrm$wit was shown that the twins

occurred on {.Oi_‘L} planes despite of the grain orientation with espto the shear

direction. Depending on this result, it was conédnthat, in CP Ti alloys, the

{10]__1} twinning plays a critical role in the plastic @efmation accrued through the
processing by ECAP. A similar investigation wasf@ened on CP Ti at the same
temperature of 623 K for one and two passes, therostructural observations were

made on the specimens [60]. It was observed thatTCRBuring the first pass

deformed mainly by 10_11 deformation twinning, as proved by Kim et al. [55
However, during the second pass, CP Ti deformedlgndiy slip rather than by
deformation twinning. This is due to the microstuwal changes such as grain size
refinement and texture formation which occurredrythe first pass. These changes
increase the critical resolved shear stress (CR8S)eformation twinning over that

for dislocation slip.

At room temperature, it was shown that processing® Ti for one pass using 120

degree die led to the formation of shear bands{am_il} deformation twins [37]. It

was suggested that the limited slip systems inheagonal close-packed (hcp)

metal such as titanium are assisted by the forrmaufo{loil} deformation twins
and this leads to the formation of a microstructtwataining both the shear bands

and the deformation twins.

28



2.3 High Pressure Torsion (HPT)

The concept of high pressure torsion (HPT) was iisoduced by Bridgman in the
1940s when he combined the torsion with compressidms experiments [13]. In
the 1980s, the principles of HPT were applied owesd metallic alloys by a
research group in Russia [69]. After that the psscef high pressure torsion was
considered as a method of processing of nanostatstctumaterials [70].
Homogeneous nanostructures with high-angle grawntaries were successfully

formed using this method of severe plastic defoiond71].

When compared to HPT, ECAP is relatively simplecpaure where, except only for
the construction of the die, it uses equipment fkateadily available in most
laboratories. However, HPT became an attractiveqgesing technique because it
leads to a greater refinement of the microstructume to a higher fraction of high-
angle boundaries compared to ECAP. For examplesrarpnts on Al-3% Mg alloy
led to grain sizes of ~270 nm in ECAP [72] and 1@0in HPT [73], experiments on
Al-5% Fe alloy led to grain sizes of ~300 nm in HECAnd ~100 nm in HPT [74] and
experiments on high-purity Ni led to grain sizes~850 nm in ECAP and ~170 nm
in HPT [75]. Subjecting pure Ti to HPT after ECA€tluces the grain size from ~300
nm after ECAP only to ~200 nm after ECAP then HFSHB][ In addition,
experiments on high-purity Ni showed that the ratfchigh-angle boundaries was
higher after HPT compared with ECAP [75,76].

In HPT, a sample in the form of a disk is held kesw two anvils termed the lower
and upper anvils. High compressive pressure, Rpmied up to several GPa and
then the disk is concurrently strained in torsion rbtation of the lower anvil.

lllustration of the HPT method is shown in Fig.@.Pue to the applied pressure and
torsion, surface frictional forces deform the disk shear. The deformation of the

disk continues under a condition of quasi-hydrastatessure.
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Upper Anvil

Stationary

-(— Sample

Lower Anvil

G Rotation

Fig. 2.20: lllustration of the HPT facility showirilge sample under pressure and
rotation.

2.3.1 Calculation of the strain imposed in HPT

Different relationships were used to calculate gtvain imposed on the disk in high
pressure torsion (HPT). Fig. 2.21 illustrates thgables used in estimating the strain
[71]. For an infinitely small rotation,& the displacement,l dis calculated asld-
rdé@ where r is the radius of the disk. Therefore, itteeemental shear strainy,ds

given by
dy=—=— (2.5)

whereh is the disk thickness.

Sinced = 2zN, where N is the number of revolutions, and byuasag that the
thickness of the disly, is independent of the rotation angleit follows from formal
integration that the shear stragnjs given by

y_272 N.r
h

(2.6)
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Fig. 2.21: Parameters used in estimating the sitain in HPT [71].

Finally, the equivalent strain is calculated acaugdo the von Mises criterion using
the relationship [77-79]

2n N.r
=yl = 2.
=yl e (2.7)

Eq. (2.7) can be used for small imposed sheamstiaily. For large strains, where

> 0.8, the equivalent strain is given by [80]

£= (2/\/§)In[(1+ y2 14y + y/z] (2.8)
An alternative relationship for calculating the e@lent strain was developed to
incorporate the decrease in the thickness of tkk dihich is resulting from the

application of large values of pressure. For tloadition, the equivalent strain is

given by [81]

£:In|:1+[ﬂj } +In(&j (2.9)
h h

wherehy andh are the initial and final thickness of the diskspectively. Sinced(.
N/h >>1, Eg. (2.9) may be simplified to the follmg expression [82,83]

£=In(ﬂj+ln(&j :In[g'rz'h"j :In(an—z'r'h"j (2.10)
h h h h
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All these equations provide different theoreticghtionships which may be used to
calculate approximately the total strains imposed HPT disks. However, the
equivalent strain values calculated by the abolagiomships are only approximately
equal to the real strain values. It is more reaalitt consider the number of
revolutions imposed on the disk and not the stvaine calculated by the analytical

equations while studying the evolution of the mstrocture during HPT [77].

2.3.2 Constrained and unconstrained HPT

When processing by HPT, two different types of pssing can be used based on the
method of insertion of the disk sample betweenwteanvils. These types are called

constrained and unconstrained HPT as illustratedreatically in Fig. 2.22 [84].

In unconstrained HPT, as illustrated in Fig. 2.22(ae disk is placed on the lower

anvil and it is free to flow outwards under the lgggp pressure and torsion. A minor

back-pressure is introduced on the disk due tdribigonal forces between the disk

and the surface of the anvils. Unconstrained HP3 wgd in some experiments such
as pure Ni experiments [71].

In the second condition where the disk is proceaseder constrained HPT, as
shown in Fig. 2.22(b), the disk is placed in a tain the lower anvil, so there is no
material flow outside the cavity after applying thieessure and torsion. In this type
of HPT processing, the disk is strained under aitmm of full back-pressure. The
idealized constrained HPT is difficult to achiewadanormally the experiments are
conducted under a quasi-constrained conditionllestrated in Fig. 2.22(c). In this
case, there are two cavities in the upper and laweils and the disk is fitted in

these cavities. The flow of the material outside dnvils is limited.
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Fig. 2.22: Schematic illustration of HPT process(&) unconstrained, (b)
constrained and (c) quasi-constrained conditiods [8

2.3.3 Variation in homogeneity acrossthe HPT disk

In principle, the theoretical imposed strain on T disks is given by (2 N r / h)
where N, r and h are the number of turns, the raiséance from the centre and the
thickness of the disk, respectively. As a resulthid expression, the strain must be
zero at the centre and increases linearly to raaclaximum near the edges. So, it is
theoretically suggested that the microstructuredpeced by HPT should be
inhomogeneous. This homogeneity was proven by stgdyhe microhardness
evolution of the HPT disk. Some reports have praovesl inhomogeneity and show
that the values of the microhardness along the eti@nof disks processed by HPT
vary significantly with low values in the centredahigh values near the edge of the
disks [85-87]. However, most of the experimentahdavailable to date suggests that
a reasonable homogeneity of the microstructure bmamchieved when processing
under sufficient pressure and revolutions [71,88-95

A clear contradiction with the theoretical stragfationship was shown by Xu et al.
[95] where high purity aluminium disks were proassdy HPT at room temperature
under pressures of 1.25, 2.5 and 6.0 GPa for hd®aurns. As shown in Fig. 2.23,
at the early stages of pressing, the hardness atehitre of the disks under different
pressures is higher than near the edge of theadidhkvith increasing number of turns

the hardness becomes homogeneous along the diashéterdisk.
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Fig. 2.23: The average Hv microhardness versuartistfrom the centre of the disk
after processing by HPT: (a) under a pressure2 GPa, (b) under a pressure of
6.0 GPa and (c) after five turns using differerggsures [95].
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2.3.4 Influence of the applied pressure on microstructural evolution

The applied load or pressure is an important faictgrocessing by HPT. Fig. 2.24

illustrates the influence of the applied pressumetlee microhardness values for Ni

disks processed by HPT for 5 turns under appliedqures of (a) 1 GPa, (b) 3 GPa,
(c) 6 GPa and (d) 9 GPa [71].

The figure shows the three-dimensional meshes farofmardness data and the
projected hardness values. The initial hardnesshefmaterial in the unpressed
condition was ~1.4 GPa. The microhardness increaftedpressing under a pressure
of 1 GPa inhomogeneously where the hardness neagdyes of the disk is larger
than near the centre. With an increase in the egpressure, the microhardness
values over the surfaces of the disks increaseecesdly in the centres of the disks
and all values were more than 3 GPa after pressimpr a pressure of 9 GPa.
Increasing the applied pressure led to an increaséhe homogeneity of the

microhardness values.

)

Hv, GPa

Hv, GPa

Fig. 2.24: Three-dimensional meshes of microharsloédi processed by HPT
under applied pressures of (a) 1 GPa, (b) 3 GP&, GPa and (d) 9 GPa [71].
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2.3.5 Influence of the number of revolutions

The second important factor in the HPT proceshestotal imposed strain which is
measured by the number of revolutions. Fig. 2.R&titates the influence of the total
number of revolutions on the microhardness valeedNi disks processed by HPT
under a pressure of 6.0 GPa for (a) 1/2, (b) 13(end (d) 7 turns [71]. After 1/2
turn, the microhardness increased inhomogeneoukBrenvthe centre of the disk
shows lower hardness than the edges. With incrgasimber of revolutions, the
higher microhardness regions near the edges belzager. After seven turns, the
microhardness values became reasonably homogeneousasing the number of

revolutions led to an increase in the homogenditii® microhardness values.

L
o

Hv, GPa

Hv, GPa
Hv, GPa

Fig. 2.25: Three-dimensional meshes of microharslivedli processed by HPT
under a pressure of 6.0 GPa for (a) 1/2 turn, o)y, (c) 3 turns and (d) 7 turns
[71].
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2.3.6 New techniquein evaluating the microhardness evolution

To evaluate the evolution of homogeneity in therohardness measurements, a new
technigue was developed recently by recording tleeatnardness measurements in a
rectilinear grid pattern across the surface of Tl disks. These measurements
were then plotted in the form of colour-coded comntomaps to provide a visual
representation of the variations in the microhasdn&cross the surface of the disks
[95].

Examples for the colour-coded contour maps for lpighty aluminium are shown in
Figs. 2.26 and 2.27. The material in both figureseaprocessed for 1, 3 and 5 turns.
Fig. 2.26 shows the maps under a pressure of 12& vhile Fig. 2.27 shows the
maps under a pressure of 6.0 GPa [95]. Fig. 2.e@/shhat the homogeneity of the
microhardness after processing under a pressurd.28 GPa increases with
increasing numbers of revolutions. A similar treeghown in Fig. 2.27 for the disks
subjected to a pressure of 6.0 GPa. Conflictingpeder HPT reports, both figures
show that the microhardness at the centre of thlesds higher than near the edges.
This is related to the high value of the stackiagltf energy in the pure aluminium.
High purity aluminuim has a high stacking fault egyeand a high recovery rate. The
diameter of the area of higher microhardness atcémdre of both disks decreases
with increasing number of turns and pressure. @naotiner hand, evaluation of the
figures shows that optimal homogeneity for purasfdchieved after five turns when

using the lowest pressure of 1.25 GPa.
The results of this investigation show that theedegment of homogeneity in HPT

depends upon two factors: the numbers of revolatighich reflect the values of the

imposed strain and the values of the applied pressu
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Fig. 2.26: Colour-coded contour maps showing Hvratiardness across the surface
of high purity Al processed by HPT at a pressur&.26 GPa for (a) 1, (b) 3 and (c)
5 turns [95].
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Fig. 2.27: Colour-coded contour maps showing Hvrahiardness across the surface
of high purity Al processed by HPT at a pressur6.6fGPa for (a) 1, (b) 3 and (c) 5
turns [95].
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2.3.7 Strainreversal in HPT

One of the essential differences between ECAP aRd I8 the continuity of the
processing operation. In ECAP, the process is dismaous where the processed
billet is removed from the die after each pass tamldiscontinuity allows changing
the pressing route between consecutive passesdifarent processing routes were
established that lead to activating different stiypstems giving different shear
patterns for each route [29,96]. On the contrafyTHs a continuous process where
the sample remains between the two anvils duriegetttire experiment. The only
way to change the route of the HPT processing tiperas by altering the path or
direction of rotation. As shown in Fig. 2.28, twettions of rotation are available
in the HPT operations; A and B, where the rotatiothe same direction is called the
monotonic HPT (m-HPT) and altering between A andliBctions is called the
cyclic HPT (c-HPT) [97].

There are only a few reports to date investigatiregeffect of strain reversal on the
structure and the mechanical properties of somenmaég. In the first investigation,
c-HPT were conducted on an Al-3% Mg-0.2% Sc allby gressure of 6 GPa for
two turns; one in A direction and one in B direntiand it was compared to the same
alloy strained for two turns by m-HPT [90]. The ults of the hardness across the
diameter of the disks showed the same trend wiheréardness is low at the centre
and higher near the edge. However, the rate ofelmand was higher in the disk
processed by m-HPT than that processed by c-HPt€r,LArmco iron, high-purity
Ni and 900A pearlitic rail steel were processed byRFHby estimating the strain by
cycle ranging from 0.5 to 4 at a radius distanc8 aim from the centre of the disk
up to a total strain deformation of 64 at the radilistance of 3 mm [98,99]. The
results of these investigations were similar ta fieand in the previous study by
Horita and Langdon [90].

Commercial purity Ti (CP Ti) and a low carbon st@et-0.03C) were processed for
up to 50 turns using m-HPT and c-HPT [100]. Theultssof the hardness
measurements for the low carbon steel were sinoldne other materials discussed

previously; i.e. the rate of increase of the hasdneas higher in m-HPT than in c-
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HPT. However, contradicting all other studies, ithi of increase of hardness in CP
Ti was higher in c-HPT than in m-HPT.

High-purity Al was processed using m-HPT and c-HRToom temperature for up
to 4 turns under a pressure of 6.0 GPa [97]. Thasomements of the microhardness
were recorded over the surface of the disks anducadoded contour maps were
constructed. The results showed that, as in adiratiaterials investigated in reversal
straining except CP Ti, the microstructural homaggnoccurs more slowly in c-
HPT than in m-HPT.

The evolutions of microstructures in high-purityminium were studied in m-HPT

and c-HPT for strains up to 8 which is equivalentdtation for 96° at the outer edge
of the disk [101]. Reversal straining was perfornbgdalternating rotation in A and

B directions for 12° in each direction. The resutsowed that there were no
significant differences between m-HPT and c-HPTth& grain refinement and the
final grain size. However, it was shown that preoeg by c-HPT significantly

slowed down the formation of high angle grain bames. The same group studied
the microstructure and the texture of the same mahtesing the same procedure
[102]. The results showed that the microstructarad textural developments were
similar for m-HPT and c-HPT in the early stageshaf deformation (strain of ~1) but

significantly different at higher strain levels.

Upper Anvil

Lower Anvil

Fig.2.28: Schematic illustration of HPT facilityshing the two directions of
rotation; A and B [97].
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2.4 Microstructure - Microhardness Relation

The relation between the internal microstructure tbé materials and the
microhardness measurements were reported in mamgiest Those studies
concluded that there is a direct relation betwéwninternal microstructure and the
microhardness measurements where the materials shwmrease in the

microhardness with the decrease in the size ofnierials grains.

The results of some studies guarantee this disdation. First, there is a report for
armco-iron and the pearlitic rail steel S900A [88pwing the variation of both the
microhardness measurements and the grain sizédaarimco-iron or the cementite
lamellae distance for the pearlitic rail steel S&@0ter deforming both materials by
HPT under a pressure of 5 GPa and for an equivateait of up to 32. It was shown
by this study, as illustrated in Fig. 2.29, that tinicrohardness increases with the
decrease in the grain size in the armco-iron antheénpearlitic rail steel S900A the

microhardness increased with the decrease in therite lamellae distance.

Microhardness
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Fig. 2.29: (a) Change in microhardness, (b) chamg&ernal microstructure for

armco-iron and the pearlitic rail steel S900A [78].
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In the second report, the microhardness measureménth were taken across the
cross-section of pure aluminium processed by EGXPrie pass show higher values
in the central region of the billet than at theimity of the bottom surface [52].

Studying the microstructure at both regions sholat the microstructure at the
central region consists of ~50% elongated grains-&tdo equiaxed grains whereas
the microstructure at the vicinity of the bottonrfage consists of ~90% elongated
grains and ~10% equiaxed grains. Hence, the inciaake fraction of the equiaxed

grains in the pure aluminium increases the micrhess. In the third report, similar
results were found when processing pure aluminiynEGAP for one pass using a
back pressure of 50 MPa [103]. Microhardness measeints were recorded across
the cross-sectional plane which show a region welovalues adjacent to the bottom
surface. Photomicrographs were taken at three rdiffepositions on the cross-
section; (a) near the upper surface, (b) at théreeand (c) near the lower surface.
Well-defined sub-grains having reasonably equiac@digurations were found near
the upper surface and at the centre of the planeth® other hand, there were no

well-defined equiaxed sub-grains near the lowefaser

In the fourth report, the same results were alsmdowhen processing high purity
aluminium by HPT for one turn with a pressure &51GPa [95]. Microhardness

measurements show high values in the centre oflidleand lower values near the
edge of the disk. The microstructures in the ceaict near the edge of the disk were
recorded by TEM. The micrographs show that thengrai the centre of the disk are
smaller compared to that near the edge; the avegage sizes in the central area
were ~0.8 um and near the edge of the disk were |t1h.2All these investigations

show that the microhardness measurements increiiseh& decrease in the grain
sizes of the materials. The previous results gueeaa direct relation between the

internal microstructure of the materials and thernotiardness measurements.

An investigation on commercial purity aluminium (AD50) processed by ECAP for

one pass showed that the microhardness was hightb&t centre of the cross-section
of the billet while the grain size was smallestha edges [104]. It was suggested that
the contribution of dislocations in the increasdéha microhardness values near the

edges was higher than that of the grain size.
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CHAPTER 3

THE EVOLUTION OF HOMOGENEITY DURING
PROCESSING OF COMMERCIAL PURITY
ALUMINIUM BY ECAP

3.1 Introduction

In this chapter, the evolution of the microhardnéssnogeneity of commercial
purity aluminium alloy during processing by ECAP liwbe investigated. As
mentioned previously, the degree of homogeneity tbE microhardness
measurements reveal the homogeneity of the intemelostructure of metals as
stated in many previous reports [52,78,95,103].

Theoretically, the imposed shear strain on theebidluring ECAP is homogeneous
[16,22,23]. However, in practice, the strain iseatéd by many factors that lead to
inhomogeneities in the internal microstructure. Thetional forces between the
billet and the die walls are a source of inhomogese Another source is the lack of
contact between the billet and the lower surfacéhatdead zone when the billet
passes through the outer arc [23,24,105,106].

In this chapter, the changes in the microhardneais imcreasing number of passes
will be studied on two planes; the longitudinal ahé cross-sectional planes. The
required number of passes to reach a reasonabledemaity in the microhardness
measurements when processing Al-1050 alloy willnvestigated.
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3.2 Experimental Material and Procedures

A commercial purity aluminium alloy Al-1050 with weight percent of at least
99.5% aluminuim was used in the ECAP experimernte dhemical composition of
the alloy in weight percent (wt. %) is shown in TeB.1. The alloy was supplied in
the form of a long bar having a diameter of 9.45.n&illets having a diameter of

9.45 mm and length of 65.0 mm were cut from thefbathe ECAP experiments.

Table 3.1: The chemical composition of Al-1050in wt. %:

Maximum composition in wt.%

Al Fe Si Mg Cu Mn Zn \% Ti
(Min.)

9950 040 025 005 005 005 005 005 0.038

The ECAP experiments were conducted in air at reemmperature using a facility
connected to a computer to control the pressingdpiuring the experiments.
Photographs of the experimental facility used m BHCAP experiments are shown in
Fig. 3.1. The experiments were conducted by fabnigeaa solid die made from H13
tool steel material with dimensions of 101.6x1532% mm as shown in Fig. 3.2.
The solid die contains a circular cross-sectiomalkawhich is bent into an L-shaped
configuration. The entrance portion of the chariree a diameter of 9.7 mm and the
exit portion of the channel has a diameter of 9. Mhe diameter of the exit portion
of the channel increased to 9.9 mm near the extttethannel to ease the removal of
the billets from the die. The channel has two agtae is the die internal angle
between the entrance and exit portions of the akgdr) and the second is the angle
of the outer arc of curvature at the point of isgation of the two portiong. The
values used in this investigation for the two asglere 90 deg for the channel angle
(@) and 20 deg for the angle of the outer arc of durea(?). For the die
configuration and the values of the two angleand ¥ used in this investigation, it

has been shown previously that the equivalentrsttacumulated on each separate
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pass is ~1 [22]. Before testing, billets were coabgda lubricant containing a
suspension of molybdenum disulfide in a mineral Bilessure was applied to the
billets using a plunger made from H13 tool steetamal attached to a hydraulic
press having a capacity of 200 tons.

Billets were pressed for 1, 2, 4 and 6 passes@i@imaximum total strain of ~1, 2, 4
and 6, respectively. All billets were pressed usaangressing speed of 0.5 mm/s and
processing route CB in which the billet was rotated by 90° in the sadirection

between each consecutive pass [29]. This processutg was selected because, for
the die configuration used in these experimentigaitls most rapidly to an array of
equiaxed ultrafine grains separated by an arrdyoohdaries having high angles of
misorientation [31]. Also a pervious investigatisimows that pressing Al-1050 alloy
using route BC leads to higher hardness and yield strength vallres pressing up to

eight passes compared to route C, in which thetbglrotated by 180° between each
consecutive pass [107]. Limited inherent back-pressvas applied on the billets in
this investigation because each billet is presgginat the preceding billet which
stays in the die after pressing. An as-receivddttand as-pressed billets through 1,

2, 4 and 6 passes are illustrated in Fig. 3.3.
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Fig. 3.1: Photographs of the experimental facilisgd in the ECAP experiments
showing the die and the plunger.
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Fig. 3.2: Drawing for the die used in the experitseshowing the dimensions in mm
and angles of the channel.
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Fig. 3.3: As-Received and as-pressed billets aft@ 4 and 6 passes.

After pressing, two groups of billets were selectBdch group consists of four
billets after pressing through 1, 2, 4 and 6 passspectively. The billets from one
group were carefully sectioned into two halves gléime central line of the billets,
perpendicular to the upper surface, using 0.25 mamsowire erosion with an electro-
discharge machine. All microhardness measuremdntsisogroup were then taken
on the vertical longitudinal (XZ) planes of onefhall each billet. The billets from
the second group were sectioned perpendiculardio kbngitudinal axes using the
same method of sectioning and a small disk waseché®m the middle of each
billet, i.e. away from the front and rear edged. Aicrohardness measurements of
this group were then taken on the cross-sectiovid) planes of each disk. The
orthogonal notation used in this investigationjrasarlier ECAP studies [9], is: the
X or transverse plane perpendicular to the floveation, the Y or flow plane parallel
to the side face at the point of exit from the dred the Z or longitudinal plane
parallel to the top surface at the point of exiinfrthe die, respectively. One half of
each billet of the first group and a small disknfr@ach billet of the second group
were mounted using a cold-setting resin based anflvwd epoxy components and
then carefully polished using 120, 600, 1200 an@04@rit to a mirror-like finish.
Fig. 3.4 illustrates the billets of the first growgfter sectioning, mounting and
polishing.
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Fig. 3.4: Billets after sectioning, mounting andigtmng.

Rear Top Front
Edge Edge
9.5 mm
Bottom
) ~52 mm g

Fig. 3.5: The linear traverses used for takingrohiardness measurements.

Microhardness measurements, Hv, were then recaddle surface of each sample
of the two groups using a Matsuzawa Seiki MHT-1 noh@rdness tester equipped
with a Vickers indenter. For each measurementad wf 300 gf was applied for a
dwell time of 15 s. For the first group, five trases were chosen at distances of 1.0
and 3.0 mm from the top surface, at the centre,adrdistances of 1.0 and 3.0 mm
from the bottom surface as shown in Fig. 3.5. Térgth of each traverse of these
five traverses was 52 mm and the microhardness ureraents were taken at an
increment of 1.0 mm giving a total number of 52adadints for each traverse. So the
total number of data points for each sample of ¢ghaup was 260 data points. As
illustrated in Fig. 3.5, all measurements were ria@eer a rectangular section in the

centre of the surface avoiding the areas adjacahietfront and rear edges due to the
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severe distortion of the billets at these areastl®second group, the microhardness
measurements were taken on the cross-sectiona plah an increment of 1.0 mm
between the data points through Y and Z axes giaita@gal number of 57 data points
for each sample.

The individual microhardness measurements were pilated against the X axis for

the first group and against the Y axis for the sécgroup. For the first group, the
individual measurements were plotted in the forntabur-coded contour maps to
show the variation of hardness along the longitaldptane then it was plotted as a
three-dimensional representation. For the secomdpgtthe individual measurements
were plotted in the form of colour-coded contourpsidao show the variation of

hardness over the cross-sectional area. The michobss of the alloy in the as-
received unpressed condition was measured anddestam the graphs to provide a

comparison with the as-pressed billets.

3.3 Experimental Results

In this investigation, the values of the Vickerscrohardness measurements, Hv,
were recorded on both the vertical longitudinalngland the transverse plane. For
the vertical longitudinal plane, five separate ér@es were recorded for each sample,
as shown in Fig. 3.5. These traverses are locdtdd0aand 3.0 mm from the top
surface, the centre, and at 1.0 and 3.0 mm fronbot®m surface. For each traverse
there was a total of approximately 52 individualasiwrements which gave a total
number of 260 data points for each vertical lorgjital plane. For the transverse
plane, the microhardness measurements were takénawiincrement of 1.0 mm
between the data points through Y and Z axes gi@itmjal number of 57 data points
for each transverse plane. For simplicity, onlyethtraverses were recorded on each
plane. These traverses were located at 1.0 mm fremtop surface, the centre
traverse, and the traverse located at 1.0 mm fhenbottom surface.
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Fig. 3.6 shows the individual microhardness measards recorded along the
longitudinal axis after ECAP for one pass, two pasdour passes, and six passes
along (a) the traverse located at 1.0 mm from dpesurface, (b) the central traverse,
and (c) the traverse located at 1.0 mm from théobotsurface, respectively. The
microhardness measurements for the as-receiveessgat alloy are also shown and
the front edge of the billets lies on the righttleé graphs. As shown in Fig. 3.6, the
hardness increases after processing by ECAP thronglpass from an initial value
of ~25 to values larger than ~42 for all traverseglvis an increment of ~70% from
the initial hardness. The hardness values at th&aletraverse after one pass are
larger than 50 which is ~100% of the initial hardneBhe hardness at the central
traverse is larger than that near the top surfdgehns in turn larger than that near
the bottom surface. The hardness continues toaserdy smaller amounts in the
subsequent passes. The hardness values after B@ARyh six passes are larger
than 47 for all traverses, even close to the botsomiace, which is ~90% of the
initial hardness. The hardness values near theudpce ranging from ~44 after one
pass to ~54 after six passes. These values ranging 440 after one pass to ~52
after six passes near the bottom surface, wher rianging from ~50-56 at the
central traverse. As shown in Fig. 3.6, the hardmesasurements along all traverses

are consistent especially along the central travers

Fig. 3.7 shows the individual microhardness meamsargs along the longitudinal

axis for the ECAP after (a) one pass, (b) two p@asé® four passes, and (d) six
passes, respectively. The microhardness measurefogerihe as-received unpressed
alloy are also shown and the front edge of theetsillies on the right of the graphs.
As mentioned previously from Fig. 3.6, Fig. 3.7850 shows that the microhardness
increased after one pass from 25 to ~50 at theecénatverse of the billet which is an

increment of ~100% from the initial hardness. Thecrohardness near the top
surface showed lower values where the microhardmass-45 and it was lower near
the bottom surface where it was ~42. The microhasinalues increased by smaller
amounts after two passes for all traverses andsthiall increasing continues after
four passes and after six passes as shown in Big&), (c), and (d). After six

passes, the lower values of microhardness at & r@ear the top surface are not
evident while the lower values of microhardnesghatarea near the bottom surface

are still evident, although it becomes less eviddite difference between the
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microhardness values at the centre traverse anmaverses near the top and bottom
surfaces decreased after six passes and the hoeitygehthe microhardness of the

alloy increased.

Fig. 3.8 shows the colour-coded contour maps ofntiirohardness measurements
along the vertical longitudinal plane of the b#ledfter ECAP for (a) one pass, (b)
two passes, (c) four passes and (d) six passgmatesely. The significance of the
colours is shown by the scale lying on the rightha figures where the increments
of the microhardness values are 2 and the fron¢ efighe billets lying on the right.
In these figures, the bottom axis representsXtmmponent and the vertical axis
represents th& component and the microhardness measurements reeoeded
along theY plane. After ECAP for one pass, as shown in Fig(&3, the
microhardness measurements are consistent oiX taeis but on theZ axis the
variation of the microhardness measurements arm@lglevident and the values
ranging between ~40 near the top and bottom suri@eds-52 at the centre of the
billet. There are regions of lower microhardnesarrike top and bottom surfaces of
the billet, although the region near the bottonfasue is bigger. After ECAP for two
passes, as shown in Fig. 3.8(b), the region of lomi&rohardness near the top
surface disappeared while that near the bottomasairfs still visible although it
becomes less evident. The microhardness measurestnyg the X axis is still
consistent. After ECAP for two and four passesstasvn in Figs. 3.8(b) and (c), the
plots show that the microhardness measurementstimedront edge are lower than
that near the rear edge. The reason for this istduihe inherent back-pressure
introduced when using a solid die. In the solidabeafiguration, the billet remains in
the die after pressing and each billet will be peelsagainst the preceding billet
which causes a back pressure on the pressed @ilied. variation continues after
ECAP for six passes, as shown in Fig. 3.8(d), alghoit becomes less evident. After
ECAP for six passes, as shown in Fig. 3.8(d), therohardness measurements are
homogeneous over the surface of the billet andnii@ohardness values ranging
between ~50 and ~56 except the region of lower maitess within a distance of

~1.0 mm near the bottom surface and mainly towagdrtint edge of the billet.

Fig. 3.9 shows the three dimensional representtioh the microhardness

measurements after ECAP for (a) one pass, (b) tesgs, (c) four passes, and (d)
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Six passes, respectively. The plots record theahandness values against the X and
Z axes. The significance of the colours is showithigyscale lying on the right of the
figures where the increments of the microhardnedses are 5. In these graphs, the
top surface lies to the right and the front edge kt the far edge from the viewer.
After ECAP for one pass, as shown in Fig. 3.9(ag tegions near the top and
bottom surfaces show lower microhardness values ttina regions away from these
surfaces. With increasing number of passes, asrshotigs. 3.9(b), (c), and (d), the
region of lower microhardness values near the topase disappeared while that
near the bottom surface is still evident, althoiidlecomes less evident. After ECAP
for six passes, as shown in Fig. 3.9(d), the mrdhess values becomes

homogeneous except the small region near the battoface.

Fig. 3.10 shows the individual microhardness meaments recorded on the cross-
sectional planes for the ECAP after (a) one pdgswo passes, (c) four passes, and
(d) six passes, respectively. The graphs show tizeohardness measurements of
three lines only for simplicity; the line locatett BO mm from the top surface, the
line at the centre, and the line located at 1.0 froam the bottom surface. The
microhardness measurements for the as-receivectssgu alloy are also shown in
the graphs for comparison. After ECAP for one passshown in Fig. 3.10(a), the
microhardness measurements increased from anl weiiae of ~25 to values larger
than ~44 which is an increment of ~75% from the ahithardness. The
microhardness values at the centre line are laigar the values near the top and
bottom surfaces. At the centre line, the harneseeased as the distance from the
edges increased then it decreased at the centtieedbillet. The reason for this
decrease is unknown. This decrease becomes laefnewith increasing number of
passes, as shown in Figs. 3.10(b), (c), and (d).hElmdness continues to increase by
small amounts in the subsequent passes and tleesurécomes more homogeneous
after six passes, as shown in Fig. 3.10(d).

Fig. 3.11 shows the colour-coded contour maps @fnticrohardness measurements
along the cross-sectional plane of the billetsrd®€AP for (a) one pass, (b) two
passes, (c) four passes and (d) six passes, regheciThe significance of the
colours is shown by the scale lying on the righthaf figures where the increments

of the microhardness values are 2. After ECAP foe @ass, as shown in Fig.
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3.11(a), the hardness was low near the top andrhaturfaces and at the centre of
the billet. The hardness increased with increasingber of passes, as shown in
Figs. 3.11(b), (c), and (d), and the low hardneggons near the top and bottom
surfaces and at the centre of the billet becan® dgglent and the surface became

more homogeneous.
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Fig. 3.8(a): Colour-coded contour map of the miaroimess, Hv, recorded along the
vertical longitudinal plane after one pass: th@sigance of the colours is shown on
the right. The front edge lies on the right of tigaire.
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Fig. 3.8(b): Colour-coded contour map of the mienalmess, Hv, recorded along the
vertical longitudinal plane after two passes: tigmisicance of the colours is shown
on the right. The front edge lies on the righthad figure.
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Fig. 3.8(c): Colour-coded contour map of the miemaimess, Hv, recorded along the
vertical longitudinal plane after four passes: stgnificance of the colours is shown
on the right. The front edge lies on the righthd figure.
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Fig. 3.8(d): Colour-coded contour map of the miemaimess, Hv, recorded along the
vertical longitudinal plane after six passes: tigaificance of the colours is shown
on the right. The front edge lies on the righthad figure.
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Fig. 3.9(a): Three-dimensional representation efrticrohardness measurements,
Hv, along the vertical longitudinal plane after gueess: the significance of the
colours is shown on the right.

Al-1050: ECAP 2p

[ 55
/3 50
I 45
I 40

Microhardness (Hv)

Fig. 3.9(b): Three-dimensional representation efrtiicrohardness measurements,

Hv, along the vertical longitudinal plane after tpasses: the significance of the
colours is shown on the right.
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Fig. 3.9(c): Three-dimensional representation efrtiicrohardness measurements,

Hv, along the vertical longitudinal plane after f@asses: the significance of the
colours is shown on the right.
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Fig. 3.9(d): Three-dimensional representation efrticrohardness measurements,

Hv, along the vertical longitudinal plane after pixsses: the significance of the
colours is shown on the right.
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Fig. 3.10(a): Individual measurements of the miardness, Hv, recorded on the
cross-sectional plane along the central traverddlatraverses at 1.0mm from the
top and bottom surfaces after one pass.
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Fig. 3.10(b): Individual measurements of the miaralmess, Hv, recorded on the
cross-sectional plane along the central traverddlatraverses at 1.0mm from the
top and bottom surfaces after one pass.
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Fig. 3.10(c): Individual measurements of the miamimess, Hv, recorded on the
cross-sectional plane along the central traverddlamtraverses at 1.0mm from the
top and bottom surfaces after one pass.
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Fig. 3.10(d): Individual measurements of the miemalmess, Hv, recorded on the
cross-sectional plane along the central traverddlamtraverses at 1.0mm from the
top and bottom surfaces after one pass.
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Al-1050 : ECAP 1p
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Fig. 3.11(a): Colour-coded contour map of the mharaness, Hv, along the cross-
sectional plane after one pass: the significandeetolours is shown on the right.
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Fig. 3.11(b): Colour-coded contour map of the nfienainess, Hv, along the cross-
sectional plane after two passes: the significaricke colours is shown on the right.
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Al-1050 : ECAP 4p
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Fig. 3.11(c): Colour-coded contour map of the nfenaness, Hv, along the cross-
sectional plane after four passes: the significaricbe colours is shown on the right.
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Fig. 3.11(d): Colour-coded contour map of the mhenaness, Hv, along the cross-
sectional plane after six passes: the significarficke colours is shown on the right.
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3.4 Discussion

As suggested previously in various reports [5258@3], the microhardness
measurements reveal the internal microstructumaeifl alloys. The most important
conclusion of the present investigation is that thierohardness measurements of
Al-1050 alloy on both the vertical longitudinal paand the cross-sectional plane
become homogeneous after six passes. Hence, #mmahtmicrostructure for Al-
1050 alloy become homogeneous after sufficient rerrobpasses, e.g. six passes, of

ECAP using a pressing speed of 0.5 mm/s and priogessite BC

In the present investigation, the number of theividdal microhardness
measurements used was very large, i.e. approxiynaé€ individual measurements
on each vertical longitudinal plane and 57 indiadmeasurements on each cross-
sectional plane. This number of individual measwets minimized the error in the
investigation results. Before starting the expentagall billets were well-lubricated
to minimize the frictional effect between the hileand the die wall. As stated in
previous study, the friction between the billetsl @aine die wall has minor effect on
the well-lubricated billets [108].

As in all other ECAP studies, the present invesibgashowed that most of the
increase in the microhardness measurements is vachiafter the first pass.
Although, the microhardness values and hence ttenial microstructure is not
homogeneous after this pass. With increasing numbpasses, up to six passes for
Al-1050 alloy, the increase in the microhardneseelatively small but on the other
hand the increase in the homogeneity is large.aduitional pressing is a key factor
in increasing the homogeneity of the microhardnesdses and hence the internal
microstructure, although the increase in the miardhess values is relatively small.
This result proves that the ECAP technique, ikiused for a sufficient number of
passes, can be incorporated successfully in thigncmus processing techniques for

the production of metal sheets or wires.

The microhardness values recorded near the topattdm surfaces after one pass

are lower than the average. This is more evidenttlie bottom surface. With
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increasing number of passes, the lower microhasdnesasurements near the top
surface stops and that near the bottom surfacencast although it becomes less
evident. The reason for forming of the lower hastnarea near the bottom surface
was the lack of contact between the billet and ¢hannel at the outer arc of
curvature and the formation of a gap at that dteaas shown in previous reports
that a gap is formed and a dead zone is initiatde die at the area of the outer arc
when using a die having arc angl®) (of 0° [22-24,105]. It was shown previously
that there is no effect for changing the arc afiglisn 0° to 20° on the homogeneity
of hardness measurements and the dead zone wasdfatra die having arc angle of
20° [109]. Previous study showed that the sizenefdorner gap between the billet
and the die depend on the strain hardening ratbeobillet material [110]. It was
shown that the corner gap in materials with higteain hardening rate is bigger.
The hardening rate decreases with increasing appdieal strain and this lead to
decrease in size of the corner gap and hencezbeobithe lower hardness area near
the bottom surface. This is clearly shown in thimeecoded maps where the area of
lower hardness decreases with increasing numbarre$. The lack of contact and
the gap formation between the upper surface obiltet and the die was noticed in

many finite element analysis researches [105, 111].

After six passes, which was the maximum number afsps used in this
investigation, the microhardness values and hdre@ternal microstructure became
homogeneous except the small distance near thenbatirface especially toward the
front edge of the billet. The decrease in the hesdmear the front edge is due to the
inherent back-pressure which is introduced to iHethvhen it is pressed against the
preceding billet which stays in the die after pimegsThe inherent back pressure is
introduced on the pressed billet while the fronttd billet passes through the angle
of the die. After approximately pressing half oé thillet, the preceding billet passes
the smaller diameter of the exit portion of theraia to the higher diameter of the
exit portion and the back-pressure become zervidtre study shows that the lower
hardness region near the bottom surface increagbsinecreasing back-pressure
[103].
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The results demonstrated in the present investigatie consistent with the results
demonstrated in previous studies for the crossesedtplanes of Al-6061 alloy [52]

and for the vertical longitudinal planes of Al-608lloy [53].

3.5 Summary and Conclusions

1. Microhardness measurements were recorded alongettiieal longitudinal
planes and the cross-sectional planes of Al-106 alllets after pressing by
ECAP through 1, 2, 4 and 6 passes at a pressirgdspe0.5 mm/s using

route B.

2. 260 data points were taken on each vertical lodmal plane and 57 data
points were taken on each cross-sectional plame pfocessing by ECAP.
Using of this large numbers of individual microhaeds measurements of Hv

minimized the error in the results.

3. There is a significant increase in the average ohexdness measurements,
reaching approximately 70%, after ECAP pressingough one pass,
although there are regions of lower hardness meaiop and bottom surfaces
due to the lack of contact between the billet dreddie at the inner and outer
corners at the die angle. There are additionakimatller increases in hardness

in subsequent passes.

4. Good homogeneity in the hardness was achieved prfteessing by ECAP
through six passes throughout the vertical longmaidplane and the cross-
sectional plane although the region of the lowerdhass near the bottom
surface remains, especially towards the front ethge,it was less evident

while the region of lower hardness near the tofaserdisappeared.
5. These results prove that the ECAP technique candoeporated successfully

in the continuous processing techniques for thelymtion of metal sheets or

wires if it is used for a sufficient number of pass
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CHAPTER 4

STRAIN MEASUREMENTSBY CONVERGENT BEAM
ELECTRON DIFFRACTION IN ALUMINIUM
PROCESSED BY ECAP

4.1 Introduction

The location and nature of the internal stresseth& microstructure of strained
metals has been the subject of considerable discuder many years. The
convergent beam electron diffraction (CBED) techeigrovides a quantitative tool
in measuring the existence of these internal stsedsy probing the grains to
determine the changes in the lattice parameterd-115]. For this TEM technique
the microscope is operated in convergent beam mabhepnode in which convergent
electron probes of several nanometers in diameterfacused onto the region of
interest when the sample is oriented in a crygjediphic zone axis at which a large
number of sharp higher order Laue zone (HOLZ) liaes present in the CBED
pattern. It is well known that such patterns cdovakhe determination of any lattice
parameter changes that are associated with strHimesnature of the strain can be
either inhomogeneously or homogeneously distributedhe regions of interest.
Dislocation strain fields are an example of therfer type where it is difficult to
measure these strains quantitatively by using @& Hlines in CBED. On the other
hand, homogeneous strains are associated with ebanglattice parameters and
such changes can be measured from the changes position of the HOLZ lines in
the CBED patterns for quite small levels of stréng. 0.1% or even less). In
addition, these lattice parameter changes can $eciased with a distortion of the
usual unit cell to one of a different Bravais legtiand this can be known from the
broken symmetry in the HOLZ CBED pattern.
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In the present investigation, the CBED HOLZ metheds used to look for
homogenous strains that may be present insidertiesgand near grain boundaries
in commercial purity aluminium (Al-1050) alloy pregsed by equal-channel angular
pressing (ECAP) at room temperature.

4.2 Experimental Material and Procedures

A commercial purity aluminium alloy Al-1050 with weight percent of at least
99.5% aluminuim was used in the present experimdimes chemical composition of
the alloy and the dimensions of the billets wehastrated in chapter 3. The ECAP
experiments were described in detail in chapteBilBets were pressed repetitively
for 2, 4 and 8 passes giving a maximum total sto&in2, 4 and 8, respectively. All

billets were pressed using a pressing speed oménfs and processing routeé,Bn

which the billet is rotated by 90° in the same clien between each consecutive
pass [29]. After pressing, a disk was cut fromdhass-sectional plane of each billet
using 0.25 mm brass wire erosion with an electsaithrge machine. Another disk
was cut from the material in the as-received caoowlitThe thickness of the each disk
was 0.8 mm and it was reduced to 0.2 mm by mechahpalishing using 1200 and
4000 grit. TEM samples having a diameter of 3.0 mene cut from the centre of
each disk. All TEM samples were electropolishedhwat twin jet electropolisher
using a solution consisting of 30% HRAI® 70% Methanol and a voltage of 20-30 V.
The temperature of the solution during the polightnocess was ranging between -
20°C and -30°C and the resulting polished surfagese shiny. The TEM was
conducted using a Philips EM 430 T transmissiorcted@ microscope (TEM)
located at the University of Bristol. Photograptiste TEM facility are shown in
Fig. 4.1. Convergent-beam electron diffraction (CBfpatterns on the <114> zone
axis were taken for each sample and it was compaittdsimulated patterns. The
patterns were taken at a temperature of ~80 K amdvattage of 148.7 kV using a
probe size of 20 nm. A JECP “Java Electron Crystgphy Package” was used to
find the simulated patterns. The package was dedigmd written by Dr. X.Z. Li
from University of Nebraska-Lincoln at USA to stuthe crystalline structures by

using electron diffraction [116]. To find the acate voltage used in the experiment
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which was 148.7 kV, the pattern from the matemathe as-received condition was
compared with the simulated pattern when the kattiarameter at the experiment
temperature (80 K) was 0.40329 nm and all lattrogles were 90° [117].

Fig. 4.1: Photographs of the TEM facility locateédtae University of Bristol.
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4.3 Experimental Results

4.3.1 Al-1050 in the as-received condition:

The microstructure of the AI-1050 alloy in the aseived condition consists from
equiaxed grains having an average grain size aoappately ~44um. The material
was free from dislocations inside the grains. Ti@LHA pattern was taken from the
centre of a grain. The lines of the pattern weaaghas shown in Fig. 4.2 where the
observed HOLZ pattern is compared to the simulptgtern. As shown in the figure,
the symmetry was preserved in the centre of a dgram the material in the as-
received condition. The symmetry continued wherbjprg the grain from the centre
to the grain boundary by 20 nm steps which was ph#be size. The lattice
parameters used in the simulation to get the saatterp as in the observed one
were: a = b =c¢ =0.40329 nm and =y = 90°. This pattern was considered as the

reference pattern for the other patterns taken fiteensamples after ECAP through

two, four and eight passes.

IARNa

Fig. 4.2: The observed and the simulated HOLZ padteaken from the material in
the as-received condition.
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4.3.2 Al-1050 after ECAP through two passes:

After ECAP through two passes, the microstructunesests of elongated low-angle
subgrain boundaries with relatively few dislocatigoresent within the subgrains.
These elongated grains had average widths of appately ~0.66um and lengths
of approximately ~1.@qm. A micrograph taken from a region oriented apprately

at right angle to the direction of ECAP is showrFig. 4.3. Two patterns were taken
from the sample after ECAP through two passes.dDtiee centre of a grain and one
near the grain boundary. At the centre of the grasnshown in Fig. 4.4, the lines of
the HOLZ pattern were sharp to some extent but Wexg less sharp than the pattern
of the as-received condition. As noticed from tigeife, the symmetry of the pattern
was preserved. The observed HOLZ pattern was cadgarthe simulated pattern
which was used in the as-received condition with shhme lattice parameters and
they were identical. The lattice parameters wereba= ¢ = 0.40329 nm and=f =

v =90°.

The observed pattern near a grain boundary shdwsak in the symmetry. Fig. 4.5
shows the observed and the simulated patternstheagrain boundary of a grain
taken from the billet which was pressed by ECARlgh two passes. It is noticed
from the figure that the lines of the observed grattwere reasonably sharp and the
two patterns are in good agreement. The arrowsign &5 show the shift of the
intersection of the two lines towards the left hg same amount for the observed
and the simulated patterns. In the simulated pattdre lattice parameter ¢ was
reduced from 0.40329 nm to 0.40289 nm which inéga compression strain of
approximately 0.1%. In addition, the angkesand p were changed to 89.95° and
90.05°, respectively. This change in the anglesicatds a shear strain of
approximately 0.044% and -0.044%, respectively. dtieer three parameters were
setto a=b =0.40329 nm ape: 90°.
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0.5 pum

Fig. 4.3: TEM image of the grain used for acquirihg HOLZ patterns from the
billet processed by ECAP through 2 passes.

Fig. 4.4: The observed and the simulated HOLZ padteaken from the centre of the
grain after ECAP through two passes.
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Fig. 4.5: The observed and the simulated HOLZ padtéaken near the grain
boundary after ECAP through two passes. The arshws the break in the
symmetry after increasing the magnification of plagterns.

4.3.3 Al-1050 after ECAP through four passes:

After ECAP through four passes, the microstructooasists of equiaxed grains
having an average grain size of approximately 409 A micrograph taken from a
region oriented approximately at right angle to theection of the ECAP after
processing through 4 passes is shown in Fig. 4. Jatterns were taken from this
sample, one at the centre of a grain and one heagrain boundary. The symmetry
in the pattern which was taken from the centrehefdrain was preserved as shown
in Fig. 4.7 and the lattice parameters were: a=—d= 0.40329 nm and = =y =
90° which are similar to the parameters of the neltéen the as-received condition.

The lines of the pattern were blurred and lesspshampared to that in the sample
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pressed through two passes. Fig. 4.8 shows thevausand the simulated patterns
near the grain boundary. As shown in the figure, bturring of the lines in the
pattern increased compared to the pattern taken the centre of the grain. It is
clearly shown that the symmetry was broken andath@ws in both graphs indicate
the shifting of some points from its original pasiis. The arrows in both graphs are
in a good agreement. The lattice parameter a, kxahd not change from the sample
which was pressed for two passes; i.e. a = b =3294@m and c = 0.40289 nm. The
change in the anglesandp increased over that for the two-pass sample. Tigkea
became approximately 89.8° and the arfigheecame approximately 90.2°. The other
three parameters were set to a = b = 0.40329 nny an@0°. This indicates that the
shear strain increased after four passes and be0dali&% and -0.175% for the
angleso andp, respectively.

4.3.4 Al-1050 after ECAP through eight passes:

The microstructure of the billet pressed by ECAPigh eight passes consists of
equiaxed grains having an average grain size ofoappately ~0.68um. A
significant dislocation density was found withinetlgrains which led to highly
blurred lines in the HOLZ patterns inside the gsaand near the grain boundary.
Due to this blurring in the pattern lines, the meaments of the strain were not
possible in the sample pressed through eight paskeshigh dislocation density can
be seen in Fig. 4.9 in locations where a grainntaigon allows the dislocations to be
imaged.
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Fig. 4.6: TEM image of the grain used for taking thOLZ pattern at the billet
pressed through 4 passes.

Fig. 4.7: The observed and the simulated HOLZ padteaken from the centre of the
grain after ECAP through four passes.
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Fig. 4.8: The observed and the simulated HOLZ padteaken near the grain
boundary after ECAP through four passes. The arshwsv the break in the
symmetry.

Fig. 4.9: TEM image of a single grain in the bilpgbcessed through 8 passes
showing a dislocation network inside a typical grai
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4.4 Discussion

In the present investigation, billets of commergality aluminium (Al-1050) were
pressed by ECAP through two, four and eight passesom temperature using route

BC and pressing speed 0.5 mm/s. After pressing,iessef convergent beam electron

diffraction (CBED) patterns were performed usin§la4] zone axis. The patterns
were obtained at 148.7 kV with a 20 nm diametected@ probe from dislocation-
free regions close to and away from the grain batied in three different billets
after ECAP through two and four passes and fromntlagerial in the as-received
condition. The HOLZ patterns were taken after guplthe samples to 80 K to
improve the visibility of the HOLZ lines.

There are two aspects regarding the lines of théAHfatterns: the sharpness and
the position of the lines. The former can be a#fddby the increase in the density of
dislocations. As was shown, the pattern of the rmaten the as-received condition
was sharp which indicates that the interior of gn&ns in the as-received material
was free from dislocations. It is known that a higansity of dislocations is
introduced into the material when processed by EGARach separate pass [9,118].
In addition, higher densities of dislocations aseally present in the zones adjacent
to the grain boundaries where these boundariessarally in a nonequilibrium state
[9,119]. This can be noticed in the sharpness efpthitterns taken after two and four
passes both at the centre of the grains and neagrins boundary. After eight
passes, the density of dislocations was extremgly &t the centre and near the grain
boundary which highly blurred the lines of the HOpZtterns.

The second aspect is the position of the linehenHOLZ CBED pattern. The lattice
parameters of the strained lattice deviate fron ithdhe unstrained lattice and this
leads to shifts in the position of the HOLZ ling@fie changes in the lattice parameter
would indicate the presence of internal stressd$,[114]. This deviation can be
measured from regions within 20m which is the probe size by comparing the
patterns of the strained lattice to simulated pasteThe pattern of the material in the
as-received condition was set as the referencerpaffthe symmetry was preserved

in the patterns taken from the interior of the gsaafter ECAP through two and four
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passes which indicates that there were no detecitigirnal stresses in the interior of
the grains. The patterns performed near the graimdbaries show different results in
both samples. The lattice parameter ¢ was redutedta&o passes from 0.40329 nm
to 0.40289 nm which indicates a compression stohiapproximately 0.1%. This

value of the lattice parameter ¢ was the same BIfZ&P through four passes. These
results indicate that the compression strainsrareduced in the early stages of the
ECAP processing when the sample is adjusting tosibe of the channel and no

more compression strains are accumulated with &sang number of passes. After
two passes, the change in the anglesdp indicated a shear strain of approximately
0.044%. The shear strain increases after four padfsSECAP by a factor of four to

reach 0.175%. These results are reasonable astine of the imposed deformation
in the ECAP processing is simple shear which ocaarthe billet passes through the

channel angle.

In principle, CBED patterns contain three dimenalostructure information.
However, performing CBED using a single patterryoetuces the sensitivity of the
technique. The FCC microstructure of the Al-105Myalconsists of six lattice
parameters which are the three lengths a, b and the three angles  andy. The
use of a single pattern only in the strain measargsreduces the sensitivity to three
parameters only. Therefore, only the values ofpliameter ¢ and the anglesindf
were used in the strain measurements and the valubs lattice parameters a, b and
the angley were assumed to be at the unstrained conditioti@énsimulations. A
similar approach was adopted in many investigatiosed to measure the strain in
semiconductors [120-122], in a titanium tri-alundi@iintermetallic alloy [123] and in

aluminium and copper alloys subjected to creep]i114

The results near the grain boundaries of the bilptssed through two and four
passes indicate that the compression strain assdciwith the change in lattice
parameter c is associated with a tetragonal defosmaf the unit cell. The fact that
both anglest andp are different indicates the strained unit cellkisly to be triclinic

rather than tetragonal.
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4.5 Summary and Conclusions

1. Billets of commercial purity aluminium (Al-1050) wee pressed by ECAP

through two, four and eight passes at room temperatsing route gand a

pressing speed of 0.5 mm/s.

2. A series of convergent beam electron diffractiorBED) patterns were
performed on the billets using a [114] zone axise Patterns were obtained
at 148.7 kV with a 20 nm diameter electron probamfrdislocation-free
regions close to and away from the grain boundarié® pattern of the
material in the as-received condition was set asréference pattern. The
HOLZ patterns were taken after cooling the sampe80 K to improve the
visibility of the HOLZ lines.

3. The results show that the inhomogeneous strairtaldeslocations increased
with increasing number of passes and increasedtheagrain boundaries by
comparison with the interior of the grains. Aftea€&P through eight passes,
the inhomogeneous strain was extremely high andrteasurements of the

lattice parameter changes (homogeneous strain) wegngossible.

4. A homogeneous compression strain with a value acubl0.1% was
introduced in the early stages of the ECAP proogssihen the sample is
adjusting to the size of the channel and no morapression strains were

accumulated in the following passes.
5. A shear strain with a value of about 0.044% wasothiced after ECAP
through two passes and it increased after fourgsabyg a factor of four to

reach 0.175%.

6. The strained unit cell near the grains boundasgdikely to be a triclinic unit

cell.
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CHAPTER 5

PROCESSING OF COMMERCIAL PURITY TITANIUM
BY ECAP AT ROOM TEMPERATURE

5.1 Introduction

Processing by ECAP at low temperatures leads normal the formation of
microstructures with smaller grain sizes and hidresstion of high-angle boundaries
[38]. However, for some hard materials such asnititm, performing ECAP
experiments at room temperatures is not easy dutaechigh loads needed for
pressing which may exceed the capacity of the poedead to the formation of
cracks and segmentations [33]. Therefore, mosh@feperiments for ECAP of CP
Ti are performed at elevated temperatures which hégber than 473K [36,54-
66,124]. Up to date, there is only one report otcessfully performing the
experiment of ECAP on CP Ti at room temperaturd.[A¢cording to this report,
two conditions must be satisfied to perform ECAPhand materials such as CP Ti at
room temperature. First, increase the die channglea@) to 120 deg at least.

Second, decrease the pressing speed to approxmdiehm/s or less.

In this chapter, the possibility to perform ECAPpexments on CP Ti at room
temperature will be investigated, taking into cdesation the two conditions
reported by Zhao et al. [37]. The microstructural dhe microhardness of the

processed billets will be analyzed.

5.2 Experimental Material and Procedures

A commercial purity titanium alloy (Grade 2) wasedsin this ECAP investigation

and its chemical composition in weight percent @4).is shown in Table 5.1. The
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alloy was supplied in the form of a long bar havangiameter of 10.0 mm. Billets
having a diameter of 10.0 mm and length of 65.0 wene cut from the bar for the

ECAP experiments.

Table5.1: The chemical composition of CP Ti in wt.%:

Maximum composition in wt.%

Fe O C N H Ti

0.3 0.25 0.1 0.03 0.015 Balance

The experiments were conducted in air at room teatpes using a DMG universal
facility having a hydraulic press with a capacify200 tons. The photographs of the
facility were shown in the chapter of ECAP of AISID The experiments were
conducted using a solid die and a plunger made #d8 tool steel material. The
solid die contains a channel having a circular sisection and the angle of the
channel ¢) was 135 deg and the angle of the outer arc ofaturg () was 20 deg.
To calculate the equivalent imposed strain accutedlan each separate pass, the

following equation were used [22]

So, the equivalent imposed strain accumulated ah saparate pass was ~0.46.
Before the ECAP experiments, the billets were aledeia air for 2h at a temperature
of 993 K. To reduce the friction effect, a lubritatontaining a suspension of
molybdenum disulfide in a mineral oil was used ba billets, plunger and on the

sides of the channel of the die before testing.
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Billets were processed for one and two passes @tdifferent pressing speeds; 0.5
mm/s and 0.05 mm/s. Route B was used where ttet hilis rotated by 90° between
the first and the second passes. As mentioned apteh 3, limited inherent back-
pressure was applied on the billets from the precedillet which stays in the die

after pressing and this phenomenon is a featusC#P when using a solid die [53].

After ECAP, the billets were sectioned for opticaicroscopy (OM) and Vickers

microhardness measurements. As shown in Fig. érledch billet, approximately

5.0 mm from the front edge was cut but it was reeduin the analysis due to the
severe distortion in the billets near the front arehr edges. Beside that,
approximately 2.0 mm were cut and used for thecaptnicroscopy and the cross-
sectional plane microhardness measurements. Thaimem part of the billets was

sectioned into two halves along the central lindghaf billets, perpendicular to the
upper surface, and one half was used for the dptideroscopy and the vertical

longitudinal plane microhardness measurements.clittang process was performed
by using 0.25 mm brass wire erosion with an eledisgsharge machine.

Rear Front
edge Top edge
Bottom
~ 48 mm ~2mm-~5 mm

Fig. 5.1: Schematic illustration of a CP Ti bilsdter ECAP showing the cutting
method and dimensions.
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After cutting, samples from the annealed condibefore ECAP and from the billets
processed by ECAP through one and two passes At ffressing speeds were
prepared for optical microstructural observatioihe samples were polished
electrochemically by using a solution consists 26% HSO, + 15% HF + 60%

CH3COOH) at a voltage ranging between 14 and 17 \Voairtemperature. The
polished surface of each billet was then etchedguai solution consisting of (HF :

HNOs : H,O) in a volume percentage of (2 : 3 : 10) respebtiv

For the Vickers microhardness measurements, Hwsulface of both planes of each
billet, the vertical longitudinal plane and the ssesectional plane, were polished
mechanically using 120, 600, 1200 and 4000 gritatanirror-like finish. The
measurements were then recorded using two instism®&ATSUZAWA 8033
Microhardness Tester and FUTURE-TECH FM-700 Micrdnass Tester. For each
measurement, a load of 300 gf was applied for alldtime of 15 s. The
MATSUZAWA 8033 Microhardness Tester was used on dheealed unpressed
billet and on the billets pressed by ECAP througle @and two passes using the
pressing speed of 0.5 mm/s. The FUTURE-TECH FM-KO6rohardness Tester
was used on the billets pressed by ECAP throughamtketwo passes using the
pressing speed of 0.05 mm/s. For comparison, tloeolmrdness measurements of
the billet in the annealed unpressed condition wals recorded using the
FUTURE-TECH FM-700 Microhardness Tester.

For the cross-sectional plane, the microhardnessunements were recorded along
two perpendicular lines, one lying vertically frothe top surface to the bottom
surface and the other lying horizontally from tight side to the left side, as shown
in Fig. 5.2. All microhardness measurements onplase were then recorded along
these two lines at an increment of 1.0 mm betwlendata points. For the vertical
longitudinal plane, the microhardness measurememie recorded along three
traverses at distances of 1.0 mm from the top sefat the centre, and at a distance
of 1.0 mm from the bottom surface as shown in FE@. All microhardness
measurements on this plane were then recorded aloegp three lines at an
increment of 3.0 mm between the data points. Foin éata point on both planes, as
shown in Figs. 5.2 and 5.3, four measurements vadwen; at the top, the bottom, the

right and the left of the centre of the data pdid@ch measurement was positioned at
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a distance of 0.15 mm from the centre of the datitp The total numbers of
measurements on each cross-sectional plane werean@8 on each vertical

longitudinal plane were 180.

For the cross-sectional plane, the individual mharmmness measurements of the
billets processed using the pressing speed of tnfssmvere then plotted against the
distance from the centre of the plane for bothuésical lines laying from top to

bottom surfaces and the horizontal lines layingnfrine right to left sides. For the

vertical longitudinal plane, the individual micradaess measurements of all billets
were then plotted against the longitudinal axishef billet. The microhardness of the
alloy in the annealed unpressed condition was medsand recorded in the graphs

to provide a comparison with the as-pressed hillets

Top + + ___6.15mm
404+ +O0+"-

_

1.0 mm

Left Right
Bottom

Fig. 5.2: Schematic illustrations of the cross+eeal plane showing the two lines
defined for the microhardness measurements anploidons of the data points.

______________________________ + + ___6.15mm

+0+ +O0+*

+ +
10mm Bottom 4_‘ }_7

3.0 mm

Fig. 5.3: Schematic illustrations of the verticahditudinal plane showing the three
lines defined for the microhardness measurementshenpositions of the data
points.
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Statistical distribution measurements were thenfopged on the optical
micrographs to define the twinning growth directiohhe measurements were
performed on the cross-sectional plane and thecaétbngitudinal plane for both
number of passes and both pressing speeds. Thaiaref the twinning growth

starts at the grain boundary side of the twin toe¢hd of the twin.

5.3 Experimental Results

In this research, CP Ti billets were processed GAE at room temperature at two
pressing speeds; 0.5 mm/s and 0.05 mm/s. Firstlyg, lillets in the annealed
condition were pressed through one and two passepressing speed of 0.5 mm/s.
The billets were successfully pressed through @®s wvithout any visible cracks but
after the second pass, a deep crack initiated swthesmiddle of the billet. Secondly,
two billets in the annealed condition were prestedugh one and two passes at a
pressing speed of 0.05 mm/s. The two billets peréat a smooth flow and were
successfully pressed through one and two passé®uwvitany visible cracks. The
appearance of the billets after processing throage and two passes at room
temperature under the pressing speeds of 0.5 nmd/9.85 mm/s is shown in Fig.
5.4. Another billet of CP Ti in the as-received dition was successfully pressed for

one pass at a pressing speed of 0.5 mm/s.

CPTi

ECAP(135°): RT 0.5mms"” RT 0.05 mms"”

2 passes

2cm

Fig. 5.4: Appearance of CP Ti billets after ECAPRtiIgh one and two passes at
room temperature using pressing speeds of 0.5 @3d@m/s.
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Since the microhardness measurements of the biMet®e recorded using two
different instruments, the measurements of theetbith the annealed unpressed
condition were recorded by both instruments to l®a comparison between them.
The average value of the hardness was 169 Hv wiekrWTURE-TECH FM-700
Microhardness Tester was used and this value wgsclese to the value recorded
by the MATSUZAWA 8033 Microhardness Tester whichsvilZ4 Hv.

Fig. 5.5 shows the individual microhardness meamsargs recorded after processing
by ECAP through one and two passes at a pressewgdspf 0.5 mm/s on the cross-
sectional planes at (a) the vertical line whichlaging from the top to bottom
surfaces and (b) the horizontal line which is lgyirom the right to left sides. In the
figure, the clear points refer to pressing for ass where the solid points refer to
pressing for two passes. The bottom surface of¢incal lines and the right side of
the horizontal lines lie on the right of the graphlke microhardness measurements
for the annealed unpressed alloy are also showrhén figure. The average
microhardness measurements in the annealed ungraieg were approximately
~174. After one pass, the hardness increased oribe# vertical and horizontal, to
an average of approximately ~210. The hardness mezhsun both lines increased
after two passes to an average of approximately ~280the vertical line which is
lying from the top to bottom surfaces of the bjllas shown in Fig 5.5(a), the
measurements after one pass were slightly lower évarage near the centre of the
billet. After two passes, the hardness increasedgathe line where it showed the
maximum increase near the top and bottom surf&aesthe horizontal line which is
lying from the right to left sides of the billet,s ashown in Fig 5.5(b), the
measurements after one pass were consistent dlengeasured axis except that in
the centre which showed slight decrease in theevaifter two passes, the hardness
increased and continued to be consistent alongxiseexcept the region near the left
edge which showed higher hardness where it becpprexmately ~248.
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Fig. 5.5(a): Individual measurements of the micrdhass, Hv, recorded along the
vertical lines on the cross-sectional plane aftand 2 passes at a pressing speed of
0.5 mm/s. The bottom surface lies on the rightefgraphs.
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Fig. 5.5(b): Individual measurements of the micrdnass, Hv, recorded along the
horizontal lines on the cross-sectional plane dftand 2 passes at a pressing speed
of 0.5 mm/s. The right side lies on the right of tiraphs.
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Fig. 5.6 shows the individual microhardness measargs, Hv, along the three
traverses at the longitudinal axis; traverses stadces of 1.0 mm from the top and
bottom surfaces and the central traverse, for (DAREafter (a) one pass at a speed of
0.5 mm/s, (b) two passes at a speed of 0.5 mn)/en&pass at a speed of 0.05 mm/s
and (d) two passes at a speed of 0.05 mm/s, résggctThe microhardness
measurements for the annealed unpressed alloysarslzown and the front edge of
the billets lies on the right of the graphs. Aswhan Fig 5.6(a), the microhardness
measurements from the billet pressed by ECAP thraurge pass at a pressing speed
of 0.5 mm/s increased from ~174 in the annealedassed billet to ~220 for the
three traverses. The variation between the micdrtesms measurements along the
three traverses was relatively small. However, lthedness adjacent to the bottom
surface towards the front edge was less than thlitheacentre and adjacent to the top
surface. After two passes of ECAP at the same ipgespeed (0.5 mm/s) as shown
in Fig 5.6(b), the microhardness measurements asek at the traverse adjacent to
the top surface and at the central traverse wheadnmost did not change at the
traverse adjacent to the bottom surface at whiehntiicrohardness measurements
were approximately ~220. The microhardness measuntsmeere approximately
~250 at the traverse adjacent to the top surfacetavas approximately ~235 at the
central traverse. Fig. 5.6(c) shows the microhasdnmeeasurements after processing
by ECAP through one pass at a pressing speed bfr)/s. The microhardness
measurements near the bottom surface were sligwigr than that near the top
surface and at the centre. The average hardnesdl fibaverses was approximately
~230 which is somewhat higher than that attaineer gftessing through the same
number of passes; i.e. one pass, at the highesipgespeed (0.5 mm/s). After two
passes of ECAP at the same pressing speed (0.08) msshown in Fig 5.6(d), the
microhardness measurements increased in all tewéosa value of approximately
~245. The microhardness measurements were consateng the longitudinal axis
of the billet and also; to some extent, it was ieat along the vertical axis (i.e. at

the three traverses).
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Fig. 5.6(a): Individual measurements of the micrdhass, Hv, recorded along the
vertical longitudinal plane at the central travessel the traverses at 1.0mm from the
top and bottom surfaces after ECAP through one @laagressing speed of 0.5
mm/s. The front edge lies on the right of the ggeaph
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Fig. 5.6(b): Individual measurements of the micrdnass, Hv, recorded along the
vertical longitudinal plane at the central travessel the traverses at 1.0mm from the
top and bottom surfaces after ECAP through twogsas a pressing speed of 0.5
mm/s. The front edge lies on the right of the ggeaph
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Fig. 5.6(c): Individual measurements of the micrdnass, Hv, recorded along the
vertical longitudinal plane at the central traveasse the traverses at 1.0mm from the
top and bottom surfaces after ECAP through one glaapressing speed of 0.05
mm/s. The front edge lies on the right of the ggaph
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Fig. 5.6(d): Individual measurements of the micrdnass, Hv, recorded along the
vertical longitudinal plane at the central travesse the traverses at 1.0mm from the
top and bottom surfaces after ECAP through twogsmasa pressing speed of 0.05
mm/s. The front edge lies on the right of the ggaph
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Typical optical microstructure of CP Ti at the aaleel unpressed condition is shown
in Fig. 5.7. It is clear that the alloy in this dition is consisting of nearlgquiaxed
grains which have an average size of ~1®. Fig. 5.8 shows the optical
microstructures of CP Ti at the cross-sectionah@lafter processing by ECAP at
room temperature using 135° die through (a) one pasa pressing speed of 0.5
mm/s, (b) two passes at a pressing speed of 0.5,n{n)/ one pass at a pressing
speed of 0.05 mm/s and (d) two passes at a prespegd of 0.05 mm/s,
respectivelyThe size of the nearlgquiaxed grains did not change significantly after
processing by ECAP. However, as shown in Fig. &.Byrge fraction of twins were
introduced into the equiaxed grain structures dh lspeeds and number of passes.
However, as shown in Fig. 5.8, pressing through paeses does not increase the
fraction of twins significantly. In addition, chaing the pressing speed does not

change the microstructure and the twin densityiogmtly.

Fig. 5.7: Optical micrograph of the microstructofeCP Ti in as annealed unpressed
condition.
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Fig. 5.8(a): Optical micrograph of the microstrueton the cross-sectional plane
after ECAP at room temperature through one paapeagssing speed of 0.5 mm/s.

Fig. 5.8(b): Optical micrograph of the microstruetwn the cross-sectional plane
after ECAP at room temperature through two passageessing speed of 0.5 mm/s.
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Fig. 5.8(c): Optical micrograph of the microstrueton the cross-sectional plane
after ECAP at room temperature through one paapatssing speed of 0.05 mm/s.

Fig. 5.8(d): Optical micrograph of the microstruetwn the cross-sectional plane
after ECAP at room temperature through two passageessing speed of 0.05
mm/s.
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Fig. 5.9 shows the optical microstructures of CRifTihe vertical longitudinal plane
after processing by ECAP at room temperature uk8%j die through (a) one pass at
a pressing speed of 0.5 mm/s, (b) two passes r&saipg speed of 0.5 mm/s, (c) one
pass at a pressing speed of 0.05 mm/s and (d) assep at a pressing speed of 0.05
mm/s, respectively. Elongated grains were introduice the vertical longitudinal
plane after one and two passes at both speedses$ipg. The long axis of these
elongated grains inclined at approximately ~40h#longitudinal axis. Twins, lying
mostly in the direction of the elongated grainsrevimtroduced after ECAP. From
the figures, it is clear that the fraction of twithges not change significantly with the

change in the number of passes or the pressing spee

Fig. 5.10 shows the statistical distribution ofining growth direction determined
from the cross-sectional OM observations after @ssmg by ECAP at room
temperature through (a) one pass at a pressing €5 mm/s, (b) two passes at a
pressing speed of 0.5 mm/s, (c) one pass at aipgesseed of 0.05 mm/s and (d)
two passes at a pressing speed of 0.05 mm/s, taeshgcAfter pressing at a speed
of 0.5 mm/s, as shown in Figs. 5.10(a) and (bjart be noticed that higher fraction
of twinning directions, compared to the pressing apeed of 0.05 mm as in Figs.
5.10(c) and (d), concentrate around the 0° and %180

Fig. 5.11 shows the statistical distribution ofiming growth direction determined
from the vertical longitudinal OM observations affgocessing by ECAP at room
temperature through (a) one pass at a pressing s6&e5 mm/s, (b) two passes at a
pressing speed of 0.5 mm/s, (c) one pass at aipgesgeed of 0.05 mm/s and (d)
two passes at a pressing speed of 0.05 mm/s, tegbgeclt is clear from the figures
that the direction of the deformation twinning centrated mainly at a degree

ranging between ~40° and 50° or between ~ -130° b40F-
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Fig. 5.9(a): Optical micrograph of the microstrueton the vertical longitudinal
plane after ECAP at room temperature through ose paa pressing speed of 0.5
mm/s.
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plane after ECAP at room temperature through tvas@sat a pressing speed of 0.5
mm/s.
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Fig. 5.9(c): Optical micrograph of the microstrueton the vertical longitudinal
plane after ECAP at room temperature through oss ptaa pressing speed of 0.05
mm/s.

Fig. 5.9(d): Optical micrograph of the microstruetwn the vertical longitudinal
plane after ECAP at room temperature through tvas@sat a pressing speed of 0.05
mm/s.
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Fig. 5.10(a): Statistical distribution of twinniggowth direction determined from the
cross-sectional OM observations after pressin@iar pass at a speed of 0.5 mm/s.

10
CP Ti
ECAP: 2p,RT,Bc,0.5mms?

X plane

Frequency (%)

-180 -150 -120 -90 -60  -30 0 30 60 90 120 150 180
Mechanical twinning growth direction (degrees)

Fig. 5.10(b): Statistical distribution of twinniggowth direction determined from
the cross-sectional OM observations after presdsintyvo passes at a speed of 0.5
mm/s.
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Fig. 5.10(c): Statistical distribution of twinnirggowth direction determined from the
cross-sectional OM observations after pressin@fear pass at a speed of 0.05 mm/s.

10

CPTi
ECAP: 2p, RT, B¢, 0.05mm s * X plane

Frequency (%)

-180 -150 -120 -90 -60 -30 O 30 60 90 120 150 180
Mechanical twinning growth direction (degrees)

Fig. 5.10(d): Statistical distribution of twinnirggowth direction determined from
the cross-sectional OM observations after presdsintyvo passes at a speed of 0.05
mm/s.
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Fig. 5.11(a): Statistical distribution of twinniggowth direction determined from the
vertical longitudinal OM observations after pregsiar one pass at a speed of 0.5
mm/s.
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Fig. 5.11(b): Statistical distribution of twinnirggowth direction determined from
the vertical longitudinal OM observations aftergsiag for two passes at a speed of
0.5 mm/s
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Fig. 5.11(c): Statistical distribution of twinniggowth direction determined from the
vertical longitudinal OM observations after pregsiar one pass at a speed of 0.05

mm/s
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Fig. 5.11(d): Statistical distribution of twinnirggowth direction determined from
the vertical longitudinal OM observations aftergsiag for two passes at a speed of
0.05 mm/s
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5.4 Discussion

Processing materials at low temperatures leadsinr fgrain sizes and higher
fractions of high angle boundaries, compared t@gssing at elevated temperatures
which in turn enhances the mechanical propertiesmetals [125]. However,
performing ECAP experiments at low temperatures (oom temperature) for some
hard to process materials like titanium is not easy it is more convenient to
process these materials at elevated temperatuines difficulty initiated essentially
from the increase in the load required by the pregsocess the material which may
reach critical values that may damage some parthefexperimental facility. In
addition, processing some hard to work materialshsas titanium at low
temperatures may lead to cracking and segment@®8jnTo avoid these limitations
when processing these materials at room temperatw@ conditions must be
satisfied according to Zhao et al. [37]. First, tie channel angle&) must be
increased to at least 120 deg. Second, the presgiegd must be reduced to

approximately 0.5 mm/s or less.

The most important conclusion for this investigatis proving the feasibility to
process commercial purity titanium (CP Ti) by ECAR room temperature.
Considering the two conditions required to sucaedlgsprocessing CP Ti by ECAP
at room temperature; increasing the die channelea() to 135 deg led to
successfully processing CP Ti at room temperathreugh two passes. For the
second condition; reducing the pressing speedstondn/s led to processing CP Ti at
room temperature through one pass. But, when psoaeat the same speed through
two passes, a crack was introduced in the middteeobillet. However, reducing the
speed to a slower speed by one magnitude (i.e.rord5s) led to processing CP Ti at
room temperature through two passes successfullyéthout initiating any visible
cracks. These results confirm the results estaalidly Zhao et al. [37] and confirm
the two conditions for successfully perform ECAPpexments on hard to work

materials at room temperatures.

The results of the hardness recorded in this imy&sbn were compared to results of

other investigations [37,54,56,57], as in Table 312 hardness was converted from
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Hv to MPa by multiplying by the factor (9.807) aonly the results of the billets that
successfully introduced a smooth flow without visilsracking were considered in
the table. It is clear from the table that the hass after two passes of ECAP using a
die which has an angle of 135 deg at room temperatthe slower speed of 0.05
mm/s is very close to the hardness after eightgsaatselevated temperatures and it is
even more than the hardness after seven passésvated temperatures. It is also
very close to the hardness after ECAP using a dietwhas an angle of 120 deg
after one pass; taking into consideration thatqering ECAP using 135 deg die
angle is easier and more convenient than perforthiagxperiments using 120 deg

die angle.

Table5.2: Thehardnessof CP Ti at thisand earlier investigations:

ECAP conditions

Angle @) Temp. (K) N Pressing Speed Hardness
(mm/s) (MPa)
Thisinvestigation
Annealed unpressed - - - - 1710
After ECAP 135° R.T. 1 0.5 2160
135° R.T. 1 0.05 2260
135° R.T. 2 0.05 2400
Earlier investigations
Stolyarov et al. [54] 90° 723-773 7 2350
Stolyarov et al. [56] 90° 673-723 8 6 2610-2830
Stolyarov et al. [57] 90° 673-723 8 2700-2810
Zhao et al. [37] 120° R.T. 1 0.5 2430

The microstructures introduced in this investigatedter ECAP through one and two
passes at room temperature, which are covered dity fnaction of deformation
twins, are consistent with the microstructures thum earlier investigations when
processing CP Ti by ECAP [37,55,59,60,66]. It waggested always that the
limited slip system in hexagonal close packed (lsygjems such as CP Ti is assisted
by the formation of the deformation twins. The dgnsf the deformation twins does

not change after pressing through two passes fhamafter one pass and this result
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is consistent with earlier investigation of proéegsCP Ti for one and two passes at
elevated temperatures [60]. It was shown in thestigation by Shin et al [60] that
the density of the twins did not change much &fter passes compared to pressing
for one pass but, on the other hand, the densitydisfocations increased
significantly. It was concluded that the essendigiormation mechanism in the first
pass of ECAP for CP Ti was the deformation twinnamgl in the second pass was
dislocation slip. It was suggested that the mictastiral changes such as grain-size
refinement and texture formation which occurredimythe first pass increased the
critical resolved shear stress (CRSS) for deformattwinning over that for

dislocation slip.
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5.5 Summary and Conclusions

1. Commercial purity titanium (CP Ti) billets were pessed by ECAP at room
temperature through one and two passes using wideh have a channel
angle of 135 deg. Two pressing speeds were us#asnnvestigation; 0.5
and 0.05 mm/s, and the processing route was raute B

2. The billets were successfully pressed through taeses using a pressing
speed of 0.05 mm/s without having any visible crd@tocessing the billets
using the higher speed of 0.5 mm/s was successfathe through one pass.
However, a crack in the middle of the billet wasiated when processing by

the higher speed through two passes.

3. The results of this investigation confirm the carstbn of a previous study
established by Zhao et al. [37] establishing tlved ttonditions must be
satisfied for performing ECAP on the hard to precesaterials at room
temperature; increase the die angle to 120 deg are mand reduce the
pressing speed to 0.5 mm/s or less.

4. The resultant hardness after two passes of ECABoat temperature using
135 die angle was very close, or even slightlydrett some cases, to the
hardness after ECAP through seven and eight passésvated temperatures.
The resultant hardness in this investigation dfter passes using 135 deg die
angle was similar to the hardness after ECAP thraarge pass using 120 deg

die angle.
5. The essential deformation mechanism after one @fads€AP for CP Ti is the

deformation twinning. After two passes, the dominateformation

mechanism becomes the dislocation slip.
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CHAPTER 6

THE EVOLUTION OF HOMOGENEITY IN
ALUMINIUM DURING PROCESSING BY HPT

6.1 Introduction

The theoretical shear strain imposed during toedigtraining is given by (2 N r /

h) where N, r and h are the number of turns, tlkéatalistance from the centre and
the thickness of the disk, respectively. Accordngit least theoretically with the
assumption that the thickness of the disk remaamstant, the shear strain increases
linearly with the increase in the radius and tmaistmust be zero at the centre of the
disk. The reports up to date which analyze thershkeng the radial distance show
some contradiction. Some reports agree with therétieal shear strain relationship
and show that the values of the microhardness dlmmgliameter of disks processed
by high pressure torsion (HPT) vary significantlithwlow values in the centre and
high values near the edge of the disks [85-87]ti@mother hand, most of the reports
up to date show that this relationship is not valichigh pressures and number of
turns where the microhardness values become rdalgonamogeneous along the
diameter of the disks processed by HPT [71,88-84¢lear contradiction with this
relationship is shown by Xu et al. [95] where tlaedness at the centre of high purity
aluminium disks processed by HPT is higher tham tlear the edge of the disk and
with increasing number of turns the hardness becbim@®@ogeneous along the

diameter of the disk.

In this chapter, the microhardness will be recordedoss the surfaces of two
aluminium alloys; Al-1%Mg and Commercial purity aitnium (Al-1050), after
processing by HPT for up to five turns. The evaatiof the microhardness

homogeneity, and hence the internal microstructuvenogeneity as mentioned
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previously, and the validity of the theoretical aheatrain relationship for the two

materials under high pressure and different nurabaurns will be investigated.

6.2 Experimental Materials and Procedures

The HPT experiments were conducted using diskdroat two aluminium alloys.
The first was Aluminium -1.0 wt. % Magnesium (AB¥%Mg) alloy which has
0.003% Si and 0.001% Fe as minor impurities. Theosg was commercial purity
aluminium alloy (Al-1050) with a weight percent af least 99.5% aluminuim and
with a chemical composition in weight percent (%) as shown previously in Table
3.1. Both alloys were supplied in the form of lgldaving a length of 65.0 mm and
a diameter of 10.0 mm.

The HPT experiments were conducted in air at roemperature using a facility as
shown in the photographs in Figs. 6.1-6.3. Fig. ha@ws a photograph of the HPT
facility illustrating the high pressure press ahd tontrol panel. Fig. 6.2 shows the
control panel with the pressure gauges. Fig. 6@vshthe high pressure torsion
facility illustrating the upper and lower anvilsh& HPT process is illustrated
schematically in Fig. 6.4. The facility consists af upper and lower anvil made
from high-strength tool steel. A spherical cavigvimg a diameter of 10.0 mm was
machined at the centre of each anvil. The surfatesth anvils were roughened and
hardened using shot peening process. As illustratbgmatically in Fig. 6.4, the
experiments were performed under a quasi-consttainadition in which a limited
material is flowing outward between the two anvilbe alloy disk was fitted in the
cavity on the lower anvil which is then moved upshafhe two anvils were then
brought together to impose a pressure on the déitkr achieving the full contact
between the disk and the surfaces of the two aawitsapplying the pressure on the
disk, the rotation was made concurrently with thenpression. The lower anvil was

rotated at a speed of one r.p.m.
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Fig 6.1: HPT facility showing the two sets: the ttohpanel and the high pressure
press.

Fig 6.2: The control panel and the pressure gauges.
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Fig 6.3: The high pressure torsion facility showihg upper and lower anvil.

Upper Anvil

Stationary

-(7 Sample

Load

=

Lower Anvil

G Rotation

Fig. 6.4: lllustration of the HPT facility showirige sample under pressure and
rotation.
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The disks of each material were subjected to HRTdi@ls of quarter, one and five
turns, respectively. The applied load used in tleegeeriments was 48 tons which is
corresponding to an imposed pressure, P, of 6.0. GRa conversion calculations
used to convert the load in tons into pressureRa @re:

Load = 48ton =48000kg
48000kg
0.102kg/N
Area= A= 77r? = r5x10° ) = 7.854x10°m?

F _ 470588.N

Pressure P =— = —— =6x10° N/m?
A  7.854x107°m

Force=F = =4705882N

= 6GP:

There was a very small reduction in the thicknddb® disk noticed after processing

due to the very high pressure used in the expetsnen

After the HPT process, the disks were mounted uairgld-setting resin based on
two fluid epoxy components and then carefully geig using 120, 600, 1200 and
4000 grit to a mirror-like finish. Microhardness aserements, Hv, were then taken
on the disks using a Matsuzawa Seiki MHT-1 micrdhass tester equipped with a
Vickers indenter. For each measurement, a load off svas applied for a dwell time
of 15 seconds. Three procedures were used for gakite microhardness
measurements. First, 33 points across the diaragtach disk were selected to take
the measurements at them and at each point fousureraents were taken as shown
in Fig. 6.5. The measurements started at the centiiee disk (i.e. at 5.0 mm from
the edge) at an increment of 0.3 mm between eaici @od the adjacent point. The
distance between the first data point and the eddbe disk was 0.2 mm and the
same distance was managed between the last dataapdi the edge of the disk. At
each data point, four measurements were takefeatop, the bottom, the left and
the right. The distance between each measuremeahesé four measurements and
the centre of the data point was 0.15 mm. The totahber of microhardness
measurements for each diameter line was 100 datésp&raphs were then plotted

where the data points show error bars which wemilzded by the statistical method
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explained later. Second, microhardness measurememéstaken across the surface
of each disk with an increment of 0.6 mm betweendhta points on both axes, X
and Y. The total number of microhardness measursmasvering the surface of
each disk was 227 data points. Colour-coded cont@aps were then performed for
each disk showing the distributions of the microin&ss, Hv, on the surface of the
HPT disks after quarter, one and five turns fohbaitoys. Third, three-dimensional
representations were performed for the individugrainardness measurements of all
disks with the Hv microhardness lying on one axid the axes X and Y lying on the

other two axes.

0.2 mm
0.15 mm

A
\ 4

5mm

A
Y

10 mm

Fig. 6.5: Illustration of the process used for takihe data points along the diameter
of the disks after HPT.
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Error Bars Calculations Based on the Experimental Data [126]:

Calculating the error bars about the mean beginth walculating thesample
standard deviation s:

o N
mean=C=)» C /N

i=1

N 1/2
sample standard deviations= {Z (c -C) (N —1)}

i=1

whereN is the number of measurements. The sample stad@ardtions is the best
guess for the standard deviation of the distributibhe confidence limits for the

mean (error bars) are obtained by the followingreggion:

Error Bars: iﬁ
N

In this expression, the value of Y is determined from Table 6.1 by two parameters:
1. The number of degrees of freedom in the measurement. With N
measurements, the number of degrees of freedomlisliNthis experiment,
the number of data measurements in each point @¢) faur. So, there are

three degrees of freedom.

2. The size of the desired confidence limits. The confidence limit used in this

investigation was 95%.

From Table 6.1, the value of § which was used in this investigation is 3.182.
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Table6.1: Thefactor (t) used in calculating the error bars:

Confidence Limit

Degrees

Of 90% 95% 98% | 99% | 99.9%
freedom

1 6.314 | 12.706 |31.821|63.657 | 636.619

2 2.920| 4.303 6.965 | 9.925 | 31.598

3 23531 3,182 | 4541 | 5.841 | 12.941

2132 | 2.776 3.747 | 4.604 | 8.610

2015 2571 3.365 | 4.032 | 6.859

1.943 | 2.447 3.143 | 3.707 | 5.959

1.895| 2.365 2.998 | 3.499 | 5.405

1.860 | 2.306 2.896 | 3.355 | 5.041

O© | 0| N|O |0 D>

1.833 | 2.262 2.821 | 3.250 | 4.781

10 1.812 | 2.228 2.764 | 3.169 | 4.587

20 1.725| 2.086 2.528 | 2.845 | 3.850

30 1.697 | 2.042 2.457 | 2.750 | 3.646

40 1.684 | 2.021 2423 | 2.704 | 3.551

60 1.671| 2.000 2.390 | 2.660 | 3.460

120 1.658 | 1.980 2.364 | 2.617 | 3.373

00 1.645| 1.960 2.326 | 2576 | 3.291
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6.3 Experimental Results

In this research, HPT experiments were performedwan aluminium alloys (Al-
1%Mg and AI-1050) for 1/4, 1 and 5 turns under aspure of 6 GPa, then the
measurements of the Vickers microhardness, Hv, vem@rded using three different
methods. First, the individual measurements ofMit&ers microhardness, Hv, were
recorded across the diameter of each disk. Sedbedindividual microhardness
measurements were recorded on the surface of eakhta give colour-coded
contour maps. Third, the individual microhardnessasurements were recorded on

the surface of each disk to give three-dimensiog@esentations.

6.3.1 Al-1% Mg alloy:

Fig. 6.6 shows the individual microhardness measargs recorded along the
diameter after HPT under a pressure of 6.0 GP@jat/4, (b) one and (c) five turns,
respectively. The microhardness measurements foy ah the as-received
unprocessed condition are also shown. As showngn@6(a), the microhardness
values increased after processing by HPT for 14 ftom an initial value of ~31.5
in the as-received unprocessed material to valaegimg between ~47 at the centre
of the disk and ~92 near the edge of the disk. ihbeement in the microhardness
values near the edge of the disk is approximat€l%@ The microhardness
measurements near the centre of the disk were smdllincreased almost linearly
with increasing distance from the centre. After tum@, as shown in Fig. 6.6(b), the
microhardness measurements at the centre of thendieased slightly to reach ~54
and it reached near the edges of the disk ~120 hwlicapproximately 400%
increment than that in the as-received unprocessaterial. The microhardness
values started to become slightly constant beyonist@nce of ~3.0 mm from the
centre of the disk where the values are rangingdmt ~110-120. After five turns,
as shown in Fig. 6.6(c), the microhardness valtéseacentre of the disk increased
to a value of approximately ~70 and remained caonistear the edges of the disk
with approximately ~120. After a distance of ~0.Fhrfrom the centre of the disk,
the microhardness values started to become sliglothgtant where the values are

ranging between ~110-122. The distance of appraeimaonstant microhardness

116



values was larger compared to the distance aftertm of HPT. It is also noticed
from the figure that the error in the microhardnessasurements taken near the

centre of the disk was remarkably higher than alwaty from the centre.

Fig. 6.7 compares the individual microhardness mreasents recorded along the
diameter after HPT under a pressure of 6.0 GPalfdr one and five turns,

respectively. The microhardness measurements feraltoy in the as-received
unprocessed condition are also shown. As showtenfigure, the microhardness
measurements increased with increasing numberro$ wntil reaching a saturation
value of approximately ~120 near the edges of thk. d'his saturation value starts
to move inwards with increasing number of turndluntovers the whole length of

the diameter of the disk processed for five tupteept for a distance of 0.7 mm from

the centre of the disk on both sides.

Fig. 6.8 shows the colour-coded contour maps ofntih@ohardness measurements
across the surface of the Al-1%Mg disks after HAdar a pressure of 6.0 GPa for
(@) 1/4, (b) one and (c) five turns, respectivllize significance of the colours is
shown by the scale lying on the right of the figusghere the increments of the
microhardness values are 10. After HPT for 1/4 tas shown in Fig. 6.8(a), the
microhardness values were totally inhomogeneousrange between ~50 near the
centre of the disk and ~90 near the edges of gle difter one turn, as shown in Fig.
6.8(b), the microhardness became homogeneous wlities of approximately ~110-
120 beyond a circle of a radius of approximatelyb~8m from the centre of the disk
while it was low inside this circle with values tveen 60 and 100. As shown in Fig.
6.8(c), the microhardness became homogeneous atitessurface of the disk
processed for five turns with values ranging betw&#0 and 130 except for a very
small circle with a radius of approximately ~0.5 namound the centre of the disk
where the microhardness values were less than 100.

Fig. 6.9 shows the three-dimensional represensmtiaf the microhardness
measurements across the surface of the Al-1%Mg dafler HPT under a pressure
of 6.0 GPa for (a) 1/4, (b) one and (c) five tumespectively. The significance of the
colours is shown by the scale lying on the righthaf figures where the increments

of the microhardness values are 10. As shown in &ig(a), the microhardness
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values were totally inhomogeneous after HPT for tlth where it was low at the
centre of the disk where the microhardness was arfid increased gradually to
become ~90 near the edges of the disk. After ome &is shown in Fig. 6.9(b), the
microhardness values near the edges of the diskriebomogeneous with values of
approximately ~120 and dropping in the centre ad thsk to reach values of
approximately 60. As shown in Fig. 6.9(c), the mi@rdness values became
homogeneous across the surface of the disk pratdssdive turns with values
ranging between 120 and 130 and dropping agaihdrcéntre of the disk to reach
values of about 70.
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Fig. 6.6(a): Individual measurements of the micrdhass, Hv, recorded along the

diameter of Al-1%Mg disk after HPT under a pressafr6.0 GPa for 1/4 turn. The

microhardness measurements for alloy in the aswetenprocessed condition are
also shown.
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Fig. 6.6(b): Individual measurements of the micrdnass, Hv, recorded along the
diameter of Al-1%Mg disk after HPT under a pressafr6.0 GPa for 1 turn. The
microhardness measurements for alloy in the aswetenprocessed condition are

also shown.
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Fig. 6.6(c): Individual measurements of the micrdnass, Hv, recorded along the
diameter of Al-1%Mg disk after HPT under a pressfr6.0 GPa for 5 turns. The
microhardness measurements for alloy in the aswetenprocessed condition are

also shown.
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Fig. 6.7: Individual microhardness measurementsrasd along the diameter of Al-
1%Mg disks after HPT under a pressure of 6.0 GP&/fh 1 and 5 turns. The
microhardness measurements for alloy in the aswetenprocessed condition are

also shown.
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Fig. 6.8(a): The colour-coded contour maps of therohardness measurements
along the surface of Al-1% Mg disk after HPT underessure of 6.0 GPa for 1/4
turn. The significance of the colours is shown ligy $cale lying on the right of the

figures.
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Fig. 6.8(b): The colour-coded contour maps of theromardness measurements
along the surface of Al-1%Mg disk after HPT undgressure of 6.0 GPa for 1 turn.
The significance of the colours is shown by thdestang on the right of the figures.
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Fig. 6.8(c): The colour-coded contour maps of theromardness measurements
along the surface of Al-1%Mg disk after HPT underessure of 6.0 GPa for 5
turns. The significance of the colours is showrih®yscale lying on the right of the

figures.
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Fig. 6.9(a): Three-dimensional representation efitardness measurements on the
surface of Al-1%Mg disk after HPT under a pressafr6.0 GPa for 1/4 turn: the
significance of the colours is shown on the right.
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Fig. 6.9(b): Three-dimensional representation eftlrdness measurements on the
surface of Al-1%Mg disk after HPT under a pressafré.0 GPa for 1 turn: the

significance of the colours is shown on the right.
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Fig. 6.9(c): Three-dimensional representation efltardness measurements on the
surface of Al-1%Mg disk after HPT under a presafr6.0 GPa for 5 turns: the
significance of the colours is shown on the right.
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6.3.2 Al-1050 alloy:

Fig. 6.10 shows the individual microhardness measents recorded along the
diameter after HPT under a pressure of 6.0 GP@jat/4, (b) one and (c) five turns,
respectively. The microhardness measurements feraltoy in the as-received

unprocessed condition are also shown. As showngn@-10(a), the microhardness
values increased after processing by HPT for I fom an initial value of ~27 in

the as-received unprocessed material to valuesngubgtween ~41 at the centre of
the disk and ~61 near the edge of the disk. Theement in the microhardness
values near the edge of the disk is approximatél$%2 The microhardness
measurements reached a constant value of aboufte8tx distance of 2.0 mm from
the centre of the disk on both sides. After on@,tas shown in Fig. 6.10(b), the
microhardness measurements at the centre of tkendiased slightly to reach ~45
and remained constant near the edges of the diskrewlhe values were

approximately ~62. The microhardness values staddaecome constant beyond a
distance of ~1.0 mm from the centre of the disks #lso noticed that the error in the
microhardness measurements taken near the certtre disk was high compared to
the error in the measurements away from the ceAfter five turns, as shown in

Fig. 6.10(c), the microhardness values became aohatong the entire length of the

diameter where the values of the microhardness ampeoximately ~62.

A comparison between the three cases is showngn@:il where the individual
microhardness measurements are recorded after HEEr a pressure of 6.0 GPa for
1/4, one and five turns, respectively. The micrdhass measurements for the alloy
in the as-received unprocessed condition are &lswrs. As shown in the figure, the
microhardness measurements reached a saturatioa ehhpproximately ~60 near
the edges of the disk after 1/4 turn. This satomatialue started at the edges and
continued to a length of 3.0 mm from the edgegs aft turn. It continued to a length
of 4.0 mm from the edges after 1 turn and it cargthalong the entire length of the

diameter after five turns.

The colour-coded contour maps of the microhardmasssurements across the
surface of the Al-1050 disks after HPT under a sues of 6.0 GPa for (a) 1/4, (b)

one and (c) five turns, respectively, are showirign 6.12. The significance of the
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colours is shown by the scale lying on the righthaf figures where the increments
of the microhardness values are 5. After HPT fdrtlifn, as shown in Fig. 6.12(a),
the microhardness values were slightly homogeneotls values of approximately
~60-65 beyond a circle of a radius of approximatly0 mm from the centre of the
disk while it was low inside this circle with vakidetween 40 and 55. After one
turn, as shown in Fig. 6.12(b), the microhardnessalme reasonably homogeneous
with values of approximately ~60-65 across therergurface except a small circle
having radius of approximately ~1.0 mm around tkate of the disk where the
microhardness values were less than 55. As showigir6.12(c), the microhardness
became totally homogeneous across the entire sudiathe disk processed for five

turns where the microhardness values were approsiynats.

The three-dimensional representations of the mandiiess measurements across the
surface of the Al-1050 disks after HPT under a sues of 6.0 GPa for (a) 1/4, (b)
one and (c) five turns, respectively, are showirign 6.13. The significance of the
colours is shown by the scale lying on the rightha figures where the increments
of the microhardness values are 5. After HPT fdrtlifn, as shown in Fig. 6.13(a),
the microhardness values near the edges of thewdisk homogeneous with values
ranging between 60 and 65. The microhardness ddoppthe centre of the disk to
reach values of approximately 40. After one turs,shown in Fig. 6.13(b), the
homogeneity of the microhardness measurementsaisedecompared to the disk
processed for 1/4 turn where the values were appeirly 65. However, the
microhardness measurements dropped near the adrttre disk to reach values of
about 45. The microhardness values became totaltyogeneous across the entire
surface of the disk processed for five turns witlues of approximately 65, as
shown in Fig. 6.13(c).
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Fig. 6.10(a): Individual measurements of the miardness, Hv, recorded along the
diameter of Al-1050 disk after HPT under a pressiir@.0 GPa for 1/4 turn. The
microhardness measurements for alloy in the aswetenprocessed condition are

also shown.
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Fig. 6.10(b): Individual measurements of the miemalmess, Hv, recorded along the
diameter of Al-1050 disk after HPT under a pressir@.0 GPa for 1 turn. The
microhardness measurements for alloy in the aswetenprocessed condition are
also shown.
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Fig. 6.10(c): Individual measurements of the miammess, Hv, recorded along the
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microhardness measurements for alloy in the aswetenprocessed condition are

also shown.
70_""l""I""I""I""l""l""I""l""l""_
[ vy ]
L Sv v'vvvvvvvy Vvwy Sv ]
eogﬁ..sxziu;;gvv ovvvITTITTLTNL
[ o \%4 v .. :
[ PY ]
= 50f °’ Y e ]
[ ® ]
L 3 ¢
0 F ) 1
@ 40r ]
c
<] [
; L ]
£ 30 ]
2 [O0O000000000000000000O0O00O0OO0O0OOO0O0OO0O 0]
o L ]
= f ]
[ O As-Received |
F Al- 1050 ® N=1/4
10 HPT: 6 GPa v N=1 7
[ v N=5
0_ 1 1 1 1 PR 1 1 1 1
-5 4 3 -2 1 0 1 2 3 4 5

Distance along Diameter (mm)

Fig. 6.11: Individual microhardness measuremersrded along the diameter of
Al-1050 disks after HPT under a pressure of 6.0 (@Pa/4, 1 and 5 turns. The
microhardness measurements for alloy in the aswetenprocessed condition are

also shown.

127



Al - 1050
HPT: 6 GPa, N = 1/4

I 70

60
B 55
Il 50
Il 45
Il 40

Y (mm)

X (mm)

Fig. 6.12(a): The colour-coded contour maps ofntirohardness measurements
along the surface of Al-1050 disk after HPT underessure of 6.0 GPa for 1/4 turn.
The significance of the colours is shown by thdestang on the right of the figures.
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Fig. 6.12(b): The colour-coded contour maps ofrthierohardness measurements

along the surface of Al-1050 disk after HPT underessure of 6.0 GPa for 1 turn.
The significance of the colours is shown by thdestang on the right of the figures.
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Fig. 6.12(c): The colour-coded contour maps ofrtlierohardness measurements
along the surface of Al-1050 disk after HPT underessure of 6.0 GPa for 5 turns.
The significance of the colours is shown by thdestyang on the right of the figures.
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Fig. 6.13(a): Three-dimensional representatiornefitardness measurements on the
surface of Al-1050 disk after HPT under a pressiir@0 GPa for 1/4 turn: the
significance of the colours is shown on the right.

129



Al - 1050
HPT: 6 GPa, N =1

70

[ 7 PN
T2~ = 70

QIO =, = 65
_ 65 /1 60
2 A I 55
@ 60 Q i B 50
3 I 45
c ‘ I 40
B 55
«®©
S
‘§ 50
s

45

Y(mm) ) -4

Fig. 6.13(b): Three-dimensional representatiorhefltardness measurements on the
surface of Al-1050 disk after HPT under a pressifi®@0 GPa for 1 turn: the
significance of the colours is shown on the right.

Al - 1050
HPT:6 GPa,N=5

_‘ri':" i""*

‘[ SRR | =

65 .;)'..,“\ \\_/.:5 1,,.:‘\\ —
< \/ N 55
Ll SIS | S
£ 40
2
S 5
g

45

40

Y(mm) _ -4

Fig. 6.13(c): Three-dimensional representatiorheftiardness measurements on the
surface of Al-1050 disk after HPT under a pressafi®@0 GPa for 5 turns: the
significance of the colours is shown on the right.
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6.4 Discussion

The Vickers microhardness, Hv, measurements we@ded on the surface of Al-
1%Mg and Al-1050 alloys after HPT for different nbem of turns using three
different methods. First, the individual measuretaewere recorded across the
diameter of each disk. Second, colour-coded comuaps were plotted across the
surface of each disk. Third, three-dimensional espntations were plotted for the

surface of each disk.

The most important conclusion from these measur&n@s in providing a clear
demonstration that evolution of hardness homoggraturs in both alloys with
increasing numbers of turns. However, the evolutionthe commercial purity
aluminium (AI-1050) occurs more rapidly than thathe Al-1%Mg alloy. After five
turns of HPT at room temperature under a pressu@0oGPa, the hardness was
totally homogeneous in the Al-1050 alloy while #hés still a small region of lower
hardness at the centre of the Al-1%Mg disk. Thel®Mg alloy needs more than
five turns under the pressure of 6.0 GPa to bedwotady homogeneous. It is worth
noticing, as stated previously, that the microhasdn measurements exhibit the
internal microstructure of metal alloys and the lbgeneity of the microstructure of
metal alloys can be identified by studying the mi@rdness measurements of these
alloys [52,78,95,103].

This result is consistent with an earlier report faure aluminium and two

aluminium-magnesium alloys processed by equal-atlammgular pressing (ECAP)
[72]. In the ECAP report, the results showed thadittonal passes of ECAP are
required in the aluminium-magnesium alloys compaiedhe pure aluminium in

order to achieve a reasonably homogeneous micobgteu This is because, as
suggested, the slower rate of recovery in the aliumi-magnesium alloy compared
to the pure aluminium. Similar results were fountlew processing high purity
aluminium and Al-6061 alloy by HPT [94].

Another important conclusion from the results a$ tinvestigation is confirming that

the theoretical shear strain relationship whichestdahat the shear strain imposed
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during torsional straining is given by f2N r / h) is not valid at high pressures and
number of turns, at least for these two aluminidlmya. In the relationship, N, r and

h are the number of turns, the radial distance fileencentre and the thickness of the
disk, respectively. In the Al-1050 alloy, even laé tlower number of turns used in

this investigation (i.e. 1/4 turn), the microhargaeshows some homogeneity in the
outer region of the disk and this result contraditie theoretical shear strain
relationship. On the other hand, in Al-1%Mg, thermhardness at the lower number
of turns varies linearly with the distance from ttentre of the disk and this agrees
with the relationship. However, after one turn, theerohardness starts to become
homogeneous in the outer region of the disk andre¢taionship becomes invalid.

Therefore, it is better, as suggested, to spediy s$train imposed during the

processing by HPT in terms of the numbers of tinmmsed on the disk [11].

The error in the microhardness measurements taganthe centre of the Al-1050
disk after one turn of HPT was high compared toettier in the measurements away
from the centre. These high values of error atctdre indicate the instability in the
hardness at the centre of the disk within very sm&tances. The error became
consistent along the diameter of the disk aftee fiurns. On the other hand, this
observation of high error values near the centréhefdisk was delayed in the Al-
1%Mg alloy and it was noticed only after five tufsHPT. It is concluded from this
observation that the hardness near the centresi&b girocessed by HPT becomes
highly instable within very small distances priar becoming consistent with the
values of the hardness along the diameter of thle dihe same observation can be
noticed in high purity aluminium processed by HRier the same pressure (i.e. 6.0
GPa) [95]. In that experiment, the error was highrrthe centre after one turn and it
became consistent along the diameter after thrdefiae turns when the hardness

became consistent along the entire length of tamnéier.
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6.5 Summary and Conclusions

1. Vickers microhardness, Hv, measurements were talkeg the diameter and
across the surface of Al-1.0% Mg and Al-1050 alliisks after HPT at room
temperature under a pressure of 6.0 GPa and aorotteed of 1 rpm for
1/4, 1, and 5 turns.

2. Three methods of recording the microhardness meammnts were used in
this investigation to provide a clear demonstration the evolution of
microhardness. These methods were recording theidondl measurements
along the diameter of each disk, plotting coloudaxb contour maps across
the surface of each disk and plotting three-dinradirepresentations for the

surface of each disk.

3. The most important conclusion in this investigatiaas illustrating the
evolution of hardness homogeneity that occurs i latloys with increasing

numbers of turns.

4. The evolution of hardness homogeneity in the comrakpurity aluminium
(Al-1050) occurs more rapidly than in the Al-1%Mkpg. This is due to the
slower rate of recovery in Al-1%Mg alloy comparedAti-1050.

5. Five turns of HPT was enough to get complete hanety of the hardness
across the entire surface of Al-1050 alloy whiles thumber of turns was not

enough for Al-1%Mg alloy to become totally homogens.

6. The theoretical shear strain relationship whichestghat the shear strain
imposed during torsional straining is given byr(Rl r / h) is not valid when
processing aluminium alloys by HPT. It is more orable to specify the
strain imposed during the processing by HPT in sewhthe numbers of

turns.
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7. The hardness near the centre of disks processddPdy became unstable
within very small distances immediately prior tocbme consistent with the

values of the hardness along the entire diametireodiisk.
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CHAPTER 7

THE EFFECT OF STRAIN REVERSAL ON
ALUMINIUM AND TITANIUM ALLOYSDURING
PROCESSING BY HPT

7.1 Introduction

The high pressure torsion (HPT) process is ternsesl @ntinuous process where the
sample remains between the two anvils during thieeeexperiment. This continuity
of the processing operation has limited the infgtf many processing routes. By
comparison, the equal-channel angular pressing ECgtocess is termed as a
discontinuous process where this discontinuity vedid the establishing of four
different and distinct processing routes where eawh of these four routes lead to
different microstructure [29,96]. However, changithg direction of rotation in the
HPT process, without removing the pressure, cardym® different processing
routes. This technique produced two HPT proces#es; first is termed the
monotonic HPT (m-HPT) process where the samplé&ained in the same direction
during the entire experiment and the second is ddritne cyclic HPT (c-HPT)

process where the direction of rotation is altetedng the process.

There are few reports up to date investigatingefifect of strain path on the structure
and the mechanical properties of some materiale ascAl-3% Mg-0.2% Sc [90],
high-purity Al [97], Armco iron [98], high-purity N[98], 900A pearlitic rail steel
[99] and low carbon steel (Fe-0.03C) [100]. Theultssin all these reports showed
that the rate of increase of the hardness was higtbe disks processed by m-HPT
than that processed by c-HPT. The only exceptios tva CP Ti alloy [100], where
the results showed that the rate of increase afriesss was higher in c-HPT than that
in m-HPT.
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In this chapter, the microhardness will be recordémhg the diameters of four
alloys; commercial purity aluminium (Al-1050), ABdAMg, commercial purity
titanium and Ti-6Al-4V, after processing by HPT matonically and cyclically for
up to two turns. The evolution of the microhardnessasurements, and hence the
internal microstructure as mentioned previoushy) e investigated under the two
paths. Also in this chapter, the existence of dippage between the surface of the
disks and the surface of the upper or lower ansilang the processing will be
investigated, since the existence of the slippadjeaffect the accuracy of the results
[127].

7.2 Experimental Materials and Procedures

Four different alloys were used in this HPT invgation. The first was commercial
purity aluminium (Al-1050) alloy with a weight pexat of at least 99.5% aluminuim
and with a chemical composition in weight percemt @) as shown previously in
Table 3.1. The second was Aluminium - 1.0 wt. % Negum (Al-1.0%Mg) alloy
which has 0.003% Si and 0.001% Fe as minor impstiffhe third was commercial
purity titanium (CP Ti) alloy with a weight perceott at least of 99.2% titanium and
with a chemical composition in weight percent (%) as shown previously in Table
5.1. The fourth was Titanium - 6.0 wt. % Aluminii.0 wt. % Vanadium (Ti—
6Al-4V) alloy which has 0.25% Fe and 0.20% O asanimpurities. All materials

were supplied in the form of long circular barshwat diameter of 10.0 mm.

The HPT experiments were conducted in air at roemperature using a facility as
shown previously in chapter 6. The process of HR$ described in detail in chapter
6. In the present HPT experiments, two sets ofsdvgére used from the four alloys.
All disks were cut using 0.25 mm brass wire eroswith an electro-discharge
machine to a thickness of 1.6 mm. The thicknessagh disk was then reduced to
0.8 mm by mechanical polishing using 120, 600 a2d0l1grit SiC papers. For the
first set of disks, a forward direction was usedti@in the disks monotonically (m-
HPT) for totals of 1/2, 3/4, 1 and 2 turns, respety. For the second set of disks,
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the direction of straining was changed forward bBadkward during the processing
to perform a cyclic rotation process (c-HPT), aevah in Fig. 7.1. The change in
direction was attained by stopping the lower aawdl then starting again within less
than two seconds in the opposite direction. Th&sdgere subjected to c-HPT for
+1/4 -1/4, +1/4 -1/4 +1/4, +1/4 -1/4 +1/4 -1/4 arid-1 which gave totals of 1/2, 3/4,
1 and 2 turns, respectively. The applied load usdtiese experiments was 48 tons
which is corresponding to an imposed pressure,f .0 GPa. The speed of the
forward and backward rotation was 1 r.p.m. Due ¢odticting the experiments
under a high pressure and a quasi-constrained tcamdihere was a limited flow of
the material outside the anvils which leads to alsraduction in the thickness of the

disks after processing.

Upper Anvil

Stationary

-(— Sample

Lower Anvil

D; Rotation

Fig. 7.1: lllustration of the HPT facility showirige sample under pressure and
cyclic rotation.
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Before performing the experiments, a straight Wees marked along the diameter of
one side of each disk and a parallel line was ntagteng the diameter of the other
side of the disk. The marking was performed usipgrnanent black marker. These
lines were used to study the existence of any atjpetween the surface of the disk
and the surface of the upper or lower anvils duting straining. This is can be
performed by comparing the angle between the twesliafter straining with the
anticipated angle. For example, after straining ¥62 turn, the anticipated angle
between the two lines is zero. So, if the measarggle between the two lines is
zero, then there was no slippage. If there wapatip between the surface of the
disk and the surface of the upper or lower antiien the measured angle between
the two lines must be different than zero. To itigade the effect of the strain
reversal, it is important to know that the two sg&se subjected to the same number

of turns.

After HPT straining, the angle between the linesbath sides of each disk was
measured and compared with the corresponding pated angle. After that, all
disks were mounted using a cold-setting resin basetivo fluid epoxy components
and then carefully polished using 120, 600, 1208 4800 grit SiC papers to a
mirror-like finish. Microhardness measurements, Mere then taken on the disks
using a Matsuzawa Seiki MHT-1 microhardness testgripped with a Vickers
indenter. For the aluminium alloys, the measurememre taken by applying a load
of 50 gf for a dwell time of 15 seconds. For thartium alloys, the measurements
were taken by applying a load of 300 gf for a dweithe of 15 seconds. The
procedure of taking the measurements was explametiapter 6 where 33 points
across the diameter of each disk were selecteak®othe measurements at them and
at each point 4 measurements were taken as shotig.it®.5. The total number of
microhardness measurements taken on the diametachfdisk was 100 data points.
The graph of each disk was then plotted where #t@ points showing the error bars
which is denoting an estimated 95% confidence $mand calculated by the
statistical method explained previously in chapteGraphs showing the evolution of
microhardness measurements of each alloy monothynarad cyclically were then
plotted without the error bars for simplicity.
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7.3 Experimental Results

In this research, monotonic and cyclic HPT expentsevere performed on four
materials, two aluminium alloys (Al-1050 and Al-19%gMand two titanium alloys

(CP Ti and Ti-6Al-4V) for totals of 1/2, 3/4, 1 ardturns under a pressure of 6.0
GPa. Two objectives were cited for this researtie first is to determine the
existence of any slippage between the surface efditks and the surface of the
upper or lower anvils. The second objective is éofgrm the measurements of the
Vickers microhardness, Hv, along the diameter athedisk and to compare the
results of the m-HPT with the c-HPT.

7.3.1 The existence of dippage:

After the preparation of all disks and before perfimg the HPT experiments
monotonically and cyclically, two parallel lines emarked on the surfaces of each
disk, one on each surface. After the experimemis, lines were drawn on white
paper and the measurements were taken for the bhatyleen the two lines for each
disk. The total numbers of disks were 8 disks facheone of the four alloys, four
processed monotonically and four processed cybficBbr the disks processed for
totals of 1/2, 1 and 2 turns, the anticipated abgleveen the two lines was 0° while
the anticipated angle for the disk processed footal of 3/4 turn was 90°. The
results for all alloys and all disks processed ntomigally and cyclically showed
that the difference between the measured and ti@pated angles was zero or very

close to zero.

7.3.2 The microhar dness measur ements:

The individual microhardness measurements, Hv, weerded for each alloy along
the diameter of four disks processed by m-HPT fit, B/4, 1 and 2 turns,
respectively, and another four disks processed-H{?T for +1/4-1/4, +1/4-1/4+1/4,
+1/4-1/4+1/4-1/4 and +1-1 turns, respectively. Tiehvidual measurements plotted
on the figures were the average of four measuresmetorded around each data

point. Error bars correspond to the 95% confiddim#s of the four measurements
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which taken around the data point were drawn infitperes. Figures showing the
evolution of the microhardness in each alloy preedsmonotonically and cyclically

were also plotted.

7.3.2.1 Al-1050 alloy:

Fig. 7.2 shows the individual microhardness measargs recorded along the
diameter of the commercial purity aluminium (Al-I)%alloy after m-HPT under a
pressure of 6.0 GPa for (a) 1/2, (b) 3/4, (c) one @l) two turns, respectively. The
microhardness measurements for the alloy in thee@sived unprocessed condition
are also shown. After processing by HPT for 1/2tas shown in Fig. 7.2(a), the
microhardness values increased from an initial eabdi ~27 in the as-received
unprocessed material to values ranging betweerat-# centre of the disk and ~60
near the edge of the disk. The increment in theohardness values near the edge of
the disk is approximately 220%. The microhardnessasurements reached a
constant value of about ~60 after a distance ofifh®from the centre of the disk on
both sides. The error bars at and near the cehthealisk are high compared to that
after a distance of approximately 1.0 mm from thate of the disk on both sides.
After processing for 3/4 turn, as shown in Fig. ()2 the microhardness
measurements at the centre of the disk increaggtlglcompared to processing for
1/2 turn to reach ~47 and near the edge of the ttiskvalues were approximately
~61. The microhardness values started to becons&amrbeyond a distance of ~1.0
mm from the centre of the disk on both sides. lalso noticed, as in the disk
processed for 1/2 turn, that the error in the nfiardness measurements taken near
the centre of the disk was high compared to ther émrthe measurements away from
the centre. After processing for one turn, as shimMrig. 7.2(c), the microhardness
measurement at the centre of the disk was approeiynad5 and near the edge of
the disk the values were approximately ~62. Therohi@rdness values started to
become constant beyond a distance of ~0.9 mm fharcéntre of the disk on both
sides. The error bars at and near the centre oflifhkewere also high compared to
that away from the centre. After processing for twms, as shown in Fig. 7.2(d), the
microhardness measurement at the centre of the diskeased to reach
approximately ~50 and near the edge of the disk/éihges were approximately ~60.

The microhardness values started to become cortsggond a distance of ~0.6 mm
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from the centre of the disk on both sides. Therdvews at and near the centre of the
disk were also high compared to that away fromdéetre, as in the other disks

processed for 1/2, 3/4 and 1 turn.

The microhardness measurements along the diamietbe AlI-1050 disks after c-
HPT under a pressure of 6.0 GPa for (a) +1/4-184,+1/4-1/4+1/4, (c) +1/4-
1/4+1/4-1/4 and (d) +1-1 turns, respectively, dreven in Fig. 7.3. After processing
by HPT cyclically for +1/4-1/4 for a total of 1/2rmn, as shown in Fig. 7.3(a), the
microhardness values increased from an initial eabdi ~27 in the as-received
unprocessed material to values ranging betweerat-#te centre of the disk and ~59
near the edge of the disk. The microhardness me@sumts increased gradually from
the centre to reach a constant value of about 89 a distance of approximately
3.5 mm from the centre of the disk on both sidamil& to that in the disks
processed monotonically, the error bars at and tieacentre of the disk are high
compared to that away from the centre of the disbath sides. After processing for
+1/4-1/4 +1/4 for a total of 3/4 turn, as shownFiy. 7.3(b), the microhardness
measurements at the centre were approximately rd®e@ar the edge of the disk the
values were approximately ~61. The microhardnedsiesastarted to become
constant beyond a distance of ~2.5 mm from thereagitthe disk on both sides. It is
also noticed, as in all other disks, that the emathe microhardness measurements
taken near the centre of the disk was high comp@rdéae error in the measurements
away from the centre. After processing for +1/4-1844-1/4 for a total of one turn,
as shown in Fig. 7.3(c), the microhardness measmemt the centre of the disk
remained constant at a value of approximately +#tDreear the edge of the disk the
values were approximately ~60. The microhardnefgesancreased gradually from
the centre and started to become relatively coh$teyond a distance of ~3.0 mm
from the centre of the disk on both sides. Therdsews at and near the centre of the
disk were also high compared to that away fromctrdre. After processing for +1-1
for a total of two turns, as shown in Fig. 7.3(dhe microhardness measurement at
the centre of the disk increased to reach appraeima49 and near the edge of the
disk the values were approximately ~61. The micmhess values started to become
constant beyond a distance of ~0.9 mm from thereaitthe disk on both sides. The
error bars at and near the centre of the disk @@ high compared to that away

from the centre, as in the other disks processatbioaically or cyclically.
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The microhardness measurements along the diamietee &I-1050 disks after m-
HPT and c-HPT under a pressure of 6.0 GPa for/ga)(tt) 3/4, (c) 1 and (d) 2 turns,
respectively, are shown in Fig. 7.4. The microhasgnmeasurements for the alloy in
the as-received unprocessed condition are also rshdwe evolution of the
microhardness measurements in the disks procegsedHPT was faster than that
in the disks processed by c-HPT. This is can barlgieseen in the disks processed
for totals of 1/2, 3/4 and 1 turn, as shown in Figd(a), (b) and (c), respectively. In
the disks processed for a total of 2 turns, as shawrig. 7.4(d), the evolution of the
microhardness measurements was similar when piagelsg m-HPT or c-HPT. In
the disk processed by c-HPT for a total of 2 tuthe,strain was imposed for 1 turn
in each cycle where it was 1/4 in each cycle indiss processed for totals of 1/2,
3/4 and 1 turn.

The variation of the microhardness measurementgydlee diameter of the Al-1050
disks after m-HPT and c-HPT under a pressure ofGP@ for totals of 1/2, 3/4, 1
and 2 turns, respectively, are shown in Fig. 7t microhardness measurements for
the alloy in the as-received unprocessed condarenalso shown. As shown in Fig.
7.5(a), the microhardness measurements increasetheincentre of the disks
processed monotonically with increasing numberuafg and it reached a saturation
value of approximately ~60. This saturation valteeted at the edges and continued
to a length of 3.0 mm from the edges after 1/2.tltrocontinued to a length of 4.0
mm from the edges after 3/4 and 1 turn and it ats@tinued to a length of 4.5 mm
after two turns. As shown in Fig. 7.5(b), the evwoln of the microhardness values
was nearly similar in the disks processed cychctr +1/4-1/4, +1/4-1/4+1/4 and
+1/4-1/4+1/4-1/4 which give totals of 1/2, 3/4 addturn, respectively. After
processing for +1-1 for a total of two turns, thigmmhardness values increased in the
centre and reached the saturation value of appeirisn~60 faster. By comparing
the two graphs, it is noticed that the evolutiontltd microhardness values were

faster when the disks are processed monotonically.
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Fig. 7.2(a): The average of the microhardness meamnts, Hv, recorded along the

diameter of Al-1050 disk after m-HPT under a pressaf 6.0 GPa for 1/2 turn. The

microhardness measurements for alloy in the aswetenprocessed condition are
also shown.
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Fig. 7.2(b): The average of the microhardness mieasents, Hv, recorded along the

diameter of Al-1050 disk after m-HPT under a pressaf 6.0 GPa for 3/4 turn. The

microhardness measurements for alloy in the aswetenprocessed condition are
also shown.
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Fig. 7.2(c): The average of the microhardness nmreasnts, Hv, recorded along the
diameter of Al-1050 disk after m-HPT under a pressif 6.0 GPa for 1 turn. The
microhardness measurements for alloy in the aswetenprocessed condition are
also shown.
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Fig. 7.2(d): The average of the microhardness mieasents, Hv, recorded along the

diameter of Al-1050 disk after m-HPT under a pressf 6.0 GPa for 2 turns. The

microhardness measurements for alloy in the aswetenprocessed condition are
also shown.
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Fig. 7.3(a): The average of the microhardness meamnts, Hv, recorded along the

diameter of Al-1050 disk after c-HPT under a pressf 6.0 GPa for +1/4 -1/4 turn.

The microhardness measurements for alloy in thee@sved unprocessed condition
are also shown.
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Fig. 7.3(b): The average of the microhardness mieasents, Hv, recorded along the
diameter of Al-1050 disk after c-HPT under a pressif 6.0 GPa for +1/4 -1/4 +1/4
turn. The microhardness measurements for allogeras-received unprocessed
condition are also shown.
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Fig. 7.3(c): The average of the microhardness nmreasnts, Hv, recorded along the

diameter of Al-1050 disk after c-HPT under a pressif 6.0 GPa for +1/4 -1/4 +1/4

-1/4 turn. The microhardness measurements for ailtlye as-received unprocessed
condition are also shown.
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Fig. 7.3(d): The average of the microhardness mieasents, Hv, recorded along the

diameter of Al-1050 disk after c-HPT under a pressf 6.0 GPa for +1 -1 turn. The

microhardness measurements for alloy in the aswetenprocessed condition are
also shown.
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Fig. 7.4(a): The average of the microhardness meamnts, Hv, recorded along the

diameter of Al-1050 disks after m-HPT and c-HPT emal pressure of 6.0 GPa for

1/2 turn. The microhardness measurements for allttye as-received unprocessed
condition are also shown.
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Fig. 7.4(b): The average of the microhardness mieasents, Hv, recorded along the

diameter of Al-1050 disks after m-HPT and c-HPT emal pressure of 6.0 GPa for

3/4 turn. The microhardness measurements for ailtlye as-received unprocessed
condition are also shown.
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Fig. 7.4(c): The average of the microhardness meagnts, Hv, recorded along the
diameter of Al-1050 disks after m-HPT and c-HPT emal pressure of 6.0 GPa for 1
turn. The microhardness measurements for allolgeras-received unprocessed
condition are also shown.
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Fig. 7.4(d): The average of the microhardness mieasents, Hv, recorded along the
diameter of Al-1050 disks after m-HPT and c-HPT emal pressure of 6.0 GPa for 2
turns. The microhardness measurements for alltlyeras-received unprocessed
condition are also shown.
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Fig. 7.5(a): The average microhardness measurenténtsecorded along the
diameter of Al-1050 disks after m-HPT under a pues®f 6.0 GPa for 1/2, 3/4, 1
and 2 turns. The microhardness measurements &rialthe as-received

unprocessed condition are also shown.
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Fig. 7.5(b): The average microhardness measurepténtsecorded along the
diameter of Al-1050 disks after c-HPT under a pues®f 6.0 GPa for +1/4-1/4,
+1/4-1/4+1/4, +1/4-1/4+1/4-1/4 and +1-1 turns. Thierohardness measurements
for alloy in the as-received unprocessed cond#i@also shown.
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7.3.2.2 Al-1% Mg alloy:

Fig. 7.6 shows the individual microhardness measargs recorded along the
diameter of the Al-1%Mg alloy after m-HPT underragsure of 6.0 GPa for (a) 1/2,
(b) 3/4, (c) one and (d) two turns, respectivelye Tnicrohardness measurements for
the alloy in the as-received unprocessed condarenalso shown. After processing
by HPT for 1/2 turn, as shown in Fig. 7.6(a), th&rohardness values increased
from an initial value of ~31.5 in the as-receivedprocessed material to values
ranging between ~56 at the centre of the disk drid-near the edge of the disk. The
increment in the microhardness values near the efigke disk is approximately
350%. The microhardness measurements increasettljirfeom the low values at
the centre to the high values near the edges dfitheon both sides. The error bars
at and near the centre of the disk are high condpareéhat away from the centre.
After processing for 3/4 turn, as shown in Fig. (B)6 the microhardness
measurements at the centre of the disk were appetgly ~53 and near the edge of
the disk the values were approximately ~115. Therehardness values increased
linearly from the low values at the centre to aatise of 2.5 mm from the centre
then the slope of increment decreased to the axfgbe disk on both sides. It is also
noticed, as in the disk processed for 1/2 turnt tha error in the microhardness
measurements taken near the centre of the diskighscompared to the error in the
measurements away from the centre. After procedsingne turn, as shown in Fig.
7.6(c), the microhardness measurement at the cehttee disk was approximately
~56 and near the edge of the disk the values wppogimately ~119. The
microhardness values started to become constanhbteydistance of ~3.0 mm from
the centre of the disk on both sides. The erros lare relatively high both near the
centre of the disk and away from the centre. Aftexcessing for two turns, as shown
in Fig. 7.6(d), the microhardness measurementeatémtre of the disk increased to
reach approximately ~66 and near the edge of #letde values were approximately
~120. The microhardness values started to becomstart beyond a distance of
~1.5 mm from the centre of the disk on both sidds error bars at and near the
centre of the disk were high compared to that afmagn the centre on one side
where it were high near the other edge of the disk.
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The microhardness measurements along the diantetiee @\I-1%Mg disks after c-
HPT under a pressure of 6.0 GPa for (a) +1/4-184,+1/4-1/4+1/4, (c) +1/4-
1/4+1/4-1/4 and (d) +1-1 turns, respectively, dreven in Fig. 7.7. After processing
by HPT cyclically for +1/4-1/4 for a total of 1/2mn, as shown in Fig. 7.7(a), the
microhardness values increased from an initial e/adfi ~31.5 in the as-received
unprocessed material to values ranging betweenat3@e centre of the disk and
~106 near the edge of the disk. The microhardnesssurements increased linearly
from the low values at the centre to the high valuear the edges of the disk on both
sides. Similar to that in the disks processed nmamoally for 1/2, 3/4 and 2 turns,
the error bars at and near the centre of the diskigh compared to that away from
the centre of the disk on both sides. After proogstor +1/4-1/4 +1/4 for a total of
3/4 turn, as shown in Fig. 7.7(b), the microhardneseasurements at the centre
increased slightly to reach approximately ~54 aedrnthe edge of the disk the
values also increased slightly to reach approxilpatd09. The microhardness
measurements also increased linearly from the lalueg at the centre to the high
values near the edges of the disk on both sidas. dtso noticed, as in the other
disks, that the error in the microhardness measeméstaken near the centre of the
disk was high compared to the error in the measeinesraway from the centre. After
processing for +1/4-1/4 +1/4-1/4 for a total of doen, as shown in Fig. 7.7(c), the
microhardness measurement at the centre of theinltsgased slightly to reach a
value of approximately ~57 and near the edge of diek the values were
approximately ~110. The microhardness values atepeased linearly from the
centre to the edges of the disk on both sides.eftoe bars at and near the centre of
the disk were also high compared to that away ftleencentre. After processing for
+1-1 for a total of two turns, as shown in Fig.(d)7the microhardness measurement
at the centre of the disk increased again sligtatlyeach a value of approximately
~61 and near the edge of the disk the values wppogimately ~120. The
microhardness values started to become constard walue of ~120 beyond a
distance of ~3.0 mm from the centre of the diskboth sides. The error bars at and
near the centre of the disk were also high comptredat away from the centre, as
in the other disks processed monotonically or cgtly except the disk processed

monotonically for one turn.
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The microhardness measurements along the dianfettee &l-1%Mg disks after m-
HPT and c-HPT under a pressure of 6.0 GPa for/ga)(tt) 3/4, (c) 1 and (d) 2 turns,
respectively, are shown in Fig. 7.8. The microhasgnmeasurements for the alloy in
the as-received unprocessed condition are also rshdwe evolution of the
microhardness measurements in the disks procegsedHPT was faster than that
in the disks processed by c-HPT. This is can barlglseen in all disks processed for
totals of 1/2, 3/4, 1 and 2 turns, as shown in Fig8(a), (b), (c) and (d),
respectively.

The variation of the microhardness measurementsgatbe diameter of the Al-
1%Mg disks after m-HPT and c-HPT under a pressti@®GPa for totals of 1/2,
3/4, 1 and 2 turns, respectively, are shown in FH@. The microhardness
measurements for the alloy in the as-received wgssed condition are also shown.
As shown in Fig. 7.9(a), the microhardness measemésrincreased gradually in the
disks processed monotonically with increasing numifeturns and it reached a
saturation value of approximately ~120. This sdtonavalue started at the edges of
the disk processed for one turn and it continued tength of ~2.0 mm from the
edges and after two turns, this saturation contintoea length of ~3.5 mm from the
edges of the disk. As shown in Fig. 7.9(b), thel@wan of the microhardness values
was nearly similar in the disks processed cychctr +1/4-1/4, +1/4-1/4+1/4 and
+1/4-1/4+1/4-1/4 which give totals of 1/2, 3/4 ahdurn, respectively. This trend in
the evolution of the microhardness was identicathtat in the commercial purity
aluminium (AI-1050) alloy in the three disks prosed cyclically for totals of 1/2,
3/4 and 1 turn. The maximum value reached by thase disks was approximately
~110 near the edges of the disks and this valuelegssthan the saturation value
which is approximately ~120. After processing fdr1 for a total of two turns, the
microhardness values remarkably increased and edatie saturation value of
approximately ~120 beyond a distance of ~3.0 mmftbe centre of the disk. By
comparing the two graphs, it is noticed that, athencommercial purity aluminium
(Al-1050) alloy, the evolution of the microhardnesdues was faster when the disks

are processed monotonically.
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Fig. 7.6(a): The average of the microhardness meamnts, Hv, recorded along the
diameter of Al-1% Mg disk after m-HPT under a prteesof 6.0 GPa for 1/2 turn.
The microhardness measurements for alloy in thee@sved unprocessed condition
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Fig. 7.6(b): The average of the microhardness mieasents, Hv, recorded along the
diameter of Al-1% Mg disk after m-HPT under a pteesof 6.0 GPa for 3/4 turn.
The microhardness measurements for alloy in theesved unprocessed condition

are also shown.

153



140

120

100

60

Microhardness (Hv)

20

0

80

40

NI B s S S S S S S S B S S B S S B S S B S S

et Rt
E }iii} EEEE ]

¢ |
_ $ ) _
e

(0000000000000 0000000000000000000O0]

r Al- 1% Mg O As-Received |
r HPT, 6 GPa, N =1 ® N=1 1
-5 -4 -3 -2 -1 0 1 2 3 4 {5}

Distance along Diameter (mm)

Fig. 7.6(c): The average of the microhardness nmreasnts, Hv, recorded along the
diameter of Al-1% Mg disk after m-HPT under a pteesof 6.0 GPa for 1 turn. The
microhardness measurements for alloy in the aswetenprocessed condition are

140

120

100

80

Microhardness (Hv)

20

0

60

40

also shown.

LI S e S S S S S S S S S S S S S S S S S S S S S

:‘E ®s0edsas, (] ¢
. tt

(0000000000000 0000000000000000000O0]

- Al- 1% Mg O As-Received ]
- HPT, 6 GPa, N=2 ® N=2 1
-5 -4 -3 -2 -1 0 1 2 3 4 (5

Distance along Diameter (mm)

Fig. 7.6(d): The average of the microhardness mieasents, Hv, recorded along the
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Fig. 7.7(a): The average of the microhardness meamnts, Hv, recorded along the
diameter of Al-1% Mg disk after c-HPT under a pressof 6.0 GPa for +1/4 -1/4
turn. The microhardness measurements for allolgeras-received unprocessed
condition are also shown.
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Fig. 7.7(b): The average of the microhardness mieasents, Hv, recorded along the
diameter of Al-1% Mg disk after c-HPT under a pressof 6.0 GPa for +1/4 -1/4
+1/4 turn. The microhardness measurements for alltiye as-received unprocessed
condition are also shown.
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Fig. 7.7(d): The average of the microhardness mieasents, Hv, recorded along the

diameter of Al-1% Mg disk after c-HPT under a pressof 6.0 GPa for +1 -1 turn.

The microhardness measurements for alloy in theesived unprocessed condition
are also shown.
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Fig. 7.8(a): The average of the microhardness meamnts, Hv, recorded along the
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1/2 turn. The microhardness measurements for allttye as-received unprocessed
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Fig. 7.8(b): The average of the microhardness mieasents, Hv, recorded along the
diameter of Al-1%Mg disks after m-HPT and c-HPT end pressure of 6.0 GPa for
3/4 turn. The microhardness measurements for alltlye as-received unprocessed

condition are also shown.
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Fig. 7.8(d): The average of the microhardness mieasents, Hv, recorded along the

diameter of Al-

1%Mg disks after m-HPT and c-HPT end pressure of 6.0 GPa for
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Fig. 7.9(a): The average microhardness measurenténtsecorded along the
diameter of Al-1% Mg disks after m-HPT under a ptes of 6.0 GPa for 1/2, 3/4, 1
and 2 turns. The microhardness measurements &rialthe as-received

unprocessed condition are also shown.
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Fig. 7.9(b): The average microhardness measurenténtsecorded along the
diameter of Al-1% Mg disks after c-HPT under a ptee of 6.0 GPa for +1/4-1/4,
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for alloy in the as-received unprocessed condii@also shown.
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7.3.2.3CPTi alloy:

Fig. 7.10 shows the individual microhardness measents recorded along the
diameter of the commercial purity titanium (CP TEljoy after m-HPT under a
pressure of 6.0 GPa for (a) 1/2, (b) 3/4, (c) one @l) two turns, respectively. The
microhardness measurements for the alloy in thee@sived unprocessed condition
are also shown. After processing by HPT for 1/2tas shown in Fig. 7.10(a), the
microhardness values increased from an initial evadfi ~172 in the as-received
unprocessed material to values ranging between a##& centre of the disk and a
maximum of approximately ~320 beyond a distance20 mm from the centre of
the disk before dropping to a value between 2803rdadjacent to the edges of the
disk. The error bars were relatively high neardbaetre and the edges of the disk on
both sides. After processing for 3/4 turn, as showiig. 7.10(b), the microhardness
measurements at the centre of the disk were appedgly ~244 and near the edge of
the disk the values were approximately ~310-32@ fficrohardness values started
to become constant beyond a distance of ~2.0 mm fin@ centre of the disk on both
sides and it dropped near the edge of one sidedachra value of approximately
~280. It is also noticed, as in the disk procedsedl/2 turn, that the error in the
microhardness measurements taken near the cerdréhanedges of the disk was
relatively high. After processing for one turn, akown in Fig. 7.10(c), the
microhardness measurement at the centre of thendiskapproximately ~252 and it
reached a constant values of approximately ~310b&30nd a distance of ~2.0 mm
from the centre on both sides of the disk befoopgding to values of approximately
~280-300 near the edge of the disk. As in the other disks, the error in the
microhardness measurements taken near the cerdréharedges of the disk was
relatively high. After processing for two turns, ahown in Fig. 7.10(d), the
microhardness measurement at the centre of the diskeased to reach
approximately ~265 and it reached constant valudespproximately ~300-310
beyond a distance of ~1.5 mm from the centre o lstdes of the disk before
dropping to values less than 300 in the vicinitythed edges of the disk. The error in
the microhardness measurements taken near the @rthe edges of the disk was
also relatively high, as in the other disks proeddsr 1/2, 3/4 and 1 turn.
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The microhardness measurements along the dianfetiee €P Ti disks after c-HPT
under a pressure of 6.0 GPa for (a) +1/4-1/4, (A-4/4+1/4, (c) +1/4-1/4+1/4-1/4
and (d) +1-1 turns, respectively, are shown in Fig.l. After processing by HPT
cyclically for +1/4-1/4 for a total of 1/2 turn, ashown in Fig. 7.11(a), the
microhardness values increased from an initial eadfi ~172 in the as-received
unprocessed material to values of ~226 at the eeasftithe disk and it reached a
relatively constant values of approximately ~280Q0-2@yond a distance of ~1.8 mm
from the centre on both sides of the disk befoopgding to values of approximately
~260-270 near the edges of the disk. Similar ta thathe disks processed
monotonically, the error bars near the centre aecetiges of the disk were relatively
high. After processing for +1/4-1/4 +1/4 for a totd 3/4 turn, as shown in Fig.
7.11(b), the microhardness measurements at theeceteased to reach a value of
approximately ~237. The microhardness increaseddlyago reach values of
approximately ~290 at a distance of ~1.0 mm froendéntre of the disk and beyond
that it increased gradually to reach a maximum 820-before dropping again to
values of ~280-290 near the edges of the disls. #lso noticed that the error in the
microhardness measurements taken near the certtre disk was high compared to
the error in the measurements away from the ceAfter processing for +1/4-1/4
+1/4-1/4 for a total of one turn, as shown in Figll(c), the microhardness
measurement at the centre of the disk remainedamnat a value of approximately
~237 and it increased rapidly to reach values al&®e at a distance of ~0.8 mm
from the centre of the disk and beyond that it rieeth relatively constant at values
about ~300 before dropping again to values of ~2&&r the edges of the disk. The
error bars at and near the centre of the disk @@ high compared to that away
from the centre. After processing for +1-1 for tat®f two turns, as shown in Fig.
7.11(d), the microhardness measurement at theecehthe disk increased to reach
approximately ~270 and it increased rapidly to neaalues above 300 at a distance
of ~0.5 mm from the centre of the disk. Beyond ,tttae microhardness values
increased gradually to reach values about ~310&3#bremained constant before
dropping again to values of ~280-290 near the edfeke disk. The error bars at
and near the centre of the disk were also high emetpto that away from the centre.

The microhardness measurements along the dianfeteg €P Ti disks after m-HPT
and c-HPT under a pressure of 6.0 GPa for (a) (b)23/4, (c) 1 and (d) 2 turns,
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respectively, are shown in Fig. 7.12. The microhass measurements for the alloy
in the as-received unprocessed condition are &lears. After processing for a total
of 1/2 turn, as shown in Fig. 7.12(a), the micralm&ss measurements were higher in
the disk processed by m-HPT compared to that pseceby c-HPT. In the disks
processed for totals of 3/4 and 1 turn, as showkigse. 7.12(b) and (c), the evolution
of the microhardness measurements was approximsiteljar when processing by
m-HPT or c-HPT. After processing for a total of2ris, as shown in Fig. 7.12(d),
the microhardness measurements were slightly highéne disk processed by c-

HPT compared to that processed by m-HPT.

The variation of the microhardness measurementggatloe diameter of the CP Ti
disks after m-HPT and c-HPT under a pressure ofGP@ for totals of 1/2, 3/4, 1
and 2 turns, respectively, are shown in Fig. 7TI8 microhardness measurements
for the alloy in the as-received unprocessed cardiire also shown. As shown in
Fig. 7.13(a), the microhardness measurements weran the centre of the disks
processed monotonically and it increased with iasireg distance from the centre to
reach a saturation value of approximately ~300432fore dropping again near the
edges of the disks. The microhardness values rddbkesaturation value faster with
increasing in the number of turns. The saturatialier of the disk processed for two
turns was less than that for the disks processeféfeer numbers of turns, although
it was more consistent along the length of the éi@m As shown in Fig. 7.13(b), the
microhardness values for the disks processed eyiglitor +1/4-1/4, +1/4-1/4+1/4,
+1/4-1/4+1/4-1/4 and +1-1 increased gradually witreasing numbers of turns. All
disks had the same trend where the microhardndgsesvevere low at the centre of
the disks and increased to reach a saturation vahen dropped near the edges of
the disks. The maximum saturation value was fordis& processed for +1-1 turns
and it was higher than all saturation values can réached by processing
monotonically. By comparing the two graphs, it ®diced that the rate of increase in

the microhardness values were faster when the digkprocessed cyclically.
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Fig. 7.10(a): The average of the microhardness uneasents, Hv, recorded along
the diameter of CP Ti disk after m-HPT under a gues of 6.0 GPa for 1/2 turn. The
microhardness measurements for alloy in the aswetenprocessed condition are
also shown.
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Fig. 7.10(b): The average of the microhardness area®ents, Hv, recorded along
the diameter of CP Ti disk after m-HPT under a gues of 6.0 GPa for 3/4 turn. The
microhardness measurements for alloy in the aswetenprocessed condition are
also shown.
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Fig. 7.10(c): The average of the microhardness oreasents, Hv, recorded along

the diameter of CP Ti disk after m-HPT under a gues of 6.0 GPa for 1 turn. The

microhardness measurements for alloy in the aswetenprocessed condition are
also shown.
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Fig. 7.10(d): The average of the microhardness ureaents, Hv, recorded along
the diameter of CP Ti disk after m-HPT under a gues of 6.0 GPa for 2 turns. The
microhardness measurements for alloy in the aswedenprocessed condition are

also shown.
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Fig. 7.11(a): The average of the microhardness uneasents, Hv, recorded along
the diameter of CP Ti disk after c-HPT under a gues of 6.0 GPa for +1/4 -1/4
turn. The microhardness measurements for allogeras-received unprocessed

condition are also shown.
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Fig. 7.11(b): The average of the microhardness ureaents, Hv, recorded along
the diameter of CP Ti disk after c-HPT under a gues of 6.0 GPa for +1/4 -1/4
+1/4 turn. The microhardness measurements for alltlye as-received unprocessed
condition are also shown.
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Fig. 7.11(c): The average of the microhardness oreasents, Hv, recorded along
the diameter of CP Ti disk after c-HPT under a gues of 6.0 GPa for +1/4 -1/4
+1/4 -1/4 turn. The microhardness measurementallfmy in the as-received
unprocessed condition are also shown.
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Fig. 7.11(d): The average of the microhardness ureaents, Hv, recorded along
the diameter of CP Ti disk after c-HPT under a gues of 6.0 GPa for +1 -1 turn.
The microhardness measurements for alloy in thee@sved unprocessed condition

are also shown.
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Fig. 7.12(a): The average of the microhardness aneasents, Hv, recorded along
the diameter of CP Ti disks after m-HPT and c-HRdlar a pressure of 6.0 GPa for
1/2 turn. The microhardness measurements for allttye as-received unprocessed

condition are also shown.
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Fig. 7.12(b): The average of the microhardness ureaents, Hv, recorded along
the diameter of CP Ti disks after m-HPT and c-HRd@ar a pressure of 6.0 GPa for
3/4 turn. The microhardness measurements for ailtlye as-received unprocessed

condition are also shown.
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Fig. 7.12(c): The average of the microhardness oreasents, Hv, recorded along
the diameter of CP Ti disks after m-HPT and c-HRd@ar a pressure of 6.0 GPa for
1 turn. The microhardness measurements for alldlyaras-received unprocessed
condition are also shown.
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Fig. 7.12(d): The average of the microhardness ureaents, Hv, recorded along
the diameter of CP Ti disks after m-HPT and c-HRd@ar a pressure of 6.0 GPa for
2 turns. The microhardness measurements for alltlye as-received unprocessed
condition are also shown.

168



4M0———FT——T T T T T T T T T T T T T

L v vy
v v ve
3ooﬂgouguaﬁﬁgggaou Dggugggggéﬁauugg
— | R ]
=>: _G 8.¥DOQV
” ooV
17}
9 L ]
T 200 i
= (00000000000 000000000000000000000O0]
§ | '
= L ]
100 O As-Received -
I . ® N=12
| CPTi _ v N=3/4
t HPT, 6 GPa, Monotonic v N=1
L O N=2
0 U TR [N SN SN Y [N TN SN SN NN SN TN SN SN SN ST TN (N TN SHNT SN [N SR SN TN SN SN AT TN (T SHN SN S N S S
-5 -4 -3 2 -1 0 1 2 3 4 5

Distance along Diameter (mm)

Fig. 7.13(a): The average microhardness measursptéwntrecorded along the
diameter of CP Ti disks after m-HPT under a pressfi.0 GPa for 1/2, 3/4, 1 and
2 turns. The microhardness measurements for alltlye as-received unprocessed
condition are also shown.
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Fig. 7.13(b): The average microhardness measuramdn; recorded along the
diameter of CP Ti disks after c-HPT under a pressfi6.0 GPa for +1/4-1/4, +1/4-
1/4+1/4, +1/4-1/4+1/4-1/4 and +1-1 turns. The nhem@iness measurements for
alloy in the as-received unprocessed conditiorals@ shown.
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7.3.24Ti-6Al - 4V alloy:

Fig. 7.14 shows the individual microhardness measents recorded along the
diameter of the Ti-6Al-4V alloy after m-HPT undepeessure of 6.0 GPa for (a) 1/2,
(b) 3/4, (c) one and (d) two turns, respectivelye Tnicrohardness measurements for
the alloy in the as-received unprocessed condarenalso shown. After processing
by HPT for 1/2 turn, as shown in Fig. 7.14(a), thierohardness values increased
from an initial value of ~290 in the as-receivegratessed material to values about
~312 at the centre of the disk and increased ghgdudh increasing distance from
the centre before reaching a saturation value pfeagmately ~340 at a distance of
~1.5 from the centre. The microhardness measursnaelpgcent to the edges of the
disk increased to reach values of approximatelyO-8B). The error bars were
relatively low along the diameter except the measients near the edge of the disk
on one side. After processing for 3/4 turn, as ghow Fig. 7.14(b), the
microhardness measurements at the centre of tkenvgise approximately ~310 and
it increased gradually to reach a maximum of apipnakely ~360 near the edges of
the disk. There were some saturation values intealang the diameter of the disk
where the measurements reached a saturation value flimited length then
gradually increased to another saturation valuee Titst saturation value was
approximately ~330 which started at a distance o0 nm from the centre of the
disk and ended at a distance of ~2.5 mm from th&e®f the disk. The second one
was approximately ~360 which started at a distarice3.3 mm from the centre of
the disk and continued to the edges of the diskaih sides. It is also noticed, as in
the disk processed for 1/2 turn, that the errah@xmicrohardness measurements was
low along the diameter of the disk except the mesmmsants taken near the edge of
the disk on one side. After processing for one ,tas shown in Fig. 7.14(c), the
microhardness measurement at the centre of thendiskapproximately ~293 and it
was different on both sides of the disk. On oneesithe microhardness
measurements increased gradually from the centreaith a maximum of ~400 at a
distance of 3.0 mm from the centre then droppeal ¢aturation value of about ~375
to the edge of the disk. On the second side, tlveomardness increased gradually to
reach a saturation value of approximately ~330 distance between ~1.0 mm and
3.0 mm from the centre of the disk and increasetnagradually to reach a second

saturation value of approximately ~360 at a distapic~3.8 mm from the centre of
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the disk to the edge of the disk. The trend of itierohardness evolution on the
second side of the disk was similar to that in diek processed for 3/4 turn. The
error in the microhardness measurements taken eisgbond side of the disk was
low compared to that taken on the first side. Afteycessing for two turns, as shown
in Fig. 7.14(d), the evolution of the microhardnessasurements was similar to that
of the disk processed for one turn. The microhadna&t the centre of the disk
increased to reach approximately ~304 and on ode isigradually increased to
reach a maximum value of ~420 at a distance of +dn® from the centre then
decreased beyond that to a value of approxima&®n the vicinity of the edge of
the disk. One the second side, the microhardneseadsed gradually to reach a
saturation value of approximately ~335 at a distanetween ~0.8 mm and 2.5 mm
from the centre of the disk and increased agaidugisy to reach a second saturation
value of approximately ~365 at a distance of ~3r0 from the centre of the disk to
the edge of the disk. Similar to that in the disigessed for one turn, the error in the
microhardness measurements taken on the secondfstte disk was low compared

to that taken on the first side.

The microhardness measurements along the dianfetiee di-6AIl-4V disks after c-

HPT under a pressure of 6.0 GPa for (a) +1/4-18}, {1/4-1/4+1/4, (c) +1/4-

1/4+1/4-1/4 and (d) +1-1 turns, respectively, dreven in Fig. 7.15. After processing
by HPT cyclically for +1/4-1/4 for a total of 1/2rm, as shown in Fig. 7.15(a), the
microhardness values near the centre of the disk agproximately ~296 which is
close to that in the as-received unprocessed rahtdtriincreased gradually with

increasing the distance from the centre to readegaof approximately ~365 near
the edges of the disk. On one side, there was drgpp the microhardness values
then increase again to reach the value of ~365 theaedge. The error bars were
relatively low along the diameter except some isalgpoints. After processing for
+1/4-1/4 +1/4 for a total of 3/4 turn, as shownHig. 7.15(b), the microhardness
measurements at the centre increased to reachua ghlapproximately ~309. The
microhardness increased gradually to reach valdeapproximately ~335 at a

distance of ~1.5 mm from the centre of the dislboth sides of the disk and beyond
that it remained almost constant on one side tcettge of the disk. On the second
side, the measurements were ranging between ~386-240 to a distance of ~3.0

mm from the centre then the measurements beyondnitreaased gradually to reach
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a maximum of ~370 near the edge of the disk. Ther drars were relatively low
along the diameter except some isolated pointsnaad the edge of the second side
of the disk where the microhardness values were. After processing for +1/4-1/4
+1/4-1/4 for a total of one turn, as shown in Fifgl5(c), the microhardness
measurement at the centre of the disk increasedaich a value of approximately
~315 and it increased gradually to reach values3@D on one side and ~400 on the
second side before dropping near the edges to syaiue360 on the first side and
~380 on the second side. The error bars were velgthigh near the edges of the
disk. After processing for +1-1 for a total of twarns, as shown in Fig. 7.15(d), the
microhardness measurement at the centre of thewdiskapproximately ~304. The
microhardness increased gradually to reach valdeapproximately ~365 at a
distance of ~1.8 mm from the centre of the dislboth sides of the disk and beyond
that it remained almost constant on one side teetlge of the disk. On the second
side, the microhardness measurements increasedhseadge of the disk to reach
values of ~385. The error bars were relatively mlang the diameter except some
isolated points.

The microhardness measurements along the dianfetes ®i-6Al-4V disks after m-
HPT and c-HPT under a pressure of 6.0 GPa for/@a)(t) 3/4, (c) 1 and (d) 2 turns,
respectively, are shown in Fig. 7.16. The microhass measurements for the alloy
in the as-received unprocessed condition are &lsons After processing for totals
of 1/2 and 3/4 turn, as shown in Figs. 7.16(a) dbyl the microhardness
measurements were higher in the disk processed 4P compared to that
processed by c-HPT. In the disks processed folstofal and 2 turns, as shown in
Figs. 7.16(c) and (d), the evolution of the micmumess measurements was

approximately similar when processing by m-HPT -6tRT.

The variation of the microhardness measurementgyatoe diameter of the Ti-6Al-
4V disks after m-HPT and c-HPT under a pressug®fGPa for totals of 1/2, 3/4, 1
and 2 turns, respectively, are shown in Fig. 7TI¥ microhardness measurements
for the alloy in the as-received unprocessed cawmdigre also shown. In the disks
processed monotonically, as shown in Fig. 7.17(e) microhardness measurements
were low in the centre of the disks and it incréagedually and almost linearly with

increasing distance from the centre to reach maxinealues near the edges of the
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disks. The increase in the microhardness valuds imireasing number of turns was
very small. There was instability in the measureimerar the edge of one side. As
shown in Fig. 7.17(b), the microhardness valuesherdisks processed cyclically for
+1/4-1/4, +1/4-1/4+1/4, +1/4-1/4+1/4-1/4 and +1-tcreased gradually with

increasing numbers of turns. All disks had the sémmed where the microhardness
values were low at the centre of the disks andess®d gradually to reach a
saturation values at a distance of approximately vdm which continued to the

edge of the disk. The saturation value increaséd mcreasing number of turns. On
one side, there was some increase in the microbssdmear the edge of the disk. It is
noticed, by comparing the two graphs, that the o&t@crease in the microhardness
values, when the instability near the edge of omke ®f the disks processed

monotonically was neglected, were faster when tblescare processed cyclically.
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Fig. 7.14(a): The average of the microhardness mneasents, Hv, recorded along
the diameter of Ti-6Al-4V disk after m-HPT undepr@ssure of 6.0 GPa for 1/2 turn.
The microhardness measurements for alloy in theesived unprocessed condition

are also shown.
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Fig. 7.14(b): The average of the microhardness ureaents, Hv, recorded along
the diameter of Ti-6Al-4V disk after m-HPT undepr@ssure of 6.0 GPa for 3/4 turn.
The microhardness measurements for alloy in theesved unprocessed condition

are also shown.
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Fig. 7.14(c): The average of the microhardness oreasents, Hv, recorded along
the diameter of Ti-6Al-4V disk after m-HPT undepr@ssure of 6.0 GPa for 1 turn.
The microhardness measurements for alloy in thee@sved unprocessed condition

are also shown.
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Fig. 7.14(d): The average of the microhardness ureaents, Hv, recorded along
the diameter of Ti-6Al-4V disk after m-HPT undepr@ssure of 6.0 GPa for 2 turns.
The microhardness measurements for alloy in theesved unprocessed condition

are also shown.
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Fig. 7.15(a): The average of the microhardness aneasents, Hv, recorded along
the diameter of Ti-6Al-4V disk after c-HPT undepressure of 6.0 GPa for +1/4 -1/4
turn. The microhardness measurements for allolgeras-received unprocessed
condition are also shown.
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Fig. 7.15(b): The average of the microhardness area®ents, Hv, recorded along
the diameter of Ti-6Al-4V disk after c-HPT undepressure of 6.0 GPa for +1/4 -1/4
+1/4 turn. The microhardness measurements for alltlye as-received unprocessed

condition are also shown.
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Fig. 7.15(c): The average of the microhardness oreasents, Hv, recorded along
the diameter of Ti-6Al-4V disk after c-HPT undepr@ssure of 6.0 GPa for +1/4 -1/4
+1/4 -1/4 turn. The microhardness measurementaliwy in the as-received
unprocessed condition are also shown.
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Fig. 7.15(d): The average of the microhardness urea®ents, Hv, recorded along

the diameter of Ti-6Al-4V disk after c-HPT undepr@ssure of 6.0 GPa for +1 -1

turn. The microhardness measurements for allogeras-received unprocessed
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Fig. 7.16(a): The average of the microhardness uneasents, Hv, recorded along
the diameter of Ti-6Al-4V disks after m-HPT and &Hunder a pressure of 6.0 GPa
for 1/2 turn. The microhardness measurements foy ai the as-received
unprocessed condition are also shown.
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Fig. 7.16(b): The average of the microhardness areaents, Hv, recorded along
the diameter of Ti-6Al-4V disks after m-HPT and &Hunder a pressure of 6.0 GPa
for 3/4 turn. The microhardness measurements oy al the as-received
unprocessed condition are also shown.
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Fig. 7.16(c): The average of the microhardness oreasents, Hv, recorded along
the diameter of Ti-6Al-4V disks after m-HPT and &Hunder a pressure of 6.0 GPa
for 1 turn. The microhardness measurements foy aléhe as-received unprocessed

condition are also shown.
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Fig. 7.16(d): The average of the microhardness ureaents, Hv, recorded along
the diameter of Ti-6Al-4V disks after m-HPT and &Hunder a pressure of 6.0 GPa
for 2 turns. The microhardness measurements foy allthe as-received
unprocessed condition are also shown.
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Fig. 7.17(a): The average microhardness measurspténtrecorded along the
diameter of Ti-6Al-4V disks after m-HPT under agsere of 6.0 GPa for 1/2, 3/4, 1
and 2 turns. The microhardness measurements &orialthe as-received
unprocessed condition are also shown.
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Fig. 7.17(b): The average microhardness measuramdn; recorded along the
diameter of Ti-6Al-4V disks after c-HPT under agsere of 6.0 GPa for +1/4-1/4,
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for alloy in the as-received unprocessed cond#i@also shown.
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7.4 Discussion

The main objective of this research was to evaltreesffect of strain reversal on the
evolution of the microhardness along the diameftéowr different alloys. The alloys
used in this investigation were commercial purltynanium, Al-1%Mg, commercial
purity titanium and Ti-6Al-4V. To perform this twsets of disks were used, one set
processed monotonically for 1/2, 3/4, 1 and 2 tuamsl the second processed
cyclically for +1/4-1/4, +1/4-1/4+1/4, +1/4-1/4+1M44 and +1-1 which gave totals
of turns similar to that used for m-HPT processing.

To evaluate the effect of strain reversal corredgtlyvas important to measure that
the same numbers of turns were achieved in thecages, m-HPT and c-HPT, for
the four alloys. This can be achieved by assurrad the external rotation which
imposed during processing is similar to the strgnapplied on the disks. In this
case, it was important to know that the experimevege performed in absence of
any slippage between the disks surfaces and tfecssrof the upper or lower anvils.
Although, the possibility of experience slippagedenhigh pressures such as the
pressure used in this investigation which was 6E&a @& small [127]. To study the
existence of slippage, two parallel lines were dran the two surfaces of each disk.
After straining, the angle between the two lines waeasured and compared to the
anticipated angle of the corresponding rotation.e Tiesults showed that the
difference between the measured and the anticigatgtks of all cases was zero or
very close to zero in some cases which can bedinge¢he manual operation of the

experiments.

The results of the microhardness measurementsraftéPT and c-HPT for the four
alloys showed low values at the centre of the daks high values near the edges.
These results are consistent with all previous ntepon different materials which
processed by HPT technique, except the processihggb purity aluminium alloy
which showed high values of microhardness at tnére®f the disks and low values
near the edges which was due to, as suggestetigihetacking fault of high purity
aluminium [95]. In the two aluminium alloys (Al-105and Al-1%Mg) which

processed by m-HPT, there was a gradual increagards the homogeneity and
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consistency of the microhardness values along fiaenater of the disks with
increasing in the number of turns. On the otherdhavhen the two alloys were
processed by c-HPT, the evolution of microhardnesthe first three disks which
processed for +1/4-1/4, +1/4-1/4+1/4 and +1/4-1/44414 with totals of 1/2, 3/4 and
1 turn, respectively, was very small. Only the etioh of the microhardness of the
disk which processed for +1-1 with a total of 2n&iwas very close to that processed
by m-HPT for 2 turns. It is concluded from thesgults that the rate of the evolution
towards the homogeneity of microhardness alongdibeneter of the disks in the
aluminium alloys is higher when the disks are pssed by m-HPT rather than
processing by c-HPT. This result is consistent whthresults of some materials such
as Al-3%Mg-0.2%Sc [90], high purity Al [97], Armdoon [98], high purity Ni [98],
900A pearlitic rail steel [99] and low carbon sté€k-0.03C) [100]. It is also
concluded that increasing the amount of strain sepan each separate rotation will
increase the rate of evolution of the microhardradesg the diameter. This can be
proven by the big difference between the evolutbthe microhardness of the disks
processed by c-HPT through the rotation of 1/4 tnonements and that of the disk
processed by c-HPT through the rotation of 1 turcraments. The later result is
consistent with the results of the reversal strgjnof high purity aluminium alloy
which showed that the rate of evolution of the wihardness is dependent on the
amount of strain imposed in each rotation and ¢ted humber of strain imposed on
the disk [97]. In both alloys processed by eitheHRIT or c-HPT, the error in the
microhardness measurements which taken near th&eceras generally high
compared to that away from the centre. These hajbeg of error at the centre
indicate the instability in the hardness at thetreenf the disks within very small
distances. Away from the centre, the error becamallsand consistent along the
diameter of the disk. It is concluded from this efsition that the hardness near the
centre of disks processed by HPT is highly instabthin very small distances while
it is stable and consistence along the diamettreotlisks away from the centre.

In the two titanium alloys (CP Ti and Ti-6Al-4Vhé results were different than the
aluminium alloys. The increase in the microhardnedses with increasing numbers
of turn during processing by m-HPT was very snfalithermore, the microhardness
values of the CP Ti disk processed for two turneaviess than that processed for one

turn, although it was more consistent along thendigr. On the other hand, there
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was a gradual increase in the microhardness valithsncreasing number of turns
for both alloys during processing by c-HPT. It ancluded from these results that
the rate of the evolution of the microhardnessmtitanium alloys was higher when
the disks are processed by c-HPT rather than pogedy m-HPT. This result is
consistent with a previous result of commercialitgutitanium (CP Ti) which
showed that the rate of increase of hardness iTiG#as higher in c-HPT than that
in m-HPT [100]. This contradiction between the tesaf the titanium alloys and the
results of all other alloys processed by reversairsng is due to, as suggested, the
different internal microstructure of the titaniuriogs which is hexagonal closed
packed (hcp) where the alloy initiating new slipsteyns on each reverse of the
straining direction [97]. In the CP Ti alloy proses by either m-HPT or c-HPT, the
error in the microhardness measurements which takanthe centre for most of the
disks and near the edges for some disks was gbnkrgh. As mentioned for the
aluminium alloys, these high values of error intécthe instability in the hardness at
the centre of the disks and near the edges withiyp small distances. In the Ti-6Al-
4V alloy, the error in the microhardness measurésnatong the diameter was
generally small for the two cases, m-HPT and c-HRiis might be due to the small
increments of the microhardness along the dianddténe disks where the overall
increase in the hardness of this alloy after preiogsby HPT for up to two turns was

relatively small.
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7.5 Summary and Conclusions

1. HPT processing were performed monotonically andliaaity on two
aluminium alloys (AlI-1050 and Al-1.0%Mg) and twdathium alloys (CP Ti
and Ti-6Al-4V) under a pressure of 6.0 GPa forltot 1/2, 3/4, 1 and 2

turns.

2. The processing was performed under the absenagydlippage between the

surfaces of the disks of all alloys and the surfsfatae upper or lower anvils.

3. Microhardness measurements were taken along dimeetier at 33 points and
the average of four measurements was recorded thi¢h error bars

corresponding to 95% confidence limits.

4. In the two aluminium alloys, the rate of the evaat towards the
homogeneity of microhardness along the diameterthaf disks which

processed by m-HPT is higher than that processedHiyT.

5. Increasing the amount of strain imposed in eaclars¢g rotation during c-

HPT will increase the rate of the evolution of thierohardness.

6. In the two titanium alloys, opposing the resultstiod aluminium alloys, the
rate of increase of the microhardness values irdisies which processed by
c-HPT is higher than that processed by m-HPT.

7. For most of the disks, the error was relativelyhhigear the centre which

indicates that the hardness at this region is higidtable within very small

distances.
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CHAPTER 8

SUMMARY AND FUTURE WORK

8.1 Summary and Conclusions

8.1.1 The evolution of homogeneity after processing by ECAP and HPT:

The study of the microhardness values of Al-1030yadfter processing by ECAP
showed an inhomogeneous increase in the hardnetise ddlloy after processing
through one pass of ECAP. The ECAP experiments veereducted at room
temperature at a pressing speed of 0.5 mm/s andghrup to six passes. After one
pass, high values of microhardness were recordédeircentral region of the billet
and low values near the top and bottom surfaceth Wereasing number of passes,
the values of the hardness increased slightly ataited to become more
homogeneous. After six passes of ECAP, the lowdueganear the top surface
disappeared and that near the bottom surface redhamlthough it became less
pronounced. The values of the hardness after sggsaof ECAP were in the range
of approximately ~56 and the billet was completatynogeneous except the region
adjacent to the bottom surface especially towandsfriont edge. Better results were
approached when processing the same material by HRIHPT experiments were
conducted at room temperature at a pressure oGB& and for up to five turns.
After 1/4 turn, the hardness increased inhomogestgowith lower values at the
centre of the disk and higher values near the edgkth increasing numbers of
turns, the values of the hardness increased sligttl started to become more
homogeneous. After five turns, the hardness wagtisly homogeneous across the
entire surface and it was approximately ~65. A cangon between the results
performed by processing Al-1050 alloy by ECAP andHPT shows clearly that
better homogeneity and higher hardness was achigveding the HPT process. As

mentioned previously, the degree of homogeneity tbE microhardness
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measurements reveals the homogeneity of the intem@ostructure of metals as
stated in many previous reports [52,78,95,103]. fi@sallts of higher hardness after
processing by HPT compared to processing by ECARcansistent with the results
showing that the grains produced by HPT are smaflesizes compared to that
produced by ECAP. Processing Al-3%Mg alloy by HR®duced grains with sizes
of ~90 nm whereas that produced by ECAP had size@ @ nm [72,73]. The sizes
of the Al-5%Fe alloy grains after processing by H®R&re ~100 nm whereas after
ECAP they were ~300 nm [74]. In high purity Ni, theain sizes after processing by
HPT were ~170 nm and after processing by ECAP w8&0 nm [75]. In pure Ti,
the grain sizes which were ~300 nm after procesbingcCAP can be reduced to
~200 nm by processing by HPT after the ECAP [5d]adldition to the reduction in
the grain sizes, the fraction of high angle boumdawere higher in high purity Ni
alloy after processing by HPT compared to thathe &lloy processed by ECAP
[75,76].

Another important conclusion were found by investilgg the evolution of
microhardness of Al-1050 alloy and Al-1%Mg alloyteaf processing by HPT at
room temperature under a pressure of 6 GPa foo tipe turns. In both alloys, the
results showed an increase in the microhardneds indteasing numbers of turns.
However, the evolution of the microhardness hometgroccurs more rapidly in
the commercial purity aluminium (Al-1050) alloy cpared to that in the Al-1%Mg
alloy. The hardness was totally homogeneous irAtHEO50 alloy after five turns of
HPT while there is still small region of lower haass at the centre of Al-1%Mg
disk after the same number of turns. It was cleat the Al-1%Mg alloy needs more
than five turns under the pressure of 6.0 GPa torbe totally homogeneous. The
higher rate of evolution of the hardness in the mamtial purity aluminium (Al-
1050) alloy was due to the higher rate of recowerypared to that of the Al-1%Mg

alloy.

8.1.2 Strain measurements by CBED in Al-1050 processed by ECAP:

A series of [114] convergent beam electron difiact(CBED) zone axis patterns

were obtained at 148.7 kV with a 20 nm diametected@ probe from dislocation-
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free regions close to and away from the grain batied in the billets processed by
ECAP through two and four passes after cooling @oK8 There are two issues
regarding the lines in the HOLZ patterns; thesetlaeesharpness and the position of
the lines. The first concerns line blurring duetpossible increase in the dislocation
density, i.e. the presence of inhomogeneous strdins lines in the [114] pattern
taken from the centre of a grain in the materiathia as-received condition were
sharp which indicates that the interiors of theirgran the as-received material are
free from dislocations. The sharpness of the lwas decreased with increasing
numbers of passes and after eight passes of EGAI#s were highly blurred both
at the centre of grains and near the grain boueslafihis was due to the high density
of dislocations in the interior and near the bouiedaof the grains of the billet
processed through eight passes. In addition, thdZHOnes near the grain
boundaries in the billets processed through two fand passes were less sharp
compared to that at the centre of the grains. Thesdts are consistent with the fact
that a high density of dislocations is introducetbithe material when processed by
ECAP on each separate pass and higher densitideesd dislocations are usually
present in the zones adjacent to the grain bowslas these boundaries are usually

in a non-equilibrium state [9,73,118].

The second issue is the position of the lines | HOLZ CBED pattern. The
deviation of the measured HOLZ lines from the refee position is an indication of
changes of the lattice parameters of the procds#lets which in turn indicates the
presence of the internal stresses [113,114]. Therpafrom the material in the as-
received condition was set as the reference pafiér® symmetry was preserved in
the patterns taken from grain centres after ECAButjh two and four passes and
this indicates that there are no detectable intestn@sses in the interior of the grains.
The patterns obtained at the regions near the dpaumdaries give similar lattice
parameter results for both the billets processeslitth two and four passes but with
increased levels of strain in the latter. The datfparameter ¢ was reduced after two
passes from 0.40329 nm to 0.40289 nm which indicatecompressive strain of
approximately 0.1%. This value of the lattice pagtan ¢ was the same after ECAP
through four passes. This indicates that this cesgive strain is introduced in the
early stages of the ECAP processing when the samm@djusting to the size of the

die and that no more compressive strains are adeateduwith increasing numbers
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of passes above one or two. After two passes, llaage in the angles and 3

indicated a shear strain of approximately 0.044%e Shear strain increases after
four passes of ECAP by a factor of four to readlv5%. These results are expected
as the nature of the imposed deformation in the EQRocessing is simple shear
which occurs as the billet passes through the alammgle. These changes in the
lattice parameter ¢ and the angbeandp suggest that the strained unit cell is likely

to be triclinic for both billets.

8.1.3 Processing of CP Ti by ECAP at room temperature:

The results of this investigation verified the bégy to process commercial purity
titanium (CP Ti) by ECAP at room temperature. Itswshown previously that
processing of hard materials such as titanium amrdemperature requires the
application of two conditions [37]. First, the dibannel angle®) must be increased
to at least 120 deg. Second, the pressing speedb@musduced to approximately 0.5
mm/s or less. In this research, the processing BfTC was performed at a die
channel angled®) of 135 deg and at two different speeds. At a dpe0.5 mm/s,

the pressing was successfully performed for onky pass of ECAP. The CP Ti billet
experienced a crack in the middle when the pressig performed for the second
pass. However, when the pressing speed was redod@®5 mm/s the billet was

successfully pressed for two passes without haammpgvisible cracks.

The results of the hardness measurements afterpasses of ECAP at room
temperature using 135 die angle were comparabléhéohardness after ECAP
through seven and eight passes at elevated tempezaising 90 deg die angle and
after ECAP through one pass at room temperaturgyusiO die angle [37,54,56,57].
After one pass of ECAP, the essential deformati@chanism in CP Ti alloy is the
deformation twinning while the dominant deformatimechanism after two passes is

the dislocation slip.
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8.1.4 The effect of strain reversal in Al and Ti alloysduring processing by HPT:

The results of the microhardness measurementsraftéPT and c-HPT for the four

alloys; Al-1050, Al-1%Mg, CP Ti and Ti-6Al-4V, shad low values at the centre of
the disks and high values near the edges whicbnisistent with all previous reports
on different materials processed by HPT, exceph lpigrity aluminium alloy. In the

two aluminium alloys (Al-1050 and Al-1%Mg) which gmessed by m-HPT and c-
HPT for totals of 1/2, 3/4, 1 and 2 turns, the hlssshowed that the rate of the
evolution towards the homogeneity of microhardreesg the diameter of the disks
in the aluminium alloys is higher when the disks processed by m-HPT rather than
processing by c-HPT. In addition, it was also cadel that increasing the amount
of strain imposed in each separate rotation widltease the rate of evolution of the

microhardness along the diameter.

In the two titanium alloys (CP Ti and Ti-6Al-4Vhé results were different than the
aluminium alloys where it was shown that the rafetlee evolution of the
microhardness in the titanium alloys was higher mtiee disks are processed by c-
HPT rather than processing by m-HPT. This conttamticbetween the results of the
titanium alloys and the results of all other allgy®cessed by reversal straining is
due to the different internal microstructure of thanium alloys which is hexagonal
closed packed (hcp) where the alloy initiating n&ip systems on each reverse of
the straining direction [97]. The error in most tbke disks, both aluminium and
titanium alloys, was relatively high near the cenwrhich indicates that the hardness
at this region is highly instable within very smdilstances.

8.2 Futurework

Many aspects related to processing by ECAP and Were investigated in the
present work and extensive data was collected. Mewén performing these studies
several paths of further studies have been opebenhe of the experimental and

modeling future work is as follows:
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Billets of the commercial purity aluminium (Al-10b@lloy will be processed
by ECAP under different pressing speeds in ordesttmly the effect of
changing the pressing speeds of the ECAP on thieitemo of homogeneity
of the microhardness measurements and thus thesmacture of Al-1050
alloy. The results will be compared with the exigtresults which performed

at a pressing speed of 0.5 mm/s.

The present investigation of the evolution of hoewgty during the
processing of commercial purity aluminium (Al-1058oy by ECAP has
used extensive microhardness measurements to svahegahomogeneity of
the microstructures on the longitudinal verticadn® and the cross sectional
plane in the as-pressed billets. The next step Ww#l using these
measurements in order to get similar results bypmdational modeling. In
addition, the microhardness measurements of thmialum alloys (Al-1050
and Al-1%Mg) after processing by HPT will be used initiating a
computational modeling to study the evolution o thicrohardness across

the surfaces of the disks.

The titanium transforms from the hexagonal closekpda-phase which is
the normal phase at ambient conditions into thepEnmexagonat»-phase
when processing at high pressures. At room temyenathis transformation
occurs at a pressure of approximately ~2.0 GPainAastigation will be
carried out on two disks of CP Ti which processgdPT for five turns at
two different pressures. The first pressure willlb@ GPa which is below the
transformation anticipated pressure and the sewglhdbe 6.0 GPa which is
above the transformation anticipated pressure. Ta&hd microhardness
measurements will be taken on both billets to sttidy effect of the

transformation on the microstructure and propeuigbe alloy.
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