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Abstract

Copper type shear band formation in AI-I Mg and its influence on recrystallisation

phenomena has been investigated. This study includes the development of a suitable plane

strain compression (PSC) apparatus, and an analysis of the deformation and

recrystallisation structures which evolve from a matrix of experiments incorporating

temperature, strain and strain rate variables.

A PSC test rig was purposely designed and built to facilitate the controlled high

temperature deformation of aluminium specimens. The design of the apparatus ensured that

strain distribution within a specimen is uniform while simultaneously limiting lateral

spread. A small amount of lateral platen movement of the apparatus has been observed to

cause asymmetric flow due to rotation of the plastic-rigid exit boundaries within the

deforming specimens. Asymmetric flow compared to symmetric flow was found to have a

negligible influence on the measured textures of the specimens studied.

The formation of shear bands during deformation, as characterised by optical and

transmission electron microscopy, is seen to depend very critically on deformation

temperature and strain rate and also to a large extent on strain. In particular a sudden

transition from strong shear band formation to weak or non-existent shear band formation is

observed at a value ofZener-Holloman parameter (Z) approximately equal to 1.0 x 1014 s'.

The influence of shear bands on recrystallisation behaviour in Al-IMg has been studied by

examining specimens annealed subsequently to PSC testing. The orientations of grains

nucleating at shear bands were investigated from local orientation measurements performed

on partially recrystallised specimens using the electron back scattered diffraction (EBSD)

technique in a scanning electron microscope (SEM). Bulk texture measurements of fully

recrystallised specimens were performed by X-ray diffraction (XRD). Nucleation at shear

bands was observed to cause a random texture with weak peaks centred on the Goss and Q

ideal orientations. This nucleation is responsible for the moderation of the potentially

dominant Cube recrystallisation texture. In the absence of strong shear banding, the Cube

recrystaIlisation texture was observed to increase dramatically in strength.
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Abstract 

Copper type shear band fonnation in AI-IMg and its influence on recrystallisation 

phenomena has been investigated. This study includes the development of a suitable plane 

strain compression (PSC) apparatus, and an analysis of the defonnation and 

reerystallisation structures which evolve from a matrix of experiments incorporating 

temperature, strain and strain rate variables. 

A PSC test rig was purposely designed and built to facilitate the controlled high 

temperature deformation of aluminium specimens. The design of the apparatus ensured that 

strain distribution within a specimen is unifonn while simultaneously limiting lateral 

spread. A small amount of lateral platen movement of the apparatus has been observed to 

cause asymmetric flow due to rotation of the plastic-rigid exit boundaries within the 

defonning specimens. Asymmetric flow compared to symmetric flow was found to have a 

negligible influence on the measured textures of the specimens studied. 

The fonnation of shear bands during deformation, as characterised by optical and 

transmission electron microscopy, is seen to depend very critically on deformation 

temperature and strain rate and also to a large extent on strain. In particular a sudden 

transition from strong shear band fonnation to weak or non-existent shear band fonnation is 

observed at a value of Zener-Holloman parameter (Z) approximately equal to 1.0 x 1014 
S·l. 

The influence of shear bands on recrystallisation behaviour in AI-I Mg has been studied by 

examining specimens annealed subsequently to PSC testing. The orientations of grains 

nucleating at shear bands were investigated from local orientation measurements perfonned 

on partially reerystallised specimens using the electron back scattered diffraction (EBSD) 

technique in a scanning electron microscope (SEM). Bulk texture measurements of fully 

rcerystallised specimens were performed by X-ray diffraction (XRD). Nucleation at shear 

bands was observed to cause a random texture with weak peaks centred on the Goss and Q 

ideal orientations. This nucleation is responsible for the moderation of the potentially 

dominant Cube reerystallisation texture. In the absence of strong shear banding, the Cube 

reerystallisation texture was observed to increase dramatically in strength. 
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1. Introduction

The microstructural properties, and therefore also the mechanical properties, of thermo­

mechanically processed metals and alloys depend very closely on the precise history of the

thermo-mechanical process concerned. Such industrial processes include rolling, extrusion

and hot press forming. The microstructural properties mentioned include grain size and

shape, stored energy, precipitation and texture, which will influence mechanical properties

such as strength, ductility and drawability. A well known example is the texture (or

preferred orientation of grains) of rolled sheets of aluminium alloys that affects the drawing

characteristics during cup forming in the manufacture of beverage cans. A strong or

dominant Cube texture present in the rolled sheet in known to cause directionally dependent

uneven or anisotropic drawing of the cups; a problem that is known as 'earing'. A more

balanced or random texture in the rolled sheet will result in a more isotropically drawn cup

and this can be achieved by altering the thermo-mechanical history during the rolling

process necessary to produce the sheet from a cast ingot. In order to do so however, a

detailed understanding of the microstructural processes involved is required.

Copper type shear bands are a well-known feature of the deformation microstructures of

certain aluminium alloys, especially dilute aluminium alloys containing magnesium. Their

formation is especially pronounced after high amounts of compression strain such as that

caused by rolling. However, their formation is also thought to depend quite critically on

certain other deformation variables such as temperature and strain rate. Furthermore, once

present in the deformation microstructure, they are thought to affect subsequent

recrystallisation behaviour that occurs during annealing. They thus have a very important

effect on properties such as recrystallised grain size and texture.

In order to study the formation of copper type shear bands and hence also their subsequent

effect on recrystallisation behaviour, it is necessary to reproduce the deformation conditions

that are typical of an industrial process like rolling on a laboratory scale. Commercial trials

on a larger scale are less flexible and far more expensive. One such laboratory scale

simulation method is that of plane strain compression (PSC), which reproduces rolling

deformation conditions fairly well and also allows for very good control of the deformation
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Introduction 2

variables of temperature, strain and strain rate. A further argument for the use of PSC

testing instead of rolling trials is the possibility for rapid quenching of specimens after high

temperature deformation.

1.1 Objectives

The objectives of this thesis were initially set as:

• To design and build a plane strain compression apparatus suitable for the intended

experimental work. In particular, to provide a method of simulating the deformation

mode of industrial rolling as well as reliably and accurately controlling the deformation

variables of temperature, strain and strain rate.

• To investigate copper type shear band formation in the aluminium alloy, AI-IMg as a

function of the deformation parameters of temperature, strain and strain rate.

• To investigate the influence of copper type shear bands on the recrystallisation

behaviour of AI-IMg. In particular, to investigate grain nucleation at shear bands

during recrystallisation and the subsequent effect on recrystallisation texture.

1.2 Experimental Approach

The experimental approach followed in pursuit of the research objectives was as follows:

• Plane strain compression tests were performed on laboratory scale samples of AI-IMg

over a matrix of deformation variables (temperature, strain and strain rate) in order to

describe and map-out shear band formation as a function of these variables.

• Optical and transmission electron microscopy was employed to describe the extent of

shear band formation.

• Specimens that exhibited strong and extensive shear band formation were subjected to a

short' flash anneal' in order to study nucleation at shear bands by the use of optical and

scanning electron microscopy. In particular, the orientations of grains nucleating at

shear bands were investigated by the analysis of diffraction patterns; the scannmg

electron microscope based technique of electron back scattered diffraction.
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testing instead of rolling trials is the possibility for rapid quenching of specimens after high 

temperature deformation. 

1.1 Objectives 

The objectives ofthis thesis were initially set as: 
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experimental work. In particular, to provide a method of simulating the defoffilation 
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variables of temperature, strain and strain rate. 

• To investigate copper type shear band fom1ation in the aluminium alloy, AI-IMg as a 

function of the defonnation parameters of temperature, strain and strain rate. 

• To investigate the influence of copper type shear bands on the recrystallisation 

behaviour of AI-IMg. In particular, to investigate grain nucleation at shear bands 

during recrystallisation and the subsequent effect on recrystallisation texture. 
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• Optical and transmission electron microscopy was employed to describe the extent of 
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• Specimens that exhibited strong and extensive shear band fonnation were subjected to a 

short' flash anneal' in order to study nucleation at shear bands by the use of optical and 

scanning electron microscopy. In particular, the orientations of grains nucleating at 

shear bands were investigated by the analysis of diffraction patterns; the scannmg 

electron microscope based technique of electron back scattered diffraction. 
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• Bulk texture measurements produced from X-ray diffraction analysis were used to

investigate the effect of shear bands on both deformation and complete recrystallisation

textures.
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2. Literature Review

2.1 Material

The material under investigation is an Al-IMg-O.3Fe-O.l Si alloy, that is an aluminium alloy

containing I wt % (weight percent) magnesium, 0.3 wt % iron and 0.1 wt % silicon. In

order to asses the effect of each ofthese alloying elements it is useful to review the relevant

literature pertaining to pure aluminium, commercially pure aluminium (Fe and Si additions)

and Al-Mg alloys.

2.1.1 High Purity Aluminium

2.1.1.1 General

Aluminium is an extremely useful engineering material due to a number of its properties.

The most notable of these include its good corrosion resistance and low density, making it

particularly suitable for applications in the fields of transport, packaging, building and

domestic utensils. High purity aluminium (at least 99.9 % pure) is not very strong,

possessing a yield strength of between 7 and 11 MPa in the annealed condition'. The

addition of alloying elements significantly increases this figure.

An outstanding characteristic of simple aluminium alloys is the high amount of deformation

obtainable during mechanical processing and in particular during high temperature

mechanical processing. This is primarily due to the high level of dynamic recovery

possible during deformation, which in tum is related to the high value of stacking fault

energy (SFE). For pure aluminium this value is in the range', 170 to 200 ml.m", A

stacking fault is the region between the two dissociated partial dislocations. The SFE of a

material is an indication of the force per unit length pulling the dissociated partial

dislocations together. The width of the stacking fault is inversely related to the SFE. This

means that for a material like aluminium that has a high SFE, the width of the stacking fault

is small and the two partial dislocations can easily recombine. Recovery processes like

cross-slip and dislocation climb are thus enhanced.
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2.1.1.2 Deformation

5

During the deformation of polycrystalline aluminium and other metals, the orientations of

individual crystals or grains relative to the deformation geometry change as deformation

progresses. This is due to the tendency of active slip systems to align either parallel (in the

case of tension) or perpendicular (in the case of compression) to the major deformation

axis. Taylor' was the first to propose a model for the preferred orientation of grains, or

texture, that results when grains of different initial orientations become reorientated in

specific ways. In rolling the orientations are measured relative to the rolling plane and the

rolling direction. An ideal rolling orientation is described by a specific (hkl) plane, or

family of {hkl} planes, parallel to the rolling plane and a specific [uvw] direction, or family

of <uvw> directions, parallel to the rolling direction (see Figure 2.1). Such an ideal

orientation in simply denoted, {hkl}<uvw>. Ideal orientations are also described by three

unique Euler angles CPI' <D, and <p" which describe the orientations of three orthogonal

crystal axes relative to the rolling geometry as is shown in Figure 2.2.
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Figure 2.1 Definition of a crystallographic orientation in a rolled sheet by means of a parallel
plane and direction to the rolling plane and direction (after Engler'),
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Figure 2.2 Defiuition of a crystallographic orientation in a rolled sheet by means of three

Euler angles; <P" <!> and <p, (after Cahn').

During the rolling of a pure face centred cubic (fcc) metal like aluminium that has a high

SFE, a so-called pure metal or copper type rolling texture develops. This texture contains a

wide spread of orientations and in its most elementary form consists of assemblies of

orientations along two incomplete tubes or fibres in three-dimensional Euler angle

orientation space. These fibres are known as the a- and the ~-fibres (see Figure 2.3). The

a-fibre, which exists mainly at very low degrees of rolling, runs from the Goss {011}<100>

orientation to the {01l}<211> Brass orientation. The ~-fibre, the characteristic texture

feature at medium to high degrees of deformation, follows a path from the {112}<111>

Copper orientation (note the distinction between the copper texture and the Copper

orientation) through the {123}<634> S orientation to the {011}<211> Brass orientation.

The orientations along the ~-fibre are of approximate equal intensity in the metal copper but

the {1l2}<1l1> component is more highly developed in aluminium. On the other end of

the spectrum, fcc metals with a low SFE « 25 mlm") develop a so-called alloy or brass

(typical of 70:30 brass) type rolling texture. The alloy texture is characterised by a strong

Brass {01l}<211> orientation. Alloys with an intermediate SFE (25 - 80 mlrn") develop a

rolling texture somewhere between the copper and brass textures.
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Figure 2.3 Schematic representation of the copper (pure metal) rolliug texture in Euler augle
space (after Lucke and Eugler').

2.1.1.3 Recrystallisation and the Cube Orientation

During annealing of aluminium after both hot and cold deformation recrystallisation can

occur. This is known as static recrystallisation, as opposed to dynamic recrystallisation that

occurs during deformation. The orientation of a recrystallised grain is often related to the

orientation of the deformed region or grain in which it forms. Recrystallised grains will

thus generally also exhibit a preferred orientation, or texture, relative to the original

deformation geometry. The recrystallised texture of pure aluminium following rolling is

dominated by the Cube, {OOI }<I00>, orientation. In aluminium single crystal experiments,

Tucker' was able to demonstrate the plastic anisotropy that results from an initial preferred

orientation. During the deep drawing of cups from single crystals extra amounts of strain,

known as ears, occurred. The position of the ears relative the rolling direction was found to

correlate with the initial orientation of the crystal. In particular, earing occurring at 00 and

900 to the rolling direction was correlated to the Cube orientation. Panchanadeeswaran et

al" have shown that a strong Cube texture in high purity polycrystalline aluminium causes

similar anisotropic behaviour during cup drawing.
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Due to its strong influence on mechanical properties the Cube orientation, and in particular

its origin, has been the subject of intense investigation for some time now. A theory for the

nucleation ofgrains with a Cube orientation in so-called transition bands was first proposed

by Dillamore and Katoh? in 1974 and is referred to as the DK mechanism of Cube

nucleation. These transition bands are thought to form during plane strain deformation

when the cube orientation tends to split, rotating in opposite senses about the rolling

direction (RD) axis towards two equivalent RD rotated cube orientations. In the centre of

such transition bands there are thought to exist regions with cube or near cube orientations

that act as nucleation sites during subsequent recrystallisation (see Figure 2.4). Direct

evidence in support of this theory was first supplied by Ridha and Hutchinson" in work on

rolled high purity copper. Dons and Nes" observed cube nucleation sites at transition bands

in cold rolled and annealed aluminium, but these transition bands were centred around

rotations about the transverse direction (TD) rather then the RD direction as predicted.

Additional evidence of cube transition band formation" and cube orientated nuclei forming

in transition bands":" has been presented in more recent times.

3
10101

RD-rotated cube
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• •
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Figure 2.4 Schematic illustration of a transition band (cross-section in ND-TD plane)
according to the DK mechanism of cube grain nucleation (after Doherty et al"),

From experiments and observations of aluminium deformed at high temperatures, an

alternative theory has been proposed for cube orientated grain nucleation. Vatne et aJ1' have

demonstrated that cube orientated grains nucleate at bands that originate from original cube

grains present before hot deformation. Their model" explaining this observation suggests

that cube orientated grains are metastable during hot deformation and form elongated band

like shapes from which cube orientated grains nucleate during subsequent annealing. The

stability of the Cube orientated grains during deformation was seen to increase with

deformation temperature and decrease with strain and strain rate. The stability of cube
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orientated grains during hot or high temperature deformation has been demonstrated by a

number of other researchcrs'<'?":". Maurice and Driver"-" have suggested that the

increased stability ofthe cube texture during hot deformation compared to cold deformation

is related to the onset of non-octahedral slip on {IIO} planes at higher temperatures.

Hirsch" has expressed a similar view of multiple slip in proposing a high strain rate

sensitivity model to account for observed deformation texture components (including cube)

after the hot rolling ofaluminium alloys.

The ideal Cube orientation is orientated at approximately 40° about the <Ill> axis to the

major deformation texture component, the S orientation. Due mainly to this relative

orientation and also because of its high rotational symmetry it therefore demonstrates strong

growth characteristics following nucleation during annealing. It is a source of some debate

whether it is due to this growth preference compared to other recrystallisation components ­

orientated growth (OG) - or due to its preferred nucleation - orientated nucleation (ON) ­

that the cube texture is so dominant in pure aluminium. Support for the OG mechanism

contributing towards a strong cube texture is presented by Beck and Hu" for high purity

aluminium and by Hirsch and Lucke" for a high purity AI-Fe alloy. Other researchers'"":"

contend that there is no direct support for OG and that the Cube texture is primarily due to

ON because of the nucleation advantages available in both transition bands and cube bands

retained during rolling. It is also thought that the dominance of the Cube texture is due to

the combined effects of both ON and OG; that there is a preferred growth process out of a

narrow spectrum of available nuclei. This point of view has been demonstrated by varying

the starting texture before deformation, and thereby influencing nucleation sites, by Hirsch

et al" for polycrystalline aluminium and by Akef et all' for single crystal aluminium. Other

factors besides orientated nucleation and orientated growth have been suggested to account

for the strong Cube texture. Nes and Solberg" have concluded that a favourable spatial

distribution of nucleation sites will also contribute to the formation of a strong Cube

texture.

2.1.2 Commercial Purity Aluminium

Commercial Purity aluminium as produced by the Hall process contains Fe and Si as major

impurities. The solid solubility of Fe and Si in aluminium is limited; to about 0.025 wt %
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at 600°C for Fe and this number decreases with temperature". The excess Fe forms AI-Fe

and AI-Fe-Si constituents or second phase particles during solidification and any

subsequent annealing. Ito et al" used electron microscopical analysis to deduce the

composition of these particles as AI,Fe, AI6Fe or a-AIFeSi for dilute AI-Fe-Si alloys.

Cigdem and Bennet" found that the volume fraction of secondary phases increased with Fe

content: from 5% for an AI-O.IFe alloy to 16% for an AI-0.5Fe alloy. If Mn is present it

tends to substitute for the Fe atoms to form phases of the type, AI,(Mn,Fe) and AI(Mn,Fe)Si

as was shown by microprobe analysis on a AI-1.8Mn-O.2Fe-0.ISi alloy by Morris and

Duggan". The sizes of these second phase particles range from possessing a diameter of a

fraction of a micron to that of tens of microns. The particles in the smaller size range

(diameter less than l um) are known commonly as dispersoids or precipitates while those in

the larger size range are referred to as particles.

2.1.2.1 The R Recrystallisation Texture Component

For aluminium alloys containing even small amounts of Fe and Si, a second strong texture

component besides the Cube component appears. This texture component is known as the

R or Retained Rolling component and has the ideal orientation, {124}<211>. The R

orientation is very close to the main rolling S orientation, {123}<634>. Beck and Hu"

have suggested that, due to the closeness of the Rand S orientations, the R orientated nuclei

can easily form in the deformed microstructure by one or both of two mechanisms: (i) by

continuous or in situ recrystallisation through extended recovery reactions when no large

angle grain boundary movement is possible and (ii) by ordinary discontinuous

recrystallisation at the grain boundaries of differently orientated deformed grains.

Furthermore, a growth preference exists based on a 40°<111> orientation relationship

between the R orientation and each of the symmetrically equivalent components of the S

orientation. Recrystallisation experiments performed on high purity AI-Fe alloys by Ito et

al" have confirmed that both the above mechanisms of R orientated recrystallisation are

possible depending on the precipitation state of the second phase particles. At very high

annealing temperatures, when all the Fe was in solid solution, the R orientation was found

to form and increase in extent at the expense of the Cube orientation as the Fe content in

solution increased. It was supposed that solute drag retards high angle boundary movement

more so for the Cube orientated grains compared to the R orientated grains. A similar

Literature Revie" 10 

at 600·C for Fe and this number decreases with temperature". The excess Fe limns AI-Fe 

and AI-Fc-Si constituents or second phase particles during solidification and any 

subsequent annealing. Ho et all: used electron microscopical analysis to deduce the 

composition of these particles as AI,Fe, AI6Fe or a-AIFeSi for dilute AI-Fe-Si alloys. 

Cigdem and Bennet" found that the volume fraction of secondary phases increased with Fe 

content: from 5% for an AI-O.IFe alloy to 16% for an AI-O.SFe alloy. If Mn is present it 

tends to substitute for the Fe atoms to fonn phases ofthe type, AI6(Mn,Fe) and AI(Mn,Fe)Si 

as was shown by microprobe analysis on a AI-l.SMn-0.2Fe-0.ISi alloy by Morris and 

Duggan". The sizes of these second phase particles range from possessing a diameter of a 

fraction of a micron to that of tens of microns. The particles in the smaller size range 

(diameter less than I ~lm) are known commonly as dispersoids or precipitates while those in 

the larger size range are referred to as particles. 

2.1.2.1 The R Recrystallisation Texture Component 

For aluminium alloys containing even small amounts of Fe and Si, a second strong texture 

component besides the Cube component appears. This texture component is known as the 

R or Retained Rolling component and has the ideal orientation, {124}<211>. The R 

orientation is very close to the main rolling S orientation, {123 }<634>. Beck and Hu" 

have suggested that, due to the closeness ofthe Rand S orientations, the R orientated nuclei 

can easily fonn in the defonned microstructure by one or both of two mechanisms: (i) by 

continuous or in situ rccrystallisation through extended recovery reactions when no large 

angle grain boundary movement is possible and (ii) by ordinary discontinuous 

recrystallisation at the grain boundaries of differently orientated deformed grains. 

Furthennore, a growth preference exists based on a 40°<111> orientation relationship 

between the R orientation and each of the symmetrically equivalent components of the S 

orientation. Recrystallisation experiments perfonned on high purity AI-Fe alloys by Ito et 

al" have confirmed that both the above mechanisms of R orientated recrystallisation are 

possible depending on the precipitation state of the second phase particles. At very high 

annealing temperatures, when all the Fe was in solid solution, the R orientation was found 

to fonn and increase in extent at the expense of the Cube orientation as the Fe content in 

solution increased. It was supposed that solute drag retards high angle boundary movement 

more so for the Cube orientated grains compared to the R orientated grains. A similar 



Literature Review 11

experimental observation was made by Hutchinson and Ekstrom". Their explanation of the

increase in the R texture compared to the Cube texture was due to the higher number of R

orientated nuclei compared to Cube nuclei, assuming that solute drag affected the grain

boundary movement of grains of both orientations to an equal extent. For decreasing

annealing temperatures, at which precipitates formed, Ito et al" found that again the R

texture increased in strength at the expense of the Cube texture. This was explained by the

effective pinning of high angle boundaries by precipitates - the Zener drag effect (see

Eqn 2.1) - which weakened the Cube texture but not the R texture, as R orientated grains

were still able to form by continuous recrystallisation. Evidence of continuous

recrystallisation of the R texture has also been provided by Dennarkar et aP6.

Eqn 2.1 p =3F,Y
z 2r

Where P, is the Zener pinning pressure, F, = volume fraction of randomly distributed

spherical particles, y = specific energy ofboundary and r = radius ofparticles.

Humphreys":" has recently proposed a unified theory (or model) of recovery,

recrystallisation and grain growth applicable to cellular microstructures. The theory takes

into account the orientation dependence of boundary energies and mobilities, and an

extension of the theory includes the effects of a dispersion of second-phase particles. An

analysis of subgrain growth based in this extended model predicts the conditions under

which this may occur discontinuously and lead to complete softening of a deformed metal

by sub grain growth alone in the absence ofrecrystallisation.

2.1.2.2 Particle Stimulated Nucleation (PSN)

The effect of larger second phase particles on the recrystallisation behaviour of aluminium

alloys has been well documented. It is believed that particles with a diameter bigger than

lurn are responsible for the nucleation of new grains during annealing following

deformation. This process is known as Particle Stimulated Nucleation or PSN.

Humphreys" conducted in situ annealing experiments in an electron microscope on particle

containing Al-Cu-Si single crystals. It was conclusively shown that PSN occurs in

deformation zones adjacent to particles that form during deformation, A model was also

proposed which both explains the formation of the deformation zones and the nucleation

process that occurs within the deformation zones. The deformation zone is formed by
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"turbulent flow" during deformation, resulting from the incompatibility between the

particle and the adjoining matrix. It is therefore a region with a high dislocation density

compared to the surrounding matrix, and is also highly misorientated with respect to the

matrix. It is thus a good potential nucleation site. Nucleation originates at subgrains within

the deformation zone followed by a rapid polygonisation process involving sub-boundary

migration until the entire deformation zone is consumed. For nucleation to continue,

growth into the neighbouring matrix has to occur. This often represents a barrier for further

growth because of the lower dislocation density outside the zone. To overcome this barrier

the nucleus is required to be larger than a critical radius, r:

Eqn2.2
2y

r>­
Pd

where y represents the grain boundary energy and Pd the driving force due to the stored

dislocation energy in the surrounding matrix. The size of the deformation zone is

approximately equal to the particle size and therefore Eqn 2.2 represents the critical particle

radius for successful PSN. Oscarsson et al" concluded that PSN was less favoured after

rolling at elevated temperatures compared to cold rolling. This is presumably due to

dynamic recovery that counteracts the formation of the deformation zone. Nes41 proposed a

more general model for PSN that accounted for Zener drag and suggested that the critical

radius of a particle causing PSN should be:

Eqn 2.3 r > 2y
Pd -P,

where P, is the Zener pressure due to the drag from small dispersoid particles (as given in

Eqn 2.1). Humphreys"-" recently proposed unified theory of recovery, recrystallisation and

grain growth also explains the effect of a dispersion of second-phase particles on PSN.

Vatne et al", from examinations of recrystallisation textures of commercial purity

aluminium alloys, and Engler et al", from examinations of recrystallisation textures of an

AI-Mg-Si alloy, observed that precipitates seem to have a higher retarding effect on PSN

compared to the nucleation of Cube orientated grains. It is thought that this is due to the

size advantage of Cube orientated nuclei.
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The occurrence of PSN is thought to have a randomising effect on the recrystallisation

texture of a deformed and annealed aluminium alloy. Studies have shown that increasing

the number of potential PSN nucleation sites, that is by increasing the number of coarse

particles present in the microstructure (by increasing alloy content or varying homogenising

procedures following casting), leads to a weakening ofthe normally strong Cube dominated

recrystallisation texture",44,",46. By measuring the individual orientations of grains formed

by PSN, Oscarsson" concluded that no preferred orientation could be found for grains

formed by PSN in a polycrystalline aluminium alloy. Ferry and Humphreys" have found

that in single crystals of aluminium containing Si particles a growth preference exists for

certain orientated grains formed by PSN. Engler et al" suggest that although PSN leads to a

random texture in general, there is evidence of some preferred orientation, albeit weak.

They concluded that PSN might sometimes lead to a preference for the P, {OIl }<122>,

orientation and also cause scatter of the Cube orientation about the ND. This was attributed

to a micro-growth selection process whereby nuclei with a 40°<111> orientation

relationship with the surrounding matrix are favoured to grow further. Rabet et al" have

also attributed an observed P texture to PSN while Rickert et al" have attributed a weak

texture centred on a {DOl }<2l0> (ND rotated Cube) orientation to PSN.

2.1.3 Aluminium-Magnesium Alloys

Magnesium (Mg) is a highly effective solid solution substitutional strengthener of

aluminium alloys. It is not the most effective element when measured in terms of atomic

percent (at %) but is certainly very effective when measured in wt %. It also possesses the

advantage over other alloying elements of being highly soluble in aluminium. The addition

of 6 wt % Mg to aluminium causes an increase in measure yield strength from about 10

MPa to about 175 MPa in the annealed condition'. The addition of Mg also contributes

towards good formability, corrosion resistance and finishing characteristics of aluminium

alloys.

It is thought that the SFE of aluminium is greatly decreased by the addition of Mg. It has

been suggcsted-? that the addition of just I % Mg causes the SFE of an aluminium alloy to

drop from about 170-200 rul.m? for pure aluminium to as low as 50 - 60 ml.m". Further

addition of Mg is thought to further lower the SFE but at a reduced rate of decrease. This
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lowering of the SFE is expected to have a profound influence on the dynamic recovery

behaviour of aluminium alloys during deformation, This influence is especially noticed

during the hot deformation of Al-Mg alloys when dynamic recovery behaviour would

normally lead to flow softening in pure aluminium alloys. Several researchers" 54, 53 have

demonstrated that the addition ofMg to aluminium causes an increase in flow stress during

hot deformation and / or that it causes an increase in the amount of residual strain energy

following hot deformation. It has also been shown that dynamic recovery improves for a

particular Al-Mg alloy as the deformation temperature increases» 56, 57. In particular,

Poschmann and McQueen" showed that a transition in the microstructure of hot deformed

AI-5Mg coincided with flow softening during deformation, This transition was

characterised by a change from an initial dislocation wall structure into a subgrain structure

characteristic of a recovered structure as deformation progressed.

The occurrence of dynamic recrystallisation during hot deformation of Al-Mg alloys has

been well documented ",53,", It is thought" that dynamic recrystallisation is caused by the

reduction in the SFE in Al-Mg alloys which impedes dynamic recovery and consequently

results in a high enough driving force for recrystallisation during hot deformation to occur.

It appears that dynamic recrystallisation is restricted to Al-Mg alloys containing high

amounts ofMg; about 5 wt % and above. The interaction ofMg atoms with dislocations is

also thought to impede dynamic recovery. This interaction with dislocations is apparent in

the dynamic strain ageing behaviour of Al-Mg alloys which results in "jerky flow", known

as the Portevin-Le Chatelier effect, during tensile deformation",

2.2 Plane Strain Compression

2.2.1 Origin

The Plane Strain Compression (PSC) test used was first suggested by Orowarr" in 1943 as a

modified compression test which might simulate the yield conditions in rolling, and thereby

obviate the correction factor by which the homogeneous yield stress must be corrected. The

inhibited lateral spread that occurs in plain strain conditions (including rolling) results in a
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measured yield stress equal to 1.1550-0, where (Jo is the stress measured in homogeneous

compression, according to the Von Mises criterion. The PSC test technique was first

successfully implemented by Ford" in 1948 when it was used to determine cold rolling

loads for copper and carbon steel. It is hence sometimes referred to as the Ford Plane Strain

Compression Test. In 1952 Watts and Ford" took a more critical look at the geometry of

the PSC test by investigating the effects of the ratio of platen width (b) to strip thickness (h)

on platen pressure and yield stress.

2.2.2 Strain Distribution

The strain distribution in the region between the platens results from the material flow

history during compression. The material flow is in tum governed by the prevailing slip­

line field. A theoretical solution to the slip line field was first demonstrated by Hill et al" in

1951 who considered the problem of the compression of a rectangular block of material

between two perfectly rough parallel platens, as in Figure 2.5 (a). The comers of each

platen; A, B, C and D constitute singularities in the stress distribution and are therefore the

most likely starting points in the construction of the slip-line field. Straight lines are drawn

from the comers to meet the centre line at 45°. These lines form a boundary between rigid

and plastic regions that form during compression. All other slip-lines are required to

intersect orthogonally and to meet the platens either normally or tangentially. A slip-line

field pattern similar to Figure 2.5 (b) is thus built up.
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Figure 2.5 (a) Compression of a block betweeu rough, rigid parallel platens as considered by
Hill et al" and (b) Solotion of slip-line field (half symmetry).

Green" developed solutions for the compression between parallel smooth platens at about

the same time as Hill's" solution for rough platens. An example of one of these solutions is

shown in Figure 2.6. It can be seen that the slip-lines meet the platens at an angle of 45°

and that the starting slip line (originating at the comer of the platens) is not necessarily a
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straight line. Green" also determined strain distributions experimentally by examining the

distortion of ink grids stamped on plasticine blocks and the distortion of longitudinally

strung out second phase particles in AI-7Mg blocks. Good agreement between these

measured strain distributions and Green's model was obtained. A more rigorous

development of Green's" solution has been presented by Collins". For integral values of

b/h, the slip-line field solution consists of straight lines as shown in Figure 2.7. The

number of "crosses", where slip-lines intersect, corresponds to the particular b/h ratio.

Thomason" reported that when a viscous lubricant is used it may become entrapped in the

centre region of the platen / specimen interface. This implies that it is possible to obtain

mixed friction conditions along the interface; that of almost zero friction at the centre and

that of high friction at the edges. The slip-line field in such a case would then most likely

be a mixture of the rough and the smooth solutions described.

o

I

Figure 2.6 Solution of slip-line field for the case of parallel smooth platens (after Green").

In 1985 Beynon and Sellars" developed a method (similar to that of Green") of physically

measuring the strain distribution of an aluminium alloy during hot PSC testing. The

method involved splitting the specimens on the longitudinal axis of symmetry, scribing a

grid on the longitudinal surface of one of the split pieces, clamping the split pieces together,

performing a PSC test and finally analysing the strain distribution by examining the

deformed grid. They found that strain distribution became more uniform as the starting

ratio of b/h increased. Using the same method of determining strain distribution, Colas and

Sellars" found that an increase in strain rate changed the range of strains in the strain

distribution. This was attributed to localised heating effects related to higher strain rates.

Timothy et al" were successfully able to reproduce the strain measured in the rolling of

aluminium alloys by PSC tests. This was achieved by: (i) testing at the equivalent strains
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measured at various depths in the rolled slab, (ii) maximising blh according to the findings

of Beynon and Sellars" and (iii) only conducting metallographic investigations close to the

centre of PSC specimens where it was found that local strain was approximately equal to

the nominal strain.
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Figure 2.7 Slip-line field patterns for plane strain compression between frictionless parallel
platens for integral values of b/h.

The determination of strain distribution during a PSC test can more conveniently be

predicted by finite element (FE) modelling. As early as 1970, Lee and Kobayashi" used FE

modelling to predict that strain distribution becomes less localised as the friction coefficient

decreases. More recently, FE modelling has been conducted by Gelin et al" and Machio".

The FE predictions produced by Machio" indicate that strain distribution becomes less

localised as the starting ratio bib increases and as the value of the friction coefficient

decreases (in agreement with the findings of Beynon and Sellars" and Lee and

Kobayashi"). Furthermore, the predicted strain distributions as a function of bib were in

rough agreement with the slip line field solutions for integral values of bib for smooth

platens (Figure 2.7).
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2.2.3 Reproducibility

IS

It has been demonstrated recently by Shi et al" that careful consideration of details in PSC

testing is important for reproducing results. These details include machine compliance,

extrusion oflubricant, specimen / platen geometry, choice of lubricant and the condition of

the platen surfaces. For instance it was found that PTFE (Teflon) tape was the best choice

of lubricant as it leads to a very low coefficient of friction but it also causes the highest

amount of lateral spread. Gelin et al" also found that PTFE caused the least friction

followed by graphite and mineral oils, in that order. Furthermore, they successfully

modelled the PSC test by the use of finite element (FE) analysis and were able to use their

model to more accurately correct for the effects of friction and lateral spread.

2.2.4 Use

Since it was first used as a simple way of obtaining rolling loads by Ford" in 1948, PSC

testing has been utilised increasingly in fundamental metallographic investigations. It

represents a convenient method of simulating plane strain deformation that occurs III

industrial processes like extrusion and rolling. The advantages of using PSC testing

compared to running commercial trials are those of scale and control. PSC tests are

conducted on laboratory scale specimens and precise control of deformation variables is

possible. Furthermore, the fact that PSC testing closely resembles the deformation

processes that occur in rolling means that a rolling geometry can be related to aPSe

specimen. This means that texture studies conducted on PSC specimens can be related to

rolling textures. PSC testing thus possesses a distinct advantage over other laboratory

deformation processes.

The important deformation parameters in PSC testing include: strain, strain rate and

deformation temperature. By varying these parameters in a controlled way researchers have

been able to quantify deformation and annealing behaviour as a function of these

parameters. The parameters of strain rate and temperature are generally described by a

single parameter, Z, the Zener-Holloman" parameter. Z is also known as the temperature

compensated strain rate and is expressed as:

Eqn 2.4
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where i: is the strain rate, Q is the activation energy, R is the gas constant and T is the

deformation temperature. Castro-Fernandez et al" were able to obtain a relationship for the

flow stress (0") of an aluminium alloy (Al-IMg-lMn) in terms of the instantaneous values

of strain and Z (Eqn 2.5). Furthermore they demonstrated relationships between subgrain

size and flow stress (Eqn 2.6), and dislocation density and flow stress (for a constant value

of Z). Wells et al" were similarly able to determine constitutive equations describing

stress-strain behaviour for two Mg containing aluminium alloys in terms of deformation

parameters. In addition they derived quantitative relationships between subgrain size, static

recrystallisation kinetics, and final recrystallised grain size in terms of deformation

parameters.

Eqn2.5

Eqn2.6

Z = Aexp(,Ba-),

(J" =a +bd-1
,

A and j3are constants

a and b are constants

Much research has been conducted that concerns the effect of deformation variables on both

deformation and recrystallisation textures. Bolingbroke et al" used a matrix of high

temperature PSC tests on a commercially pure aluminium alloy to study deformation and

recrystallisation textures in their investigation of the Cube texture. Vatne et al" conducted

a similar study on an Al-IMg-IMn alloy in trying to determine the origin of cube

nucleation. A large number of texture and grain orientation studies have also been

conducted on aluminium alloys as a function of deformation parameters using the channel­

die technique." 21, 78, This technique is similar to the PSC technique in terms of preventing

lateral material flow during compression and it is therefore also loosely referred to as plane

strain compression. It relies on the physical barriers of the channel to prevent lateral flow

(see Figure 2.8) which means that the frictional forces resisting deformation are a lot higher

compared to that in the normal PSC test.
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The effectiveness of the PSC test in realistically simulating microstructural behaviour was

demonstrated in a recent study by Furu et also. The substructure evolution during different

hot deformation processes including PSC, torsion, rolling and extrusion of different

aluminium alloys was studied. It was found that the subgrain size after PSC testing was

generally smaller compared to that measured after the other deformation techniques. This

was attributed to the short delay time before quenching that is achievable after PSC testing.

This would imply that the observed microstructure after PSC testing is a more accurate

representation of the actual deformation microstructure that evolves during hot compression

in comparison to that observed after deformation by the other techniques.

2.3 Shear Banding

2.3.1 Shear Banding in General

The term, 'shear banding', refers to a variety of localised regions or bands of shear

deformation. Broadly speaking, there appear to be two categories into which the instances

of shear banding may be divided: (i) shear banding during general states of stress and strain

in the absence of softening caused by damage and (ii) shear banding that results from

softening due to processes like micro-fracture and thermal softening caused by adiabatic

heating". The first of these two categories may be further subdivided, mainly according to
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the scale of the shear bands involved. Bands of shear that run along the entire thickness of

rolled sheets have been observed" and this type of shear banding is consequently referred to

as sample scale shear banding. Shear Banding that is restricted to one or a few

neighbouring grains has also been observed and this type is referred to as grain scale shear

banding. Hatherly and Malin" categorised sample scale and grain scale shear banding for

face centred cubic (fcc) metals in terms of the SFE of the material involved. Fcc metals

with a low SFE (~ 20 ml.m"), such as brass, demonstrate sample scale shear banding and

consequently this type of shear banding is also referred to as brass type shear banding. In

contrast, fcc metals with medium to high SFE (~ 40 ml.m"), such as copper, demonstrate

grain scale or copper type shear banding. As was mentioned previously, the SFE of Al­

IMg is in the region of 50-60 ml.m and it can thus be classified as having a medium to

high SFE. This review will thus concentrate on the discussion of copper type shear

banding.

2.3.2 The Formation of Copper Type Shear Bands

2.3.2.1 Observations

The formation of copper type shear bands during plane strain type compression has been

well documented"lO,",84,85,,,,87,"",,,,OO,9I,,,,,,,94,,,,96 in a variety of materials - such as Cu, Al-Mg

alloys and AI-Cu alloys - that have a medium to high SFE. Shear bands are generally

categorised as forming at medium to high strains but have been observed for strains as low

as E = 0.3 (25 % reduction)". Their strength and frequency of formation, however, is

strongly linked to an increase in strain. Furthermore, at low strains they are often observed

to be restricted to single grains whereas at higher strains they appear to cross grain

boundaries and are observed over several adjacent grains. They have been observed to

occur at a variety of angles to the rolling plane, between 20° and 40°, with an average value

of 35°. The tendency for shear banding to occur has not only been linked to composition

but also to initial grain size, temperature of deformation and grain orientation. Ridha and

Hutchinson" observed that the tendency for shear banding to occur increased as initial grain

size increased during the cold rolling of Cu. Similar observations were made by Korbel et

al" for AI-4.8Mg and by Engler" for AI-1.8Cu, Ridha and Hutchinson'? also observed that

the tendency for shear band formation decreased as the deformation temperature increased

Literature Review 21 

the scale of the shear bands involved. Bands of shear that run along the entire thickness of 

rolled sheets have been observed" and this type of shear banding is consequently referred to 

as sample scale shear banding. Shear Banding that is restricted to one or a few 

neighbouring grains has also been observed and this type is referred to as grain scale shear 

banding. Hathcrly and Malin" categorised sample scale and grain scale shear banding for 

face centred cubic (fcc) metals in terms of the SFE of the material involved. Fcc metals 

with a low SFE (~ 20 mlm-'), such as brass, demonstrate sample scale shear banding and 

consequently this type of shear banding is also referred to as brass type shear banding. In 

contrast, fcc metals with medium to high SFE (:?: 40 mJ.m-'), such as copper, demonstrate 

grain scale or copper type shear banding. As was mentioned previously, the SFE of AI­

IMg is in the region of 50-60 mJ.m-' and it can thus be classified as having a medium to 

high SFE. This review will thus concentrate on the discussion of copper type shear 

banding. 

2.3.2 The Formation of Copper Type Shear Hands 

2.3.2.1 Observations 

The formation of copper type shear bands during plane strain type compression has been 

well documented"10.79''',""""",8B,,,,OO,,,,,,,,,,94,,,,96 in a variety of materials - such as Cu, AI-Mg 

alloys and AI-eu alloys - that have a medium to high SFE. Shear bands are generally 

categorised as fonning at medium to high strains but have been observed for strains as low 

as g = 0.3 (25 % reduction)". Their strength and frequency of [onnation, however, is 

strongly linked to an increase in strain. Furthennore, at low strains they are often observed 

to be restricted to single grains whereas at higher strains they appear to cross grain 

boundaries and are observed over several adjacent grains. They have been observed to 

occur at a variety of angles to the rolling plane, between 20° and 40°, with an average value 

of 35°. The tendency for shear banding to occur has not only been linked to composition 

but also to initial grain size, temperature of deformation and grain orientation. Ridha and 

Hutchinson" observed that the tendency for shear banding to occur increased as initial grain 

size increased during the cold rolling of Cu. Similar observations were made by Korbel et 

al" for AI-4,8Mg and by Engler'" for AI-1.8Cu. Ridha and Hutchinson'o also observed that 

the tendency for shear band formation decreased as the deformation temperature increased 



Literature Review 22

from -100° to room temperature, while Nakayama and Morii" reported a similar

observation for single crystal experiments on AI-3Mg as the rolling temperature was raised

from room temperature to 2000 e. The dependency of shear banding occurrence on grain

orientation was clearly demonstrated by Morii et al" during single crystal experiments on

Cu, Al and AI-3Mg. Shear banding was observed for single crystals of AI-3Mg with a

(211)[111], Copper orientation, but not for single crystals of AI-3Mg with a (011)[100],

Goss orientation. Morii et al" also demonstrated the influence of composition on shear

band formation since no shear banding was observed for the Al single crystals.

2.3.2.2 Theories of formation

There does not appear to be a single accepted theory that fully explains the formation of

copper type shear bands. There are theories based on continuum mechanics that attempt to

predict the formation of shear bands and in particular the angle to the rolling plane at which

they form. For these theories, plasticity is described solely by continuum shear flows that

occur along the various slip systems of a crystal. Thus a mathematical description of plastic

flow accounts for shear banding and discrete dislocation motion is not explicitly modelled.

There are other theories and observations that attempt to describe shear banding at a more

fundamental or microstructural level. Such theories are based on the observation that shear

banding appears to be linked or preceded by the formation of microbands in the dislocation

structure of the material concerned. These two groups of theories are examined further.

SHEET SURFACE
(30

Yt (TD)
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Figure 2.9 Geometry of shear bands indicating the angle to the rolling plane, J3 (after Lee and
Chan")

There exist a number of continuum theories",,,,",,,,loo that predict the angle to the rolling

plane, ~, at which shear bands form (see Figure 2.9). Dillamore et al" suggested that shear
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occurs at an angle, ~, such that the plastic work in deforming the material will be a

minimum and not greater than that for homogeneous plane strain deformation. This criteria

is defined as a minimum in the value of M', the effective Taylor factor for the crystal

concerned:

Eqn 2.7 M'= M
cos2a

Eqn 2.8

where ex is the angular difference between ~ and 45° (45° is the angle of maximum resolved

shear stress) and M is the Taylor factor which gives an indication of the shear strength of a

crystal. Very often the variation of M' with ~ does not exhibit a single minimum but rather

is associated with a minimum plateau. There is thus a range of values of ~ that satisfy the

principle of minimum work. Dillamore et al" thus suggested a further criterion in

predicting ~; that ofplastic instability:

~ du <0
u de

which can be written as:

Eqn2.9 ~ + m + 1+ n + m dM _ m dp < 0
e e M de p de

where nand m are the strain hardening and strain rate exponents, and p is the mobile

dislocation density. A negative value of the term, dlvl/de in Eqn 2.9, is quite possible since

it corresponds to geometric softening by lattice rotation into a geometrically softer

condition. The term (l/M)(dMldE) is known as the texture softening factor and passes

through minima as a function of B, These minima have been shown to correspond to

measured experimental values of B. Lee and Chan" proposed an additional third criterion

to the two proposed by Dillamore et al" to eliminate ambiguous predictions that are caused

by the multiple minima of the texture softening factor. This criterion involves selecting

from the possible solutions those values of ~ that give the minimum number of active slip

systems.
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e i; lv[ de p de 
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appear after a certain finite amount of strain. Their walls consist of dislocation assemblies

that lie parallel or very close to the {III} planes of the active slip systems of the grain

involved. They are termed crystallographic due to this relationship with the active slip

systems. Groupings or clusters of MBs have been observed to form a lamellae like

dislocation wall structure. Similar lamellae structures have been observed in lower SFE

materials like brass with the difference that the lamellae structure for the brass case consists

of aligned twins". In both cases (MBs or twins) it has been speculated that it is the lamellae

structure that is associated with or leads to shear banding. Nakayama and Morii" speculate

that shear bands nucleate within the lamellae MB structure. They contend that the

dislocation MB wall structure causes long range internal stresses that increase with

increasing strain. These long range internal stresses eventually cause co-operative

movements of dislocations resulting in shear processes that cause fragmentation of the MBs

into small blocks with large misorientations, i.e. shear bands. Korbel and Martin" speculate

that groups of MBs generate large stress concentrations at their tips. On further

deformation, when the MBs meet with a grain boundary, an elasto-plastic impulse is

emitted and the MBs are thus able to penetrate into the neighbouring grain. When this

happens the bands no longer possess a crystallographic relationship to the active slip

systems and are hence known as shear bands. Wagner et al" have more recently suggested

that MBs act as obstacles to dislocation glide on slip systems that intersect the MBs.

Gliding is thus restricted to slip systems parallel to the MBs causing strong shear in the

vicinity of the MBs. The angle at which shear bands form is then explained using a

continuum approach based on that by Dillamore et al", Support for this theory by Wagner

et al" can be gathered from the work performed earlier by Juul Jensen and Hansen!" who

demonstrated that the plastic anisotropy they measured in tensile tests of commercial purity

aluminium was caused by MBs. MBs were introduced into the microstructure of their

material by prior cold rolling and differences in tensile flow stresses were attributed to the

relative orientations of the MBs to the active slip systems.

Further theories of shear band formation include those of Shen'" and Harren et al" that are

based on geometrical softening caused by non-uniform lattice reorientation during

deformation. The theory by Shen''" for example, contends that during PSC the normal

rolling orientations like those of Copper and Brass will form. Upon further deformation
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these orientations rotate towards the Goss orientation, but this transformation is not

homogeneous throughout the grain concerned. The active slip planes in the Goss

orientation are inclined at an angle of35° to the rolling plane and the concentration of strain

in the Goss regions leads to shear bands being formed at the observed angle of 35° to the

rolling plane.

2.3.2.3 Microband formation

If the occurrence of shear bands does indeed depend on the occurrence of MBs then it is

logical to review the literature pertaining to the formation of MBs. Hughes'" has recently

described what is believed to be the precursor to MB formation by studying AI-5.5Mg cold

rolled to low strains. A Taylor lattice with dislocations organised along {lll} slip planes

and long, straight dislocation boundaries (DBs) that lie parallel to the {Ill} slip planes has

been described. MBs form by the paring of such DB's and thus create new misorientated

regions tltat can accommodate further strain. Korbel et al" have suggested that MBs

formed during the rolling of AI-4.8Mg are a form of dynamic recovery. A normal

recovered cell structure is prevented from forming by the pinning of dislocations by the Mg

atoms and hence MBs form due to the co-operative movement of pinned dislocations.

Morii et al" have suggested that MB formation can be attributed to the asymmetry of slip

for certain orientations. They contend that the amount of slip that occurs on the two co­

planar (CP) slip systems of certain orientations is about twice as much as that occurring on

the two co-directional (CD) slip systems in order to maintain orientation stability during

deformation (see Figure 2.10). The localisation of slip on the CP planes thus causes MBs

to form parallel to the CP slip systems. Winther et aP04 have produced a model for

predicting MB formation based on the above suggestions by Korbel et al" and Morii et al"

that achieves excellent agreement with experimental observations for single crystals and

reasonable agreement for observations of polycrystalline materials.
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Figure 2.10 Schematic illustration of slip geometry in a {211}<111>, Copper orientated
crystal. CP: co-planar slip systems, CD: co-directional slip systems (after
Nakayama and Morii").

It would seem that the formation of MBs, as is the case for SB formation, is dependent on

deformation conditions and on grain orientation. At high temperatures of deformation MB

formation appears to be inhibited. This has been shown by Nakayama and Morii" from

observations of their single crystal experiments of AI-3Mg rolled at room temperature and

200°C. The dislocation structure of the non-shear banding case (rolling at 200°C) consisted

of elongated subgrains bounded by two sets of operative slip planes in contrast to the shear

banding case (rolling at room temperature) which consisted of clusters ofMBs. Raghavan

and Shapiro'" found that the dislocation structure of AI-4Mg after torsion tests at 482°C

consisted of equiaxed subgrains compared to a pronounced elongated cell structure after

torsion tests at room temperature. Cizek et al"" found that the microstructure of a

commercial purity aluminium alloy contained no MBs or other pronounced special

inhomogeneities after tensile deformation at ISO°C. MB formation has also been shown to

depend on the orientation of the deforming grain. Morii et al" found this for their single

crystal rolling experiments on AI-3Mg. The dislocation structure of the orientation not

exhibiting shear banding (the Goss orientation) consisted of elongated subgrains bounded

by two sets of operative slip planes in contrast to that of the orientation exhibiting shear

banding (the Copper orientation) which consisted of lamellae-like MB walls. Recently

Godfrey et al'''·IOS have demonstrated a similar orientation dependence of MB formation

during the channel die compression of high purity Al single crystals. Layered dislocation

walls lying close to CP slip planes (which might be classified as MBs) were observed after

deformation of Copper orientated crystals while a very homogeneous cell block structure

defined by dislocation walls lying on two active slip planes was observed after deformation
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of Brass orientated crystals. It must be emphasised that shear bands were not observed in

either case.

2.3.3 Influence of Copper Type Shear Bands on Deformation Texture

The formation of Copper type shear bands has been observed to coincide with certain

features of deformation texture. LUcke and Engler", Engler et al", and Wagner et al"

observed a stabilisation of the Goss orientation and a higher relative rate (compared to the

other major deformation orientations) of increase of the Brass orientation for both AI-l.SCu

and Al-3Mg alloys as strain increased. These observations were linked to the simultaneous

occurrence and increase in extent of copper type shear bands. A simple TD rotation in the

Copper orientated grains, associated with shear band formation, was thought to lead to the

Goss orientation which then rotates to the Brass orientation after further strain. In addition,

Wagner et al92 observed the appearance of the Q, {013}<23l>, orientation after strains of90

% and above for AI-3Mg. The Q orientation was thought to form due to a compensating

shear in the regions neighbouring shear bands by the activation of the CD slip systems,

which leads to 45° ND rotated Cube orientation, {001}<1l0>. The Q orientation is

metastable and since it is only 10° away (in orientation space) from the {00l}<110>

orientation it is believed to form in the scattering of the {OOI }<110> orientation.

Wagner et al" were able to expand on the above observations by using the Electron Back

Scattered Diffraction (EBSD) technique to measure local orientations in and around shear

bands in Copper orientated single crystals of AI, Cu and Al-1.SCu. They observed both

positive and negative TD rotations of the Copper orientation inside shear bands and positive

TD rotations adjacent to shear bands. They theorised that shear bands are in fact composed

of microscopic shear bands, that experience a positive TD rotation towards the {OOI }<ll0>

orientation, and intermediate regions between the microscopic shear bands that experience a

reactive negative TD rotation towards the Goss orientation (see Figure 2.lla). The same

reactive stresses that lead to the Goss orientation in the intermediate regions are also

thought to lead to the {001}<1l0> orientation in the regions adjacent to the shear bands

(Figure 2.llb). The orientation rotation is opposite in sense for this case because of the

different relevant operational plane and direction (rolling plane and direction compared to

shear plane and direction). Jasienski et al"·" have made observations supporting those of
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Wagner et al" for Copper orientated single crystals" of Cu and for polycrystalline" Cu

which exhibited copper type shear banding. They observed scattering of the Copper

orientation towards the {OOI }<1l0> and {Ill }<1l2> orientations. The {OOI }<1l0>

scatter was observed to occur within newly fanned shear bands and the {lll }<1l2> is

thought to rotate towards the more stable Goss orientation.

It is interesting to note that a texture characterised by a major {OOI }<100> component and

a minor {Ill}<112> is often referred to as the Shear texture that is found in rolling. Choi'"

et al demonstrated how the deformation texture of a roUed sheet of high purity AI,

exhibiting high levels of friction between the roUs and the sheet, varied from a typical

Copper texture measured at the centre of the sheet to this Shear texture measured near the

surface of the sheet.
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Figure 2.11 Schematic representations of positive and negative TD rotations in and around
shear bands: (a) iudicates a macroscopic SB composed of microscopic SBs
(exhibitiug positive rotations) and intermediate regions (exhibitiug negative
rotations) (b) iudicates the reactions stresses in the vicinity of macroscopic SBs
that lead to positiverotations (after Wagner et al"),

2.3.4 Influence of Copper Type Shear Bands on Recrystallisation

Shear bands are regions with high misorientations with respect to the matrix and are also

regions with high dislocation densities and therefore it would seem that they should be

favoured sites for heterogeneous nucleation. The orientation of grains nucleating in or near

shear bands should be related to the local orientations at shear bands that form during

deformation. Furthermore, if grains nucleated at shear bands possess a sufficient growth

capacity it can be expected that they will have an effect on the total recrystallisation texture.
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The first serious attempt to observe the influence of shear bands on recrystallisation texture

was that by Ridha and Hutchinson" in 1982. SEM and optical microscopy revealed grain

nucleation within shear bands in a Cu alloy after annealing for a short period of time. The

corresponding complete recrystallisation texture formed after a longer annealing time was a

weak, almost random texture. This was in contrast to a sharp cube recrystallisation texture

corresponding to a non-shear banding condition of a similar alloy of Cu. Local orientations

of grains nucleated at shear bands, determined from TEM analysis of Kikuchi patterns,

revealed no preferred orientation. These grains were, however, twinned which complicated

the analysis. It was reasoned that shear bands lead to a randomisation of the

recrystallisation texture by the nucleation of random orientated nuclei and, in addition, by

the destruction of the sites of Cube orientated nuclei by cutting through the Cube transition

bands. Recently Jasienski et all" used the techniques of EBSD (SEM) and selected area

diffraction, SAD, (TEM) to measure the local orientations of grains nucleating at shear

bands in Copper orientated single crystals of Cu. Peaks in the texture measured in this way

were found at the following orientations: {554}<441>, {031}<413>, Goss and {114}<221>

with a TD spread towards a weak {OOI }<111>.

Koken and Embury" studied the kinetics of recrystallisation at shear bands for an AI-4.8Mg

alloy. They observed that grain nucleation occurs more rapidly at shear bands compared to

alternative nucleation sites like grain boundaries. They also found that the growth of grains

nucleated at shear bands was slower in comparison to those nucleated at grain boundaries

and at higher annealing temperatures the recrystallisation microstructure was dominated by

those grains nucleated at grain boundaries.

The largest body of literature pertaining to the influence of copper type shear bands on

recrystallisation appears to have been produced by Lucke, Engler, Wagner, Heckelmann,

Hirsch and colleagues,,90,92,9J,1l1,1l2 concerning their work stretching over the last 8-10 years on

Al-l.8Cu, AI-3Mg, and AI-4.5Mg-O.7Mn. Collectively they have shown that a

recrystallisation texture characterised by strong peaks around the Goss, Q and perhaps also

the P - {Oll}<122> - orientation, accompanied by a reduction in the strength of the Cube

orientation is associated with the formation of shear bands during deformation. The Goss

and Q orientations are thought to result from positive and negative TD rotations in Copper
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and S orientated grains associated with the formation of shear bands as was discussed in the

previous section (2.3.3). The Goss and Q orientations are metastable, in that they possess a

low rate of further rotation, and are thus always present for possible nucleation during

annealing. The P orientation is thought to originate from the divergent rotation of the Q

orientation towards the P orientation after further strain. Nucleation of P orientated grains

is thus thought to be from transition bands, similar to the Dillamore Katoh' mechanism for

Cube nucleation. The P, and to a lesser extent, the Goss and Q orientations possess good

growth relationships of about 40' around the <Ill> axis to the S and Copper rolling

orientations.

LUcke and Engler", Engler", Wagner et al", and Engler et al'" all demonstrated evidence of

grain nucleation at shear bands in polycrystalline alloys. In addition, Lucke and Engler"

measured the texture of grains nucleated at shear bands in single crystals of AI-1.8Cu by

means oflocal orientation measurements. The texture they measured showed peaks around

the Q orientation and an orientation in between the Goss and Brass orientations. Engler"

made local orientation measurements of newly formed grains in a partially recrystallised

state of polycrystalline AI-I.8Cu. A distinction was made between grains nucleating at

shear bands and grains nucleating at band-like structures parallel to the RD, presumed to be

Cube bands. Two different textures were calculated corresponding to measurements of

these two groups of nucleated grains. The texture corresponding to the presumed Cube

bands demonstrated a Cube texture with only minor scatter. The texture corresponding to

the shear bands was less well defined with notably less occupation of the exact Cube

orientation. No peaks at the Goss and Qorientations were observed although a minor peak

near the P orientation was observed. It was emphasised that the number of orientations

measured was too low for any quantitative assessment to be made. There exists an

experimental difficulty in obtaining a suitable partially recrystallised state for the

polycrystalline alloys concerned due to the very fast kinetics involved in recrystallisation.

The effect of armealing temperature on shear band influenced recrystallisation texture has

also been investigated to some extent. Wagner et al" found that by increasing the armealing

temperature from 310'C to 450°C for AI-3Mg, an increase in the random and Qcomponents

of the recrystallisation texture was observed at the expense of the Cube and R components.

Literature Review 30 

and S orientated grains associated with the fOnTIalion of shear bands as was discussed in the 

previous section (2.3.3). The Goss and Q orientations are metastable, in that they possess a 

low rate of fi.!rther rotation, and are thus always present for possible nucleation during 

annealing. The P orientation is thought to originate from the divergent rotation of the Q 

orientation towards the P orientation aller further strain. Nucleation of P orientated grains 

is thus thought to be from transition bands, similar to the Dillamore Katoh' mechanism for 

Cube nucleation. The P, and to a lesser extent, the Goss and Q orientations possess good 

growth relationships of about 40' around the <Ill> axis to the S and Copper rolling 

orientations. 

LUcke and Engler', Engler", Wagner et al", and Engler et aI''' all demonstrated evidence of 

grain nucleation at shear bands in polycrystalline alloys. In addition, LUcke and Engler' 

measured the texture of grains nucleated at shear bands in single crystals of AI-1.8Cu by 

means oflocal orientation measurements. The texture they measured showed peaks around 

the Q orientation and an orientation in between the Goss and Brass orientations. Engler'" 

made local orientation measurements of newly fonned grains in a partially recrystallised 

state of polycrystalline AI-I.SCu. A distinction was made between grains nucleating at 

shear bands and grains nucleating at band-Like structures parallel to the RD, presumed to be 

Cube bands. Two different textures were calculated corresponding to measurements of 

these two groups of nucleated grains. The texture corresponding to the presumed Cube 

bands demonstrated a Cube texture with only minor scatter. The texture corresponding to 

the shear bands was less well defined with notably less occupation of the exact Cube 

orientation. No peaks at the Goss and Q orientations were observed although a minor peak 

near the P orientation was observed. It was emphasised that the number of orientations 

measured was too low for any quantitative assessment to be made. There exists an 

experimental difficulty in obtaining a suitable partially recrystalliscd state for the 

polycrystalline alloys concerned due to the very fast kinetics involved in recrystallisation. 

The effect of annealing temperature on shear band influenced recrystallisation texture has 

also been investigated to some extent. Wagner et al" found that by increasing the annealing 

temperature from 31O'C to 450·C for AI-3Mg, an increase in the random and Q components 

of the recrystallisation texture was observed at the expense of the Cube and R components. 



Literature Review 31

Hecke1mann et al'" made a similar observation for the recrystallised texture of cold rolled

AI-3Mg in that a distinct weakening of the Cube component was noticed as the annealing

temperature was increased from 300°C to 450·C. These effects of annealing temperature

are thought" to be due to the decreased growth preference of the Cube and R orientated

grains at higher temperatures. This observation would seem not to coincide with that made

by Koken and Embury".
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3. Experimental Methods

3.1 Material

3.1.1 Chemical Composition

The alloy investigated was an aluminium alloy containing a nominal amount of 1 wt % Mg:

Al-1Mg. The chemical composition of the alloy is indicated in Table 3.1. In addition to

the Mg there are also significant amounts of Fe and Si present in the alloy, 0.34 wt % Fe

and 0.13 wt % Sic These two elements are known to promote the formation of second

phase particles.

~Mg '![:';t': Fe" . '. .1". sr;; -,' Zn 'ri Mn Cn ; '. Cr >. .Al:r' . ' ·'" ..:...• .It . ;::; .. ..' . . . . .. -.;.;. ., .. ' ,~ " .. '. .
0.90 0.34 0.13 0.011 0.011 0.003 0.002 0.001 balance

Table 3.1 Chemical composition (weight %) of AI-1Mg

3.1.2 History

The material was supplied by Alcan International, Banbury, England in the form of a slice

from a cast slab. The microstructure of the received material is indicated in Figure 3.1 and

is typical ofa cast structure with a coarse grain structure (Figure 3.1a) and accumulations of

second phase particles along dendrites and grain boundaries (Figure 3.1b). Blocks of size

250 rum x 160 rum x 45 mm were sectioned and machined from the centre of the slice of

the cast slab for hot rolling. The hot rolling was performed by MINTEK, Randburg, South

Africa according to a rolling schedule proposed by the author, which is indicated in Table

3.2. A total reduction of 70 % was achieved and the exit temperature of the last reduction

pass was below 300°C. This ensured that the coarse distribution of second phase particles

was broken up and also ensured that a finer grain size was achievable after subsequent

annealing.
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Figure 3.1. Microstructure of cast mat erial, showing (a) a coa rse grain structure and (b)
second phase particle accumulations.

Pass Entry Temp ("C) Exit T emp ("C) Entry Gauge (mm) Exit Gauge (m m)

1 500 275 45 30

2 465 - 480 420 - 450 30 20

3 430 - 450 225 - 300 20 14

Table 3.2. Hot roiling schedule performed on cast mat erial.

Following the hot rolling the material was annealed for 2 hours in an air furnace at a

temperature of 400°C with the intentio n of prod ucing a finer equiaxed recrystall ised starting

grai n structure. The micro structu re of the material befo re and after annealing is shown in

Figure 3.2a and Figure 3.2b respectively. Figure 3.2b reveals a part ially recrystall ised

microstructure (less than 50 % reerystallised) as opposed to the more ideal fully

recrystallised microstructure that was sought. This partially recrystall ised microstructure

still however represent ed a constant starting state for all the subsequent testing per form ed

and at least substantia lly lowered the dislocation density of the material in comparison to its

state following the hot rolling. The constant starting state of the material must be stressed

here, and it is also worth ment ioning that the highest deform ation temperature em ployed

du ring subsequent PSC testing was 400°C, which is equal to the annealing temperature

employed. Furthermore, the time-scale of heating and holding during testing was

substantially shorter (order of a few minutes) compared to that du ring annealing (order of

hours). Due to the bimodal distribution of grain size resulting from the mixture of sma ller
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recrystallised grains and larger as deformed grains, it is not really meaningful to state an

average starting gra in size. The rcerystallised grains arc equiaxcd and about 50 urn in

diameter, whi le the as deformed grains are highly elongated with typical dimensio ns of

about 500 urn in the RD and about 100 urn in the ND.

... - -:---
!': - "'Jr -.. . ..... -: .. _-:.;......~..ilI- ~·~·_ 200 prn
_ "II:.. • • ~

(a) (b)

Figure 3.2. Microstructure of mater ial after (a) hot rolling and (b) subsequent annealing.

3.1.3 Particle Size Distribution

The particles size distribution of large (diameter > 1 urn) second phase particles in the

sta rting material (after hot roIling and annealing) was measured. The diameters of over 500

large particles were measured and a histogram showing the distribution of these particle

sizes is show n in Figure 3.3. From Figure 3.3 it can be seen that the size distribution of

large particles in the starting material was log-normal. The mean and the standard deviation

of the measured diameters were calculated to be 2.7 urn and 1.5 urn respectively.
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Figure 3.3 Particle size distribution of starting material following hot rolling and annealing.

3.1.4 Specimen Orientation

Rectangular specimens for PSC were machined from the centre thickness of the hot rolled

plate (centre 10 mm of 14 mm gauge). Their orientation with respect to the plate geometry

was such that the simulated rolling direction resulting from plane strain compression

coincided with the original hot rolling direction of the plate as is shown in Figure 3.4.

c )
original rolling direction

Hot Rotled Pla te (

Plo.ne Stro.in Conpre s ston
SpeciMen

Figure 3.4 PSC specimen orientation with respect to the hot rolled plate geometry.
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3.2 Plane Strain Compression

3.2.1 Configuration
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A typical configuration for a PSC test in shown in Figure 3.5. A specimen of width, w, and

thickness, h, is compressed between two platens of breadth, b. As the thickness of the

specimen decreases, material flows in the length direction of the specimen but not in the

width direction. Material flow is thus biaxial or plane strain. Material flow in the width

direction is constrained by the unstressed material on either side of the platens. For this

constraint to be completely effective (i.e. for negligible lateral spread), the ratio of

specimen width to platen breadth (w/b) must be 5 to I or greater. The ratio of platen

breadth to specimen thickness (b/h) has important consequences for the uniformity of strain

distribution in the specimen in the region between the platens.

Plo.ten~

Figure 3.5 Typical configuration for a PSC test.

For a rigid-plastic material, deformation under plane strain conditions is pure shear strain

and can only be produced by a pure shear stress (k), Applying Von Mises criterion results

in:

Eqn3.1
2

a = 2k = .fj a 0 =1.155a0
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where cr is the stress measured in plane strain compression and cro is the stress measured in

homogeneous compression (no constraints).

3.2.2 Rig Design

3.2.2.1 Criteria

The purpose of design was to build apparatus capable of achieving plane strain compression

of metals at deformation conditions comparable to those encountered in industrial processes

like rolling. In particular the design of the apparatus was required to:

• ensure that large reductions (at least 90 %) of specimens was possible

• ensure that compression was indeed plane strain or as close as possible to plane strain

• ensure that strain distribution within a specimen was as homogeneous as possible

• enable controlled and uniform heating of the specimens

• allow for rapid quenching of specimens following hot deformation

• measure load, displacement and temperature variables

• make provision for the adequate control of the compression process to:

» precisely set strain amounts

» precisely set strain rates

» precisely set temperatures

In addition to the above criteria, the design also allowed for multiple successive

compression stages at the same or different temperatures.

3.2.2.2 Compression

In satisfying the criteria of plane strain compression and homogeneous deformation, the

relative sizes of w, band h (confer Figure 3.5) are of critical importance. The platen I

specimen geometry was thus optimised and this is dealt with in detail in section 3.2.3.

More generally, compression of a rectangular metallic specimen was achieved between 2

steel platens attached to an electro-servo hydraulic (ESH) universal testing machine. Figure

3.6 represents a schematic diagram of the PSC rig while photographs of the rig are shown

in Figure 3.7. The bottom platen was fixed to the base of the ESH testing machine by

means of a secure base plate, while the top platen was attached to the movable piston of the

ESH machine. The movement of the entire assembly of the top platen and the piston was
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controlled by four guiding bars attached to the bottom base plate (as are visible in Figure

3.7a) in order to limit lateral movement. The prevention of lateral movement could not

entirely be achieved and the minor amount of lateral movement that did occur was observed

to influence material flow during testing. This subject is dealt with in considerable detail in

Chapter 4. The ESH machine was chosen because of its availability, its load capabilities

(maximum force of 250 kN) and the fact that it has a relatively high maximum cross-head

speed of about 100 mm.s'. The high cross-head speed meant that a relatively high strain

rate was achievable; a strain rate of las' was possible for a specimen with an initial

thickness of 10 mm.

Attached io {'1Sion 01' ESH

Power
transforMer

Ther-no-:
couple
data.

tra.n"f'orME>r
control

DEl
D

E"lectical
L, .k~~~~~~cable

Pto,ten _____

Suppori and
Insulatlon~F=---""--"""--('

clispla c eME"nt:"..- -__..
control

ESH
control
panel Bose

Figure 3.6. Schematic representation ofPSC rig.
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(a)

(b)

Figure 3.7 Photographs of PSC rig: (a) general view showing attachment to ESH testing
machine, (b) close-up view of specimen being compressed between platens.
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3.2.2.3 Heating

For high temperature compression specimens had to be heated. The heating method chosen

was that of direct electrical resistance heating. This method has the advantage of heating a

correctly positioned specimen to a required temperature accurately and fairly rapidly. It has

the added advantage of good specimen accessibility following a test to allow for rapid

quenching of the specimen. The same method is used by the commercial Gleeble system II)

used for high temperature compression. A high amperage current was passed through a

specimen in contact with the two platens, which then heated up due to its resistance to the

current. Figure 3.6 shows how current was fed from a custom built power transformer to

the platens in contact with the specimen via thick ribbon cable so as to minimise electrical

losses and facilitate the cooling of the cables. Since the resistivity of the steel platens was

considerably higher than that ofthe aluminium specimen, the platens were designed to taper

down towards the contact area with the specimen so that the resistance provided by the

specimen was mainly due to a constriction of current flow. The temperature of the

specimen was measured by a thermocouple inserted into a narrow hole drilled into the side

(centre thickness and centre length) of the specimen.

The temperature uniformity of the heated specimens prior to compression was assessed

both experimentally and by finite element (FE) modelling!". The temperature distribution

within the specimens (Figure 3.8) produced from the FE modelling revealed that a

temperature gradient existed along the width (the w dimension shown in Figure 3.5) of the

specimen. This temperature gradient was confirmed experimentally. A higher temperature

was observed at the end of the specimen opposite to the end at which both electrical cables

were attached to the platens. This was thought to be due to the nature of the current flow

through the specimen produced from such a configuration (the configuration shown in

Figure 3.6). An alternative configuration (that shown in Figure 3.9 and also visible in

Figure 3.7), resulting from the positioning of the platens such that the electrical cables were

attached to each of the platens at opposite ends in relation to the specimen, was

experimentally found to produce a more uniform and acceptable distribution of temperature

within the specimen.
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Figure 3.8 Contour plot produced from finite element modelling showing temperature
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Figure 3.9 The exact configuration of platen positioning employed dnring PSC that resnlted in
very good temperature uniformity within the specimens prior to compression.

3.2.2.4 Control

Due to the design criteria set for the control of strain, strain rate and temperature, it was

decided to subject the heating and compression processes to automation via computer

control. Figure 3.6 illustrates the interface between the 386 PC used (via a PC30 analogue­

to-digital-converterfdigital-to-analogue-converter, ADCfDAC, card) and the ESH control

panel, thermocouple and transformer. Load and displacement data were sampled from the

ESH control panel while temperature data was sampled from the thermocouple. Control of

the displacement of the moving platen (and hence also ofthe compression of the specimen)

was achieved by a voltage output to the ESH control panel, while control of the temperature

of the specimen was achieved by a voltage output to the power transformer. Displacement

control was such that a constant strain rate was possible by exponentially lowering the

speed of the cross-head during compression to compensate for the reduction in gauge length

(or thickness) of the specimen. Custom software was written (in C++) for the control of the

heating, deformation and data sampling processes. A source code listing is included in

Appendix A. The sequence of events and the control of an entire PSC test are summarised

in the form of a flow diagram in

Figure 3.10.
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• Specimen correctly positioned

• Pre-load applied

• Therroocouple inserted

~
/ <,

Computer programme started

Deforroation variables entered:

~ deforroation temperature

~ gauge length

~ displacement

\...~ strain rate
"

~
/

• Transforroer switched on by computer until

deforroation temperature reached

(Heating time in order of a few minutes)

• Deforroation temperature held for 30 sees
-I

~
/' '\

• Transforroer switched off by computer

• Compression at pre-set strain rate

to pre-set displacement

• Temperature, displacement and load

\.
data sampled

.J

I -.
/ <, /

• Displacement data converted to • Platens automatically move apart

strain data immediately following compression

• Load data converted to stress data • Deforroed specimen manually gripped

• Temperature, strain and stress data with tongs and water quenched within

written to file on disk
/ \.

I to 2 seconds

Figure 3.10 Flow diagram showing sequence of events and control during a PSC test.
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3.2.2.5 Data

For each compression test, load, displacement and temperature data were collected,

processed and stored (written to a computer file on disk). Temperature data was collected

in voltage form before being converted to degrees Celsius. Load and displacement data

were also collected in voltage form before being converted into kN and mm respectively.

Load data was converted into true stress data according to Eqn 3.2, which was then written

to file.

Eqn3.2
I load

a=--·-­
1.155 area

ho= initial thickness, h = current thicknessEqn3.3

Displacement data had to be first corrected for rig compliance, as the displacement

measured was that of the cross-head and therefore included both the displacement of the

specimen and the elastic displacement of the rig. The rig stiffness was thus measured (see

Figure 3.11) as a function ofload and used to calibrate the displacement of the specimen.

The corrected displacement data was then converted into true strain data according to Eqn

3.3 and then written to file.

s = 1.l55'ln(~),
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3.2.3 Optimisation of Platen I Specimen Geometry
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3.2.3.1 Dimension Limitation

The absolute values of specimen width, w, specimen thickness, h, and platen breadth, b,

were ultimately limited by the maximum load (250 kN) available for compression. The

limited load available meant a maximum contact area (the product ofw and b) allowable for

the stress required for compression. However, the uniformity of strain distribution in the

region of interest between the two platens depends on the size ofb (actually the ratio, bib).

As is shown in the next section (3.2.3.2), the larger the value of b, the more uniform is the

distribution of strain. The ratio, w/b, is in tum critical in determining plane strain

conditions. This means that there should be a limit on the value of b allowable. The

approach followed involved first determining the lowest acceptable value for the ratio w/b

(and hence the highest relative value of b) in producing plane strain or almost plane strain

conditions, and then calculating the highest possible value for b without exceeding the

allowable maximum contact area.

3.2.3.2 Strain Distribution with Thickness

Strain distribution in PSC specimens is shown in Figure 3.12 for different values of bib.

The strain distribution patterns appear to be fairly consistent with that predicted from the

slip-line field solutions for integral values of bib for a frictionless platen case (Figure 2.7).

Figure 3.12a, which corresponds to a starting value of bib = 0.9 and a final value of bib =

1.5, shows a strain distribution that is highly concentrated in the centre. This agrees very

well with the slip line field corresponding to bib = I (Figure 2.7) which consists of 2

intersecting slip lines forming I 'cross'. Figure 3.12b corresponds to a starting value of bib

= 1.3 and a final value of bib = 2.2. It shows a strain distribution with a central bulge

flanked by two constrictions. This strain distribution agrees very well with that predicted'

from the slip-line field for bib = 2 (Figure 2.7) consisting of2 'crosses'. So it is confirmed

that the larger the starting value ofbib (or the larger b is for a fixed h), the more uniform the

initial and hence the final strain distribution will be.
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(b)

Figure 3.12 Strain distribution in I'SC specimens for different starting b /h ratio s: (a) starting
b/h =0.9 and flnal b/h = 1.5, (b) starting b/h = 1.3 and final b/h = 2.2.

3.2.3.3 Lateral Spread

A set of compression tests for various values of the contact area ratio, w/b, were performed

in order to determine the lowest acceptable value for w/b. Tests were performed for a

specimen thickness, h, of 10 mm, a platen breadth, b, of 10 mm and specimen widths , w, of

25 mm, 30 mm, 35 mm, 40 mm and 45 mm. The specimens were all compressed to a strain

of 90 % (I: = 2.66) and their lateral spreads after compression were measured as a

percentage of their original widths. The results of these tests are shown in Figure 3.13,

where percentage lateral spread is plotted as a function of w/b. Since lateral spread

increases as strain increases, Figure 3.13 therefore also shows percentage lateral spread per

unit value of strain as a function of w/b. It can be seen from Figure 3.13 that lateral spread

decreases exponentially to a limiting value of about 5 % per unit strain as w/b increases. A

value of 7 % per unit strain is reached for a w/b ratio of 4.0 and it was thus deduced that

this value of w/b was the smallest allowable value that did not significantly compromise a

plane stra in mode of deformation.
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Figure 3.12 Strain distribution in PSC spccimcns for different starting b/h ratios: (a) starting 
h/h = 0.9 and final b/h = 1.5, (b) starting bill = 1.3 and final b/h = 2.2. 
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Figure 3.13 Lateral spread of PSC specimens as a function of contact area ratio, w/b,

A consequence of lateral spread is the fact that contact area increases and therefore a higher

load is required to produce the same stress on a specimen. This was an additional reason

for ensuring that the ratio of w/b used was not too low. Figure 3.14 shows how the

measured final stress after compression (calculated assuming a constant contact area)

increases along a similar trend compared to lateral spread as w/b decreases.
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Figure 3.14 Effect on lateral spread on contact area and compression load.
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3.2.3.4 Platen and Specimen Dimensions

48

The platen and specimen dimensions used allowed for a contact area ratio of specimen

width, w, to platen breadth, b, of 4:1. The values ofw and b were calculated to allow b to

be as large as possible while ensuring that the maximum required stress was achievable.

The maximum required stress was measured to be ~ 270 MPa (true stress as given by Eqn

3.2) from the compression of specimens of AI-IMg to a reduction of 95 % (at room

temperature) using a smaller contact area than that intended (by using platens with a value

ofb = 10 mm). The value ofb was thus set at 13 mm and the value ofw set at 52 mm.

Figure 3.15 shows the design for the platen used. The platens were made from a high

tensile steel, V155, which has a relatively low electrical resistivity of 19x10-6 Q.cm. The

specimens used were simple rectangular blocks of dimension 52 mm x 33 mID x 10 mm.

---
o.r-eo for co.ble
connection

Figure 3.15 Design of platen used for PSC

3.2.4 Lubrication

contuct PUCE'

Although it is known that PTFE (Teflon) tape is the best choice of lubricant, its use was not

considered practical due to the resistive heating method employed. It was thus decided to

use graphite as a lubricant due to its relatively good friction characteristics and the fact that

it allowed for the conduction of an electrical current through the specimen. All specimens

were ground to a standard finish of 800 grit on silicon carbide paper. Platen surfaces were

inspected regularly for any signs of damage and were given a light grind with 1200 grit

silicon carbide paper prior to each test. Graphite particles were applied to the contact

surfaces by means of a soft graphite pencil after which an oil based graphite suspension was

sprayed onto the surfaces. This form of lubrication was found to work well up to a
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deformation temperature of 400°C. For deformation temperatures of 450°C and above

some break down in lubrication was noticed. This break down was observed to cause a

change in strain distribution within specimens. Strain appeared to be more concentrated in

the centre of the specimens and the strain distribution resembled that for a lower starting

value of b/h,

3.2.5 Quenching

For high temperature PSC tests, specimens were quenched immediately following

deformation to prevent static annealing of the deformed microstructure. The method

employed consisted of manually removing the deformed specimen immediately following

deformation and dropping it into water. It was possible to consistently quench specimens

within 1 to 2 seconds following deformation. Specimens were discarded if this condition

could not be met.

3.3 Heat Treatments

In order to study recrystallisation behaviour deformed specimens were subjected to various

annealing heat treatments in a salt bath at annealing temperatures of between 420°C and

550°C. A salt bath, as opposed to a conventional air furnace, was used to enable rapid

heating of specimens. This meant that it was possible to conduct very short, controlled heat

treatments in order to produce partially recrystallised microstructures. A partially

recrystallised microstructure was necessary for the study of grain nucleation events that

occur in the beginning stages of recrystallisation.

3.4 Optical Microscopy

3.4.1 Sectioning

PSC specimens were sectioned in the equivalent (compared to rolling) longitudinal plane

for microscopical investigations. The longitudinal plane is the plane that contains the

normal and rolling directions (ND and RD). This is shown schematically in Figure 3.16
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where the hatched area represents the plane of view. Investigations concentrated on the

centre region of the hatched area where strain was found to be the most uniform in

distribution. Furthermore, the hatched area was mid-way or at least close to mid-way

across the transverse direction, thus ensuring that the plane of view was always at or very

close to the geometric centre of the specimen.

-
< )

"roluriq" oIirection

Figure 3.16 Plane of view(hatched area) chosen for microscopy ofPSC specimens

3.4.2 Preparation

Following sectioning, specimens were hot mounted in resin for grinding and polishing. Hot

mounting was performed at the relatively low temperature of approximately 70°C and

therefore it did not have any significant effect on the microstructures of the specimens

examined. Specimens were ground on silicon carbide paper to a finish of 1200 grit. They

were then mechanically polished in two stages: a diamond polish using particles of 3flm in

size followed by a final polish using a suspension of fine colloidal silica. Specimens were

then anodised electro-chemically using Barkers reagent (2.5 % Fluoroboric Acid in H20 ).

Anodising conditions used were: 2.5 minutes, 30 volts de, at room temperature.

3.4.3 Microscopy

The anodic layer deposited on the specimens was anisotropic due to the different grain

orientations at the surface of the specimen. This allowed grain contrast - in shades of grey ­

to be viewed when illuminating with polarised light. Colour contrast of grains was

achieved by inserting a quartz A compensation plate into the light path. The light

microscope used was a Reichert MeF3 A with which all light micrographs were taken.
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3.4.4 Grain Size Measurements
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The average grain sizes of fully recrystallised samples were determined manually by the

linear intercept method. Micrographs representing three fields of view of each condition

were analysed, representing between 120 and 700 grains depending on the grain size

concerned. An uncertainty error of less than 10 % was obtained for all the measurements

performed.

3.5 Microtexture Investigations

3.5.1 Sample preparation

The aim of sample preparation was to achieve a perfectly smooth surface free of any

mechanical deformation caused by grinding and polishing. Specimens were mounted in

resin, ground, and mechanically polished in a similar way to that for optical microscopy

(section 3.4.2). They were then electro-chemically polished using a solution of 55 % RNO,

in Dimethylformamide. Polishing conditions were: 3 seconds at 10 volts de at a

temperature of 20°C. Finally the resin was sputter coated with AuPd by placing a mask

over the sample surface.

3.5.2 EBSD Technique

Individual grain orientation measurements were made usmg electron back-scatter

diffraction (EBSD) in a scanning electron microscope (SEM). The EBSD system used is

illustrated schematically in Figure 3.17. The SEM used was a LEICA Instrument S440

located at the Electron Microscope Unit, also at the University of Cape Town. Samples

were inserted into a sample holder machined to an inclined angle of 70.5° to the horizontal.

Samples were thus highly inclined to the electron beam in the SEM. The resulting back

scattered electrons formed diffraction patterns (Kikuchi patterns) that were detected by a

phosphor screen placed inside the SEM chamber. The diffraction pattern image on the

phosphor screen was recorded by a low light video camera placed adj acent to a port in the

SEM chamber. The video signal was then fed to a computer containing a frame grabber

card. The image was enhanced by multiple sampling and averaged by the computer
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resin, ground, and mechanically polished in a similar way to that for optical microscopy 
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located at the Electron Microscope Unit, also at the University of Cape Town. Samples 
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Samples were thus highly inclined to the electron beam in the SEM. The resulting back 

scattered electrons formed diffraction patterns (Kikuchi patterns) that were detected by a 

phosphor screen placed inside the SEM chamber. The diffraction pattern image on the 

phosphor screen was recorded by a low light video camera placed adj acent to a port in the 

SEM chamber. The video signal was then fed to a computer containing a frame grabber 

card. The image was enhanced by multiple sampling and averaged by the computer 
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software used. The enhanced pattern image was then displayed on a monitor. From the

displayed captured image the zone axes were manually located using a computer mouse,

and the pattern was then indexed by the computer algorithm. The system was calibrated by

indexing a diffraction pattern produced from a Si single crystal that was placed adjacent to

the sample in the sample holder.

\/
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~

specme n L-

I I
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Figure 3.17 Schematicdiagram of EBSD system in SEM

3.5.3 Orientation Imaging

Orientation imaging refers to the method whereby the orientations of single grains are

related to their position in the microstructure. An image of the microstructure of the region

under investigation was obtained by channelling contrast of back scattered electrons

measured by a back scatter detector placed immediately below the phosphor screen in the

SEM chamber. Once a grain's orientation was measured, the orientation was related to a

specific grain in the image by means of a numbering system. In this way an orientation

image was produced.
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The measured orientations of individual grains were related to ideal orientations (see Table

3.3). If the misorientation between the measured orientation and a specific ideal orientation

was found to be less than 15°, the measured orientation was then classed as having the ideal

orientation. If a measured orientation could not be matched to an ideal orientation in this

way, it was then classed as having a random orientation. Misorientations between

measured and ideal orientations were calculated by assuming cubic and orthorhombic

symmetry. The calculations were performed by custom written software (source code listed

in Appendix B) which made use of matrix algebra to calculate the misorientations as

follows:

Eqn3.4

where M, L and G represent the misorientation, ideal and measured orientation matrices

respectively.

Since unrecrystallised regions of the microstructure appeared somewhat mottled (due to the

high dislocation densities which affected electron channelling in these regions) in the back

scatter images, it was not always possible to relate nucleated grains to specific aspects of

the deformation structure, especial1y shear bands. Samples were therefore prepared for

optical microscopy immediately fol1owing EBSD imaging so that an optical image of the

same regions investigated in the SEM could be obtained. In this way additional

information could be added to the orientation image produced. In order to obtain an optical

image, the relevant area of the sample had to be located. This was facilitated by micro­

hardness indentation marks that acted as navigation marks that had been made prior to any

EBSD measurements and SEM imaging.

3.5.4 Texture Representation

Orientation distribution functions (ODFs) were generated from local orientation

measurements performed on certain partial1y recrystallised specimens. A detailed

description of ODFs is given in section 3.6.3. In this instance ODFs were generated by the

superposition of the calculated Gauss-peaks corresponding to each measured grain

orientation. Each grain orientation was assigned the same weight and no attempt was made
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to correct for volume effects that might have resulted from grains of different orientations

having different sizes. The Gauss type distribution corresponding to each grain orientation

was calculated from the orientation density S that decreases exponentially as a function of

the angular distance \jf from the exact orientation according to:

Eqn 3.5

Where \jfo is the half scatter width and SO IS equal to 1 for single gram orientation

measurements.

3.6 Macrotexture Investigations

3.6.1 Sample Preparation

Macro or bulk texture measurements were performed on the mid thickness plane of PSC

specimens. Specimens were thus ground and mechanically polished to the mid thickness

plane before being chemically polished. Chemical polishing was performed in a solution of

15 % NaOH in H20 (with a spoon of table sugar added) for a period of IS to 20 minutes.

Specimens were then cleaned in a 10 % HNO, solution for 10 seconds.

3.6.2 X-ray Diffraction Measurements

X-ray diffraction was performed on PSC samples in order to measure their bulk or average

textures (preferred orientation of grains). All X-ray diffraction measurements were

performed at MlNTEK, Randburg, South Africa using a Siemans D500TT X-ray

diffractomer fitted with a molybdenum anode tube and an Euler cradle. Textures were

quantified via incomplete pole figures measured from an area of approximately 200 mm'

using MoKu, radiation in back reflection mode.

3.6.3 Data Representation

The traditional form of representation of bulk texture measurements has, until fairly

recently, been by means of pole figures. Pole figures, however, are two dimensional
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projections of three dimensional orientation distribution space. A full description of

orientation distribution is given by the orientation distribution function (ODF). A

mathematical method has been used to calculate the bulk texture ODF's represented in this

work from four incomplete pole figures; those of (III), (200), (220) and (311). This

method is the so-called series expansion method (lmax = 22) that uses generalised spherical

harmonics. The ODF plots have been reduced to 0° ~ <PI' ~, <P2 ~ 90° in Euler angle space

due to the cubic-orthorhombic symmetry of the samples measured. The plots consist of <pz

constant sections (in 5° intervals) with density contours plotted at 15 % intervals of the

maximum intensity value (times random value). Volume fractions of ideal orientations

have been calculated by integration over 15° around the ideal orientation peaks. This fact

explains why some volume fraction charts presented in Chapters 4 and 5 (Figure 4.7b,

Figure 5.12 and Figure 5.14) indicate cumulative volume fractions greater than 100 %. The

overlap that results from ideal orientations that are separated by less than 15° in orientation

space accounts for this. The ideal orientations considered in this study are those listed in

Table 3.3, which provides both the Miller indices and Euler angles for each orientation.

Cu (Copper) 90° 35° 45° {1l2}<lll>

S 59° 33° 65° {123}<634>

Brass 35° 45° 0°/90° {01l}<211>

Goss 0° 45° 0°/90° {01l}<100>

Cube 0° 0° 0°/90° {001}<100>

CUbew, (ND rotated Cube) 22° 0° 0°/90° {001}<310>

CubeRD (RD rotated Cube) 0° 22° 0°/90° {013}<100>

R (retained rolling) 63° 31° 60° {124}<211>

Q 45° 15° 10° {013}<231>

P 70° 45° 0°/90° {01l}<122>

Table 3.3 Euler angles and Miller indices of ideal orientations considered.
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3.7 Transmission Electron Microscopy

3.7.1 Sample Preparation

56

A rod, 3 rnrn in diameter, was machined from the centre of PSC specimens in the way

indicated in Figure 3.18. Part of the rod's outer diameter was machined flat to indicate its

relative orientation to the PSC specimen; the flattened section corresponded to the rolling

plane of the PSC specimen. Thin discs were sliced from this rod to prepare specimens for

transmission electron microscopy (TEM) that would result in a longitudinal view relative to

the compressive geometry. These discs were mechanically ground to a thickness of about

100 urn before being electro-chemically polished. Polishing was by means of controlled

twin-jet polishing using a solution of 20 % HNO, in methanol at 20 volts and at a

temperature of -20°C.

rod fro~ centre
of PSC specinen

o
elise for TEM

(

Fignre 3.18 Orientation of TEl\I specimens in relation to PSC geometry.

3.7.2 Microscopy

Transmission electron microscopy was carried out on a Jeol 200CX microscope at an

accelerating voltage of 200 keY. Bright field images were obtained and the orientations of

the images were recorded relative to the specimen orientation in the sample holder. In so

doing it was possible to record the relative orientation of the images to the deformation

geometry by means of the flattened section of the specimen that corresponded to the rolling

direction.



4. Asymmetric Flow During Plane Strain

Compression

4.1 Description

Asymmetric flow was observed to sometimes occur during plane strain compression. The

longitudinal view of specimens in situ after deformation is depicted in Figure 4.1. The

specimen cross sections depicted are a true representation of their shape after compression

to strains of E = 2.7. Figure 4.la shows the configuration that would be expected and is

indeed observed for a symmetrical deformation; a typical "dog bone" shape that is

symmetrical about both the normal direction (ND) and rolling direction (RD). Figure 4.1b,

in contrast, shows the shape observed for an asymmetrical deformation, which is

asymmetrical about the ND and RD axes. Both tests depicted in Figure 4.1 were performed

under identical conditions (at room temperature, to strains of E = 2.7 and at strain rates of 1

S·I) on two hot rolled and annealed AI-lMg specimens. These specimens were sectioned

parallel to the longitudinal plane (i.e. the plane containing the ND and RD) at a point

midway across the transverse direction (TD) to produce longitudinal views of the specimen

segment in contact with the platens at the end of the test (Figure 4.2). Each view is a

montage of optical micrographs that serve to illustrate the flow pattern involved by the

elongated grain morphology that is revealed. The flow pattern shown in Figure 4.2a, which

corresponds to the specimen with an external symmetrical shape (Figure 4.1 a), is clearly

symmetrical about the central ND and RD axes and is also uniform across most of the ND­

RD plane. The pattern depicted in Figure 4.2b, which corresponds to the specimen with an

external asymmetrical shape (Figure 4.lb), on the other hand lacks this symmetry and the

region of uniform strain is very limited.

The development of an asymmetrical flow pattern, as shown in Figure 4.2b, was traced by

sectioning PSC specimens after fixed strain increments. Figure 4.3 depicts the flow

patterns of AI-lMg-lMn specimens after strains values ofs = 0.55, E = 0.97, E = 1.6 and E =

2.2. The overall shapes of the specimens deformed to strains of 0.55 and 0.97 remained
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symmetrical with resultant symmetrical flow patterns as shown in Figure 4.3a and Figure

4.3b respectively. The shape of the specimen deformed to a strain of 1.6 appeared to be

slightly asymmetrical and its corresponding flow pattern (Figure 4.3c) appears to exhibit

some loss of symmetry. The shape of the specimen strained to a value of 2.2, however, was

definitely asymmetrical as was its corresponding flow pattern that is shown in Figure 4.3d.

It must be emphasised that asymmetrical flow was not always detected even at strains up to

I: = 2.7. There was also a greater tendency for asymmetric flow to occur in the AI-IMg­

IMn alloy compared to the AI-IMg al1oy.

(a) (b)

Figure 4.1 Schematic representation of deformed specimens in relation to platens for (a)
symmetrical and (bl asymmetrical deformation

I')
R D->

F-=~=-ig-;;C~~~
Ib)

Figure 4.2 Optical micrographs showing longitudinal views of two AI-IMg specimens: (a)
deformed symmetrically and (b) deformed asymmetrically. Sections shown
correspond to the specimen segments in contact with the platens as in Figure 4.1.
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(a)

(b)

(c)

(d)

Figure 4.3 Asymmetric flow pattern development dnring incremental straining of AI-IMg­
IMn specimens: (a) E =0.55, (b) E = 0.97, (c) E = 1.6 and (d) E = 2.2.

4.2 Lateral Offset of Platens

Although the platens of the PSC ng were perfectly aligned both before and after

deformation and although the apparatus was constructed to minimise lateral movement of

the platens (section 3.2.2.2), the geometric change in the specimens when asymmetric

deformation took place suggested that a possible lateral offset of the platens occurred

during loading. Several PSC tests were thus performed whilst the lateral displacement of

the platens was monitored by observing several dial gauges set up at strategic positions. A
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maximum lateral displacement of 0.20 mm was detected when a test resulted in asymmetric

flow as shown in Figure 4.1b. This translates to an offset of only 1.5% of the width of the

platens. In addition, the lateral offset was noted to occur at a critical load coinciding

approximately with the strain at which asymmetrical flow was observed to occur (see

Figure 4.3) which suggests a limit in the machine compliance. However, the fact that

lateral offset sometimes did not occur (for identical loading conditions), suggests that there

may be an exacerbating factor that promotes lateral offset. This factor is most likely that

caused by the variation in local friction conditions between the platens and the specimen.

An increase in friction locally will inhibit the lateral flow of material and therefore exert a

lateral force on the platens. The fact that the critical load for the onset of lateral

displacement was more easily exceeded for the AI-IMg-IMn alloy compared to the AI­

IMg alloy is due to the higher flow stress intrinsic for the former alloy. This also explains

why the onset of asymmetric flow was observed at a lower critical strain for the AI-IMg­

lMn alloy.

4.3 Analysis

The analysis of asymmetric flow during PSC is dependent on the slip-line field that is

applicable. The determination of the complete slip-line field in non-trivial due to the

friction conditions which are involved, which are somewhat intermediate between smooth

and perfectly rough interface conditions. It is not the intention of this analysis to develop a

complete slip-line field for the two situations of symmetric and asymmetric flow depicted

in Figure 4.1. Rather, attention will be placed on the plastic-rigid boundaries between the

deforming (plastic) material and the overhanging non-deforming (rigid) material. These

boundaries, which are initiated at the sharp comers of the platens and spread inwards until

they meet near the geometric centre of the specimen, form the basis for the construction of

the rest of the slip-line field. Hill et al" have shown that for rough platens the plastic-rigid

boundary is a straight line that meets the centre-line at 45° for any value of the b/h - platen

breadth to specimen height - ratio (see Figure 2.5b). This is based on the assumption that

the platens are of equal width and that indentation is symmetrical. Green" has shown that

the plastic-rigid boundary is not necessarily a straight line, although it still meets the centre­

line at 45°, for smooth platens (Figure 2.6). However, for integral values ofb/h the plastic-
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rigid boundary was shown to be a straight line for smooth platens. For high amounts of

strain several integral values ofblh are derived for relatively small increments in strain. In

this study for example, b/h has an integral value when h = 2.2 mm and again when h = 1.85

rnm. Thus it is at least reasonable to assume a straight-line representation of the plastic­

rigid boundary for intermediate friction conditions and for high strain amounts. A further

factor influencing the present choice of plastic-rigid boundary is the exact nature of friction

at the interface. Thomason" has reported that viscous lubricants, like that used in this

study, may become entrapped in the centre region of the platen / specimen interface. This

leads to much higher than average friction conditions at the edges of the platens, whereas

the friction might approach zero at the centre of the platens. The slip-line field at the platen

edges is thus more likely to resemble the field corresponding to rough platens than for

smooth platens, and consequently a straight line boundary is more likely.

The case of compression between platens of unequal breadth has been investigated by

Johnson and Kudo'". They found it necessary to modify the slip-line field solution

presented by Hill et al63 for rough interface conditions. The plastic-rigid boundary was

assumed to be made up of two perpendicular straight lines of equal length, originating from

the die edges and meeting at some point other than the centre thickness line. In this way the

slip-line field can always be started by drawing a right-angled isosceles triangle between the

edges ofthe two platens. An example of a slip-line field calculated by Johnson and Kudo'"

that corresponds to a difference in platen breadth of2~ is presented in Figure 4.4.

I~

Figure 4.4 Slip-line field for compression between perfectly rough platens of unequal breadth,
2~, as calculated by Johnson and Kudo!",
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On the basis on the aforementioned arguments, the plastic-rigid boundaries for the

symmetric and asymmetric flow situations shown in Figure 4.1 are presented in Figure 4.5.

When the platens are perfectly aligned (Figure 4.5a), the plastic-rigid boundaries meet the

specimen centre thickness line at an angle of 45° and thus define the start of a symmetrical

flow pattern about both the specimen horizontal (RD) and vertical axis (ND). If the platens

are offset by some value 11 (Figure 4.5b), then the plastic-rigid boundaries meet at some

point above or below the specimen centre thickness line. It is obvious that an asymmetrical

flow pattern will develop from the resultant slip line field. In this case both boundaries (left

and right hand sides) have rotated in a clockwise sense, by an amount of rotation that is

related to the offset 11. Johnson and Kudo!" have shown that for the similar case of platens

of unequal breadth, the velocity of the narrower platen is higher than that of the broader

platen by an amount that is proportional to half the difference in platen breadth, 11. In fact it

is reported that when 11 is equal to or greater than the specimen thickness (when <p = 0° in

Figure 4.5), then the velocity of the broader platen is zero and indentation from this platen

ceases. The situation in Figure 4.5b can thus be described in the following way. If the

velocity (V) of the platens at the edges is considered with respect to the specimen, then

VA>VB and VA'<VB" In other words the rate of indentation is higher at A and B' than at their

respective opposite edges Band N. Since there is no rotation of the platens, the specimen

has to rotate in order to satisfy the above velocity conditions. The rotation of the specimen

causes the geometry in Figure 4.1b to arise, and the rotation of the plastic-rigid exit

boundaries causes the flow pattern shown in Figure 4.2b and Figure 4.3d to develop.
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Figure 4.5 Schematic representation of the plastic-rigid exit boundaries for (a) perfectly
aligned platens and (b) lateral platen offset equal to an amount of d.
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4.4 Implications

4.4.1 Apparent Influence on Shear Band Formation

It has been described how asymmetrical deformation results in non-uniform material flow

as is illustrated in Figure 4.2b and Figure 4.3d. This non-uniform flow is characterised by

curved regions of elongated grains as opposed to uniform flow where grain elongat ion is

more parall el to the rolling direction (see Figure 4.2a for example). Very strong shear band

format ion was observed in these curved elongated grain regions that characterise

asymmetrical flow (Figure 4.6). Specimens that have experienced asymmetrical flow thus

appear to exhibit a higher density of shear band formation compared to specimens that have

experienced symmetrical flow for otherwise identical conditions of deformation,

Furthermore, it could be concluded that specimens that are asymmetrica lly deform ed

experience a higher amount of shear strain. The effective strain of these specimens could

thus be significantly higher than the value of the nominal strain applied.

(a) (b)

Figure 4.6 Opti cal micrographs (longitudinal view) illustrating the very stro ng shea r band
form ation that occurs in regions of curved or non-uniform material flow that is
characteristic of asymmetri cal deformation.
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4.4.2 Influence on Texture Formation

The influence of asymmetric flow on texture formation was studied by measuring both the

as deformed and the recrystallised textures (bulk texture measurements) of specimens

exhibiting symmetric and asymmetric flow. The specimens chosen were in fact the same

specimens that are depicted in Figure 4.1 and Figure 4.2 and again it must be noted that,

apart from the flow characteristics exhibited, the deformation conditions were identical for

the two specimens. Figure 4.7a shows that asymmetrical flow had very little effect on the

values of the deformation texture components compared to symmetrical flow. The

deformation texture corresponding to asymmetrical flow is only slightly weaker than that

corresponding to symmetrical flow, as can be seen by the lower value of the maximum

intensity level of the ODFs concerned (8.1 compared to 11.3) and the slightly reduced

volume fractions of the main deformation texture components (Brass, Cu and S).

Asymmetrical flow also had very little effect on the recrystallisation texture produced as

can be seen from Figure 4.7b. A weakening of recrystallisation texture caused by

asymmetrical flow could perhaps be observed from a reduction in the maximum intensity

levels of the ODFs concerned (6.6 compared to 8.3). A small, but hardly significant,

increase in the Qvolume fraction at the expense of the Cube and the Goss volume fractions

appeared also to be caused by asymmetrical flow compared to symmetrical flow.

Symmetncal Asymmetrical
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Fignre 4.7 The effect of asymmetric flow on the (a) deformation texture components and (b)
recrystallisation textnre components. (Deformation conditions identical: room
temperature, strain rate = 1 S·I, strain of E = 2.7). Max refers to maximnm
intensity level of corresponding ODF plot.
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4.4.3 Further Implications

66

Although it has been demonstrated that asymmetric flow has little apparent influence on

measured texture formation, it nevertheless remains a concern for microstructural and

texture studies. The texture measurements were conducted on the mid-thickness plane

(RD-TD plane at mid ND) which was also sectioned from the centre three-quarters of the

RD. The possible effects of asymmetrical flow where in this way minimised. The

approach for selective sampling adopted by Timothy et al" is therefore emphasised. Less

careful selection of texture samples from the PSC specimens might well have resulted in

significant differences being observed between specimens demonstrating asymmetrical and

symmetrical flow. For example, if measurements were performed at say the quarter

thickness plane it is possible that more variation in texture results might have been

recorded. Of course the situation might become a lot more critical as the amount of lateral

offset, Ll, increases.

An asymmetric flow pattern has been described for the compression of material between

parallel rotating platens with particular reference to the changing plastic-rigid exit

boundaries'"!", Collins'" has suggested that the oscillatory strain-rate field corresponding

to this situation might be the same as that which arises during the actual cold rolling of

metals. It is thus worth noting that although symmetrical flow and homogeneous strain is

being sought during PSC testing, asymmetrical flow caused by lateral platen offset may be

of some use for studying certain situations which arise during actual cold rolling.



5. Results

5.1 Shear Band Formation

The deformation variables of strain, temperature and strain rate were observed to have a

profound influence on the strength and extent of shear band formation during plane strain

compression of AI-IMg. The description of shear band formation was based mainly on

optical microscopical observations of as deformed specimens. Plane strain compression

tests were conducted for a matrix of deformation variables: for strains of E = 0.25 to 3.1 and

for temperatures from room temperature to 400°C (for a constant strain rate of I S·I). Tests

at strain rates of 0.1 S·1 and 7.5 S·1 were also conducted for certain values of strain and

deformation temperature. Both symmetrically and asymmetrically deformed specimens

were considered for investigation.

5.1.1 The Effect of Strain

Plane strain compression tests at room temperature and at a fixed strain rate of I S·1 were

performed to strains of s = 0.25, 0.6,1.1,1.6,2.7 and 3.1 in order to asses the influence of

strain on shear band formation. The strength of shear band formation was found to be

proportional to the amount of strain experienced during compression. In general, the higher

the strain, the more pronounced was the shear band formation that was observed.

For high amounts of strain, e = 2.7 and e = 3.1, shear banding was observed in nearly all

grains and shear bands were observed to cross several adjacent grains (see Figure 5.la).

The strength of the shear banding could be inferred from the very clear contrast ofthe bands

produced in the optical micrographs (resulting from polarisation differences at the anodic

surface of the samples due to orientation differences in the shear bands) and also from the

degree of distortion of the grain boundaries by the shear bands.

For medium amounts of strain, & = 1.6, the strength of shear banding was still observed to

be strong compared to higher strain amounts, although less distortion of grain boundaries
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was observed and shear bands did not appear to cross as many adjacent grains (see Figure

5.1b).

For low strains amounts, E = 0.6 and 1.1 , the strength of shear banding was observed to be

of moderate proportions compared to higher strains. Shear bands appeared to be less well

formed in general, as was observed from a lower degree of orientation contrast and less

grain boundary distortion (see Figure 5. lc) .

For very low amounts of strain, E = 0.25, shear banding was observed to be very weak.

Typically, very fine banding (not obvious shear banding) was observed with a few isolated

instances of actual shear banding (see Figure 5.1d).

(a) (b)

Figure 5.1 Optical micrographs showing the extent of shear banding for different strains
(deformation temperature = room temperature, i: = I s'): (a) E = 3.1, (b) E = 1.6, (c)
E = l.l and (d) E = 0.25.
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was observed and shear bands did not appear to cross as many adjacent grains (see Figure 
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(a) (b) 

(e) (d) 

Figure 5.1 Optical micrographs showing the extent of shear banding for different strains 
(deformation temperature = room temperature, i = Is" ): (a) E = 3.1, (b) E = 1.6, (e) 
E = 1.1 and (d) E = 0.25. 
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The effect of strain on shear band formation was also investigated for deformation

temperatures higher than room temperature. The combined effects of strain and

deformation temperature on shear band formation are summarised in Figure 5.2. A similar

variation in shear band formation with strain was observed for deformation temperatures up

to and including 250°C as compared to room temperature. The effect of deformation

temperature on shear band formation will be dealt with in further detail in the next section

(5.1.2).

5.1.2 The Effect of Deformation Temperature

5.1.2.1 Optical Observations

The effect of deformation temperature on shear band formation was evaluated by

performing plane strain compression tests at a fixed strain rate of I S·I, at strain amounts

varying from E = 0.25 to 3.1, and temperatures equal to room temperature, lOO°C, 200°C,

250°C, 300°C, 350°C and 400°C. The results of these tests are summarised in Figure 5.2.

From Figure 5.2 it can be seen that deformation temperature has very little effect on shear

band formation for temperatures up to 250°C for all strains. At 300°C some weakening

was observed for all strains, while for temperatures of 350°C and above a significant

weakening was observed for all strains. This trend is further reflected in Figure 5.3 which

reveals the extent of shear band formation for a strain of E = 2.7 and deformation

temperatures equal to room temperature, 200°C, 300°C and 350°C. The micrographs

corresponding to deformation temperatures of room temperature (Figure 5.3a) and 200°C

(Figure 5.3b) reveal little difference in the apparent strength of the shear bands observed.

The micrograph corresponding to a deformation temperature of 300°C (Figure 5.3c) shows

a small relative weakening in comparison, while that corresponding to a deformation

temperature of 350°C (Figure 5.3d) shows a significant weakening to the extent that shear

bands appear not to have formed.

There thus seems to be a critical value of deformation temperature, or range of deformation

temperature, above which the formation of shear bands is significantly impeded for all

values of strain. For a strain rate of I S·I this critical temperature would appear to lie

between 300°C and 350°C.
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Fignre 5.3 Optical micrographs showing the extent of shear handing for differcnt dcformation

temperatures (strain of c = 2.7, st rai n rate of I s '): (a) Room T emperature, (h)
200°C, (c) 300°C and (d) 350°C.
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5.1.2.2 T El\! Observations
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The effect of deform ation temperature on dislocation structures was investigated by means

of transmission electron microscopy. The dislocation structures corresponding to

deformation at room temp erature (strain rate of 1 s' and strain of E = 1.1) are shown in

Figure 5.4a. This represents a longitudinal view of the compression sample cont ainin g the

ro lling and normal directions with the rolling direction approximately para llel to the

horizontal edge of the micrograph. A distinct microband structure can be obse rved with the

bands aligned at approximately 35° to the horizonta l, and therefore also the roll ing

direc tion . A macroband or shear band can also be observed. The dislocation structures

corresponding to deformation at 350°C (strain rate of 1 s' and strain of E= 1.1 ) are show n

in Figure 5.4b. Again a longitudinal view is represented. In contrast to Figure 5.4a, Figure

5.4b reveals a more recovered equiaxed substructure.

(a)

(b)

Figure 5.4 TEl\I micrographs revealing dislocation structure after deformation at (a) room
temperature and (b) 350°C. (Strain amonnt Of E= 1.1 and strain rate = I s ' ).
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Figure 5.4 TEM micrographs revealing dislocation structure after deformation at (a) room 
temperature and (b) 350°C. (Strain amount of E = 1.1 and strain rate = Is'). 
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Furthermore, a sudden rapid drop in hardness can be observed as the deformation

temperature increases between 300°C and 350°C. This corresponds to the temperature

range over which a significant weakening in shear band formation was observed (see Figure

5.2 and Figure 5.3).
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Figure 5.6 Measured hardness of as deformed specimens as a function of deformation
temperature (for a constant strain rate of 15.1 and for a constant strain of E =2.7).

5.1.3 The Combined Effect of Strain Rate and Deformation Temperature

A decrease in strain rate during deformation is thought to have a similar effect, in terms of

dynamic recovery rates, to that of an increase in deformation temperature and vice versa.

The combined effects of strain rate and deformation temperature are often represented by

the single parameter, Z (the Zener-Holloman parameter), as given in Eqn 2.4. PSC tests

were thus conducted at critical values, in terms of shear band formation, of deformation

temperature (300°C and 350°C) and at strain rates of 0.1 s', I s' and 7.5 s" in order to vary

Z. The value of Q (activation energy) used to calculate the respective values of Z was 156

kl.mol'),

5.1.3.1 Optical Observations

It was the intention to conduct a PSC test at 300°C and at a strain rate of 0.1 s' (nominal Z

value of 1.7xlO13 s') to produce a similar value of Z compared to that of a PSC test
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conducted at 350°C and at a strain rate of I S-1 (Z value of 1.2xlOIJ S-I). The latter

combination of deformation temperature and strain rate was observed to lead to a

significant weakening in shear band formation (see Figure 5.2 and Figure 5.3d). If it were

true that an increase in the rate of dynamic recovery causes a weakening of shear band

formation, then it would be expected that the former combination of deformation

temperature and strain rate would similarly lead to a significant weakening in shear band

formation (because of the similar values of Z). However, for the relatively low value of

strain rate of 0.1 S-I, there was an associated problem of a drop in deformation temperature

during compression. An effective temperature of 267°C (as opposed to 300°C) calculated

from the measured temperature during compression, results in an effective value of Z =

1.3xlOl 4 S-1 (as opposed to 1.7xlOIJ S-I for 300°C). This value of Z is in fact closer to that

for a PSC test conducted at 300°C at a strain rate of Is-I (Z = 1.7xl014 S-I), which represents

deformation conditions leading to strong shear banding with some weakening observed (see

Figure 5.2 and Figure 5.3c). The extent of shear banding after a PSC test at a nominal

deformation temperature of 300°C (effective temperature of 267°C) and at a strain rate of

0.1 S-I (strain OfE = 2.7) can be inferred from Figure 5.7a. There is clear evidence of shear

banding although it would appear that there is a further weakening of the shear bands that

can be noticed from their reduced contrast with the matrix (compare with Figure 5.3c).

Figure 5.7b shows the extent of shear band formation for a PSC test conducted at a

deformation temperature of 350°C and at a strain rate of 7.5 S-I resulting in a Z value of

9.2xI013 S-I. This value ofZ lies between that for a deformation temperature = 350°C and a

strain rate = I S-1 (Z = 1.2xlO13 S-I), a virtually non shear banding case (see Figure 5.3d), and

that for a deformation temperature = 267°C and a strain rate = 0.1 S-I, a weakening shear

banding case (Figure 5.7a). Figure 5.7b more closely resembles Figure 5.3d than Figure

5.7a in that shear banding appears to be significantly weakened to the point of not

occumng.
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(a) (b)

50 urn

Figure 5.7 Optical micrographs showing the extent of shear banding following deformation at
(a) an effective deformation temperature = 267°C and a strain rate of 0.1 s' (Z =
1.3xlO14 s" ) and (b) a deformation temperature = 350°C and an effective stra in
rate of7 .5'-' (Z = 9.2xlOlJ

) . Strain of E = 2.7 for both (a) and (b).

5.1.3.2 Flow Stress Measurements

The effect o f strain rate on the amount of dynamic recovery can be further inferred from the

variation of measured flow stress during PSC tests due to a change in strain rate. From

Figure 5.8 it can see n how flow stress decreases as strain rate decreases, for a constant

deform ation temperature of 300°C, implying that a lower strain rate during PSC allows for

more dynamic recovery. This trend is observab le even though the effective deformation

temperature decreases as strain rate decreases (i.e. the effective deformation temperature is

267°C as opposed to 300°C at 0.1 5 ').
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Figur e 5.8 The influence of strain rate on flow stress during I'SC (for a constant deformation
temperature of 300°C).
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5.1.3.3 Hardness Measurements
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Hardness measurements as a function of both strain rate and deformation temperature (i.e.

Z) are presented in Figure 5.9. The four deformation conditions represented correspond to

deformation conditions of: temperature = 300° and strain rate = I S·1 (Z = 1.7xI014) ,

temperature = 267°C and strain rate = 0.1 S·1 (Z = l.3xI014
) , temperature = 350°C and strain

rate = 7.5 S·1 (Z = 9.2xI013
) , and temperature = 350°C and strain rate = I S·1 (2 = 1.2xI01

' ) .

These measurements were performed on as deformed PSC specimens after a strain of E =

2.7. A similar trend compared to flow stress behaviour is observed as 2 decreases. That is,

a decrease in hardness is observed to occur as 2 decreases. This further confirms the

observation that dynamic recovery increases as Z decreases.

80

75 -

70 -

cQ 65 - (300°C,l/s)

• (267"C, 0.1 Is)
0 60 •If)
'-' 55 -

~ 50
(350°C,7.5/s)

(350°C, lis)•
45 - •
40

35
2.05E+14

,

1.55E+14 1.05E+14
<-- Z

5.50E+13 5.00E+12

Figure 5.9 Measured harduess of as deformed specimens as a functiou of strain rate and
deformation temperature, represented by Z (for a constant strain of E =2.7).
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5.2 Deformation Textures

77

Deformation textures were measured from bulk X-ray diffraction measurements on as

deformed (i.e. immediately quenched after deformation) PSC samples.

5.2.1 Starting Texture

As was discussed in detail previously (see section 3.1.2), the starting condition of the PSC

specimens was characterised by a partially recrystallised microstructure following hot

rolling and annealing. The texture of the starting material condition was measured by X-ray

diffraction at the mid-thickness plane of the PSC specimens. An ODF representation of the

measured texture is given in Figure 5.10, which reveals a fairly weak texture resulting from

a mixture of deformation components (Brass, Copper and S) and recrystallisation

components (a Cube texture with strong ND scattering and an enhanced Goss orientation).

MAX_ s ee

Figure 5.10 ODF bulk texture represeutatiou of starting material condition.
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5.2.2 The Effect of Strain

The effect of the amount of strain on deformation texture was investigated by measuring the

as deformed textures ofPSC specimens deformed to strains of e = 1.6,2.7 and 3.1 (for a

constant deformation temperature of room temperature and a constant strain rate of 1 s').

ODF plots representing deformation textures after strains of e = 1.6 and & = 3.1 are

presented in Figure 5.11. The two ODF plots are very similar in appearance and there is not

much difference in intensity levels. They both represent typical Copper deformation

textures and also demonstrate a very long a-fibre (Goss to P). Furthermore, there is not

much difference between the relative volumes of the different components of the

deformation texture as a function of strain as is shown in Figure 5.12.
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Figure 5.11 ODF plots representing as deformed textures after PSC tests to strains of (a) & =

1.6 and (b) & = 3.1, (for a constant deformation temperature =25°C and a constant
strain rate =1 s").
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Figure 5.12 The effect of strain on the relative volumes of the different deformation texture
components (constant deformation temperature = 25°C and constant strain rate =
1 s"), Max values refer to maximum intensity levels of corresponding ODF plots.

5.2.3 The Effect of Deformation Temperature

The effect of deformation temperature on deformation texture was investigated by

measuring the as deformed textures of PSC specimens deformed at temperatures of room

temperature, 300°C, 350°C and 400°C (for a constant strain amount of E = 2.7 and at a

constant strain rate of Is"). ODF plots representing the deformation textures of the two

extreme values (room temperature and 400°C) of deformation temperature are shown in

Figure 5.13. There is little difference in terms of the general appearance of the two plots.

Both represent a typical copper deformation texture with strong peaks apparent around the

Brass orientation and weaker peaks around the P and Goss ideal orientations. There are

certainly no signs ofrecrystallisation texture components in Figure 5.13b (corresponding to

deformation at 400°C). The main difference between the two plots is that of measured

intensity. The plot corresponding to deformation at room temperature (Figure 5.13a) has a

maximum intensity level of 11.3 times random, while the plot corresponding to

deformation at 400°C (Figure 5.13b) has a maximum intensity level of21.1 times random.

These observations are reinforced by a plot of the relative values of the various deformation

texture components as a function of deformation temperature (Figure 5.14). From this plot

it can be observed that the main deformation texture components (especially the S and
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Brass components) increase as deformation temperature increases. There is no measurable

variation of the Q, P, Goss and Cube components as a function of deformation temperature.

..u _ 21.10(a)IL- ----' (bJ--------------'

Figure 5.13 ODF plots representing as deformed textures after PSC tests at deformation
temperatures of (a) room temperature and (b) 400°C, (for a constant strain of e =
2.7 and at a constant strain rate of 1 s'),
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Figure 5.14The effect of deformation temperature on the volumes ofthe different deformation
texture components (for a constant strain of E = 2.7 and a constant strain rate = 1
S·I). Max values refer to maximum intensity levels of corresponding ODF plots.

5.3 Recrystallisation Behaviour

5.3.1 Grain Nucleation at Shear Bands

5.3.1.1 Recrystallisation Kinetics

In order to investigate grain nucleation at shear bands following deformation it was

necessary to investigate specimens in a partially recrystallised state. To achieve such a

state, specimens were subjected to a very short controlled "flash anneal" in a salt bath. The

time of the anneal was determined by the recrystallisation kinetics of the particular

specimen. Some idea of the recrystallisation kinetics for an annealing temperature of

420°C is given in Figure 5.15. It must be stressed that the inclusion of Figure 5.15 is not an

attempt to represent an accurate account of the kinetics of the indicated deformation

conditions, due to a low number of data points and an estimation of recrystallised volume

fraction. Rather, it serves to indicate the narrow time window available, in terms of

annealing time, to achieve a suitable partially recrystallised state. For example, for
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deformation conditions of strain e = 2.7, strain rate = 1 s' and deformation temperature =

room temperature, the time window is approximately 5 seconds. If an ideal partially

recrystallised state is defined as between 25 and 65 % recrystallised (when a sufficient

quantity of new grains have nucleated and their relationship to the old deformed grains can

still be observed), then this time window is further reduced. For the above example, the

time window would thus be reduced to approximately 2 seconds. For higher annealing

temperatures the effective time window would be even less.

-T = RT, str = 2.7
. T = RT, str = 1.6
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Figure 5.15 Au iudicatiou of the recrystallisatiou kiuetics for the deformatiou couditious
iudicated (auuealiug temperature = 420°C).

5.3.1.2 Optical Observations

Good evidence of grain nucleation at shear bands was obtained from optical microscopy

performed on specimens in partially recrystallised states following deformation at

conditions that favoured strong shear band development. Several examples of grain

nucleation at shear bands are presented in Figure 5.16. Figure 5.l6a represents a typical

partially recrystallised microstructure where new small equiaxed grains can be seen to have

nucleated at various positions in relation to the old deformed highly elongated grain

structure. Grains that appeared to have nucleated at shear bands are shown in Figure

5.16(b-d), while grains at the very beginning stages of nucleation at shear bands are shown

in Figure 5.l6e and Figure 5.l6f.
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Figure 5.16 Optical micrographs showiug evidence of grain nucleation at shear bands. (a) is a
typical example of a partially recrystallised microstructure, (b)-(d) show grains
that appear to have nucleated at shear bands and (e) and (I) show grains at the
begiuning stages of nucleation at shear bands (eg grain indicated by arrow in (I) ).
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Figure 5.16 Optical micrographs showing evidence of grain nucleation at shear bands. (a) is a 
typical example of a partially recrystallised microstructure, (b)-(d) show grains 
that appear to have nucleated at shear bands and (e) and (I) show grains at the 
beginning stages of nucleation at shear bands (eg grain indicated by arrow in (I) . 
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5.3 .1.3 Local Orientation Measurements

S4

An atte mpt was made at measuring the orientations of individual grains thought to have

nucl eated at shear bands using the SEM based EBSD technique. Fo r a part icular field o f

view, ori entation images were built up from electron channelling co ntrast (ECC) images

and in most cases a corresponding optical image. Examples of these images are presented

in Figure 5.17 - Figure 5.22. The orientations of particu lar grains that were measured were

related to ideal orientations if the misorientation between the orientation of the measured

grain and the orientation of the ideal orientation was less than 15°. The following index ing

sys tem was employed: R: Retained rollin g, Q: Q, P: P, G: Goss, C: Cube includ ing

scatterings around bot h ND and RD (i.e. Cube. j, and CubeRD) , X: Random. Figure 5. 17 ­

Figure 5.22 reveal no or little evidence of any preferred orientation of grains nucleating at

shea r bands. In fact, most of the grains that can clearly be seen to have nuclea ted at shear

bands have a random orientation . Th ere is perhaps some evidence of a very weak

preference of near Goss and Q orientated grains nucleating at shear bands (see especially

Figure 5.17 - Figure 5.20)

Figure 5.17 ECC or ienta tion image of partially ree rystallised PSC speci men. (PSC at room
te mperat u re, at a strain rat e of 1 5" and to a stra in of E = 1.6. Annea ling at 420°C
for 10 sees) .
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An attempt was made at measuring the orientations of ind ividual grains thought to have 

nucleated at shear bands using the SEM based EBSD technique. For a parti cular fie ld of 

view, orientation images were built up from electron channelling contrast (ECC) images 

and in most cases a corresponding optical image. Examples of these images are presented 

in Figure 5.17 - Figure 5.22. The ori entations o f particular grains that were measured were 

related to ideal orientations if the misorientation between the ori entat ion o f the measured 

grain and the orientation of the ideal orientation was less than 15°. The fo llowing indexing 

system was employed: R: Retai ned rolling, Q: Q, P: P, G: Goss, C: Cube including 

scatterings around both ND and RD (i.e. CubeNo and CubeRO)' X: Random. Figure 5.1 7 -

Figure 5.22 reveal no or li tt le evidence of any preferred orientation of grains nucleati ng at 

shear bands. [n fact, most of the grains that can clearly be seen to have nucleated at shear 

bands have a random orientation. There is perhaps some evidence of a very weak 

preference of near Goss and Q ori entated grains nucleating at shear bands (see especiall y 

Figure 5. [ 7 - Figure 5.20) 

Figure 5.17 ECC orientation image of partially reerystallised PSC specimen. (pSC at room 
temperature, at a strain rate of 1 s" and to a strain of E = 1.6. Annealing at 420°C 
for 10 sees). 
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(b)

Figure 5.18 (a) ECC and (b) optica l orie ntation images of th e sa me field of view of partially
recrystalli sed PSC specimen (PSC at room temp er ature, at a stra in rate of 1 s'
and to a stra in of E = 1.6. Annealing at 420°C for 10 sees).
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(b) 

Figure S.18 (a) ECC and (b) optical orientatiou images of the same field of view of partially 
recrystallised PSC specimen (pSC at room temperature, at a strain rate of I " 
and to a strain OfE = 1.6. Annealing at 420°C for 10 sees). 
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(b)

Figure 5.19 (a) ECC and (b) oplical orientation images of the same field of view of partially
recrystalliscd PSC specimen (PSC at room temperature, at a strain rate of 1 S-I

and to a strain of € = 2.7. Annealing at 420°C for 7 sees).
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(b)

Figure 5.20 (a) ECC and (b) optica l orienta tion images of the same field of view of partially
recrys tallised PSC specimen (PSC at room temperature, at a str ain rate of I S-I

and to a st rain OfE= 2.7. Ann ealin g at 420°C for 7 sees). Note th e micro-hardness
indentation mark visible in the lower half of both (a) and (b) that acted as a
navigation guide for finding the same field of view,
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(b)

• 20l.lffi

Figure 5.21 (a) ECC and (b) op tical orientation images of the same field of view of partially
recrys ta lllscd PSC s pecime n (PSC at room temperature, at a stra in rate of l s"
and to a st r ain of E = 2.7. Annealing at 420°C for 7 sees).
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(b)

Figure 5.22 (a) ECC and (b) optical orientation images of the sa me field of view of partially
reerystallised PSC specimen (PSC at room temperature, at a strain rate of 1 S-I

and to a strain OfE= 2.7. Annealing at 420°C for 8.5 sees).
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(a) 

(b) 

Figure 5.22 (a) ECC and (b) optical orientation images of the same field of view of partially 
reerystallised PSC specimen (pSC at room temperature, at a strain rate of I 5-

1 

and to a strain Of E = 2.7. Annealing at 420°C for 8.5 sees). 
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might be as a result of these orientated grains nucleating in localised regions containing

shear bands.

Figure 5.24 ECC orientation image of an almost fully recrystallised PSC specimen (PSC at
room temperature, at a strain rate of 1 s' and to a strain of s = 2.7. Annealing at
420°C for 10 sees). Letters in brackets reflect a misorientation of between 15° and
20°with the particnlar ideal orientation.

5.3.2 Bulk RecrystaIlisation Textures

5.3.2.1 Annealing Conditions

The bulk texture of fully recrystallised conditions was determined from X-ray diffraction

measurements performed at the mid-thickness plane of deformed and annealed PSC

specimens. The standard annealing condition for most samples consisted of a 3 minute

anneal at 420°C in a salt bath unless otherwise indicated.

Results 91 

might be as a result of these orientated grains nucleating in localised regions containing 

shear bands. 

Figure 5.24 ECC orientation image of an almost fully recrystallised PSC specimen (PSC at 
room temperature, at a strain rate of 1 S·I and to a strain of £ = 2.7. Annealing at 
420°C for 10 sees). Letters in brackets reflect a misorientation of between 15° and 
20° with the particular ideal orientation. 

5.3.2 Bulk RecrystaUisation Textures 

5.3.2.1 Annealing Conditions 

The bulk texture of fully recrystallised conditions was detennincd from X-ray diffraction 

measurements perfonned at the mid-thickness plane of deformed and annealed PSC 

specimens. Thc standard annealing condition for most samples consisted of a 3 minute 

anneal at 420°C in a salt bath unless otherwise indicated. 



Results 92

5.3.2.2 The Effect of Strain

The effect of the amount of strain on recrystallisation textures was investigated by

measuring the textures of annealed PSC specimens deformed to strains of E = 1.6, 2.7 and

3.1 (pSC tests conducted at room temperature and at a strain rate of 1 s'), ODF plots

corresponding to strains of E = 1.6 and 3.1 are presented in Figure 5.25a and Figure 5.25b

respectively. These two plots both represent weak recrystallisation textures with peaks

around the Cube, R and, to a lesser extent, Goss, P and Q ideal orientations noticeable.

There are no significant differences observable between them. A plot of the relative

volume fractions of the different recrystallisation texture components as a function 0 f strain

is given in Figure 5.26. There is not much variation of the different components as a

function of strain, other than a small increase in the P and Goss components with strain.

(aJL- --.J (b)L- ---'

Figure 5.25 ODF plots representing recrystallised textures after annealing subsequent to PSC
at (a) a strain of E = 1.6 and (b) a strain of E = 3.1, (for a constant deformation
temperature = room temperature and at a constant strain rate of 1 S·I).
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Figure 5.26 The effect of strain on the relative volumes of the different recrystallisation
texture components (for a constant deformation temperature = room temperature
and for a constant strain rate = 1 s"), Max values refer to maximum intensity
levels of corresponding ODF plots.

5.3.2.3 The Effect of Deformation Temperature

The effect of deformation temperature on recrystallisation texture was investigated by

measuring the bulk textures of annealed PSC specimens deformed at temperatures in the

range between room temperature and 400°C for strain amounts of both E = 2.7 and E= 1.6

(at a constant strain rate of I s'), It was found that deformation temperature had a

significant effect on recrystaIIisation texture and this effect was more marked at the higher

strain OfE = 2.7.

ODF plots representing the recrystaIIised textures of specimens deformed at room

temperature, 300°C, 350°C and 400'C (to a strain OfE = 2.7) are included in Figure 5.28. A

distinct difference between the plots corresponding to deformation temperatures of room

temperature and 400°C (Figure 5.28a and Figure 5.28d respectively) can be noticed. Figure

S.28a represents a weak recrystallisation texture (maximum intensity level = 6.6) with

peaks observable around the Cube, R, Goss, P and Q orientations. Figure 5.28d, in

comparison, represents a strong recrystaIIisation texture (maximum intensity level = 45.6)

that is dominated by a strong Cube component with very weak peaks around the Rand

Goss orientations. The ODF plot corresponding to a deformation temperature of 300°C,
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with a maximum intensity level = 14.9, (Figure 5.28b) more closely resembles Figure 5.28a

than Figure 5.28d. However, the plot corresponding to a deformation temperature of

350°C, with a maximum intensity level = 49.2, more closely resembles Figure 5.28d than

Figure 5.28a. These observations are further supported by a plot (Figure 5.27) of the

relative volumes of the different recrystallisation texture components as a function of

deformation temperature at a constant strain of E = 2.7. From this plot it can be seen that

there is a dramatic increase in the Cube volume fraction as the deformation temperature

increases from 300°C to 350°C. At deformation temperatures of 300°C and below the

Cube volume fraction remains relatively low (less than 18 %), while at higher deformation

temperatures (350°C and 400°C) the Cube volume fraction is significantly higher (about

45%). A similar dependence of the Goss volume fraction with deformation temperature,

compared to the Cube volume fraction, can be observed although it is not nearly as marked

as that of the Cube. A very small decrease in the Q and P volume fractions as a function of

increasing deformation temperature could possibly be inferred from Figure 5.27, while it

would seem that the R volume fraction is stable as a function of deformation temperature.

~-~-- -------~- ----

90 max =492 max =45.6

80 .R
~ 70 max =14.9 mO
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Figure 5.27 The effect of deformation temperatnre on the relative volumes of the different
recrystallisation texture components (to a constant strain E = 2.7 and for a
constant strain rate = 1 5"). Max values refer to maximum intensity levels of
corresponding ODF plots.
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Figure 5.28 ODF plots representing recrystallised textures after annealing subsequent to PSC
at deformation temperatures of (a) room temperature, (b) 300°C, (c) 350°C and
(d) 400°C (to a constant strain E = 2.7 and at a constant strain rate of 1 S·I).
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The recrystallised textures of specimens deformed at 300°C and 350°C, to a strain of E =

1.6, are represented by ODF plots in Figure 5.29a and Figure 5.29b respectively. These two

plots show a substantial difference in recrystallisation texture caused by an increase in

deformation temperature of only 50°C in line with the plots for the higher strain of' s = 2.7.

The maximum intensity level of Figure 5.29b is equal to 23 times random, which is more

than double the value corresponding to Figure 5.29a (11.1 times random). Figure 5.30

summarises the differences in the relative amounts of the different recrystallisation

components for PSC tests conducted at room temperature, 300°C, 350°C and 400°C (to a

strain of E = 1.6). Compared to the plot for E = 2.7 (Figure 5.27), Figure 5.30 shows a

similar increase of the Cube texture component with increasing deformation temperature.

Again a significant increase in Cube volume fraction as deformation temperature increases

from 300°C to 350°C can be observed, although this increase is not as dramatic as that

observed in Figure 5.27. A similar increase of the Goss component with increasing

deformation temperature can also observed from Figure 5.30. A decrease in the Q

component with increasing deformation temperature might be noticed as well.
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Figure 5.29 ODF plots representing recrystallised textures after annealing snbsequent to PSC
at deformation temperatures of (a) 300°C and (b) 350°C (to a constaut strain e =
Lfi and at a constant strain rate of 1 s').
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Figure 5.30 The effect of deformation temperature on the relative volumes of the different
recrystallisation texture components (to a constant strain £ = 1.6 and for a
constant strain rate = 1 s'), Max values refer to maximum intensity levels of
corresponding ODF plots.

5.3.2.4 The Combined Effect of Strain Rate and Deformation Temperature

From the previous section (5.3.3.2), it is evident that there is a significant change in

recrystallisation texture as the deformation temperature increases from 300°C to 350°C for

a constant strain rate of 1 s'. The combined effect of deformation temperature and strain

rate, represented by a single parameter - Z (the Zener-Holloman parameter), was

investigated by measuring the recrystallisation textures of two additional annealed

specimens. One deformed at an effective temperature of 267°C and at a strain rate of 0.1 s'

and the other deformed at a temperature of 350°C and at a strain rate of 7.5 s' (both

deformed to a strain of E = 2.7). These deformation conditions correspond to values of Z of

1.3x1014 s' and 9.2x10 ll s' respectively. These values lie between those Z values

corresponding to deformation at 300°C and 350°C (at a strain rate of 1 s'), The combined

influence of strain rate and deformation temperature can thus be inferred from a plot (Figure

5.31) ofthe relative volumes ofthe different recrystallisation components as a function of Z

for the four deformation conditions mentioned above. Figure 5.31 shows that the Cube

volume fraction increases by a significant amount in a fairly continuous manner as Z

decreases over a relatively small range.
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Figure 5.31 The combined effect of strain rate and deformation temperature (represented by
Z) on the relative volumes of the different recrystallisation texture components
(for a constant strain of E = 2.7). Max values refer to maximum intensity levels of
corresponding ODF plots.

5.3.2.5 The Effect of Annealing Temperature

The effect of annealing at higher temperatures, compared to the standard temperature of

420°C, on recrystallisation texture was also investigated. The recrystallisation textures of

specimens deformed at room temperature, at a strain rate of I s' and to a strain of E = 2.7

and annealed at temperatures of 500°C and 550°C were measured. The recrystallisation

texture of a specimen deformed at room temperature, at a strain rate of I s' and to a strain

of E = 3.1 and annealed at a temperature of 550°C was also measured. These two sets of

deformation conditions both favour strong shear banding (stronger for a strain of E =3.1).

The recrystallisation textures after annealing at 500°C and 550°C (for a strain of E = 2.7)

are illustrated in ODF plots in Figure 5.32a and Figure 5.32b respectively. Annealing at

500°C compared to annealing at 420°C (compare Figure 5.32a to Figure 5.28a) was seen to

cause little observable difference in the recrystallisation texture produced. Annealing at

550°C compared to annealing at 420°C (compare Figure 5.32b to Figure 5.28a), however,

caused an observable difference in recrystallisation texture. The texture produced after

annealing at 550°C was stronger, with the Cube component increasing in strength at the

expense of the P and Q components. This observation is also reflected in a plot of
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recrystallisation texture components as a function of annealing temperature for a strain of £

= 2.7 (see Figure 5.33). From this plot it can be seen that the Cube volume fraction

increases slightly as annealing temperature increases and that the Q volume fraction

decreases correspondingly as a function of increasing annealing temperature. An increase

in Cube volume fraction with annealing temperature is also apparent from a similar plot of

recrystallisation texture component volume fractions versus annealing temperature for a

strain of's = 3.1 (see Figure 5.34).

Figure 5.32 ODF plots representing recrystallised textures after annealing at (a) 500°C and (b)
550°C subsequent to PSC to a strain of £ = 2.7, at a deformation temperature =
room temperature and at a strain rate of 1 s",
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Figure 5.33 The effect of annealing temperature on the relative volumes of the different
recrystallisation texture components (deformation at room temperature, strain
rate ~ 1 S~I and to a strain of ~ ~ 2.7). !\lax values refer to maximum intensity
levels of corresponding ODF plots.
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Figure 5.34 The effect of annealing temperature on the relative volumes of the different
recrystallisation texture components (deformation at room temperature, strain
rate ~ 1 S·I and to a strain of ~ ~ 3.1). Max values refer to maximum intensity
levels of corresponding ODF plots.



Results

5.3.3 Grain Size Measurements

101

t

Grain size measurements were performed on fully recrystallised annealed PSC samples

corresponding to the same conditions for which bulk texture measurements were conducted

(section 5.3.2).

5.3.3.1 The Effect of Strain

The amount of strain during deformation had only a small influence on the average

recrystallised grain size measured (Figure 5.35). For an increase in strain of c = 1.6 to e =

3.1 (deformation at room temperature and at a strain rate of I s'), the average grain size was

found to decrease dependently from a value of 17.7 urn to a value of 15.4 urn.
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Figure 5.35 The effect of strain on average recrystallised grain size. Deformation performed
at room temperature and at a strain rate of 1 s", Annealing performed at 420°C
for 3 minutes.

5.3.3.2 The Effect of Deformation Temperature

From Figure 5.36 it can be seen that deformation temperature had a significant effect on

recrystallised grain size for strains OfE = 1.6 and E = 2.7 (for a constant strain rate of Is").

Grain size can clearly be seen to increase as deformation temperature increases, with the

most rapid rate of change between deformation temperatures of 300°C and 350°C. For a

strain of E= 2.7, grain size was found to increase from a value of 19 urn after deformation

at 300°C to a value of 33 urn after deformation at 350°C.
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Figure 5.36 The effect of deformation temperature on average recrystallised grain size.
Deformation performed to strains of 1: = 1.6 and 1: = 2.7 (at a strain rate of 1 S-I).

Annealing performed at 420°C for 3 minutes. (Lines in graph serve merely to
connect points corresponding to the same amount of strain).

5.3.3.3 The Combined Effect of Strain Rate and Deformation Temperature

The dependency of recrystallised grain size on the Zener-Holloman parameter, Z, which

represents both strain rate and deformation temperature, is shown in Figure 537. An

inverse dependency, albeit not a definite one, of grain size on Z may be made out from

Figure 537. Recrystallised grain size thus appears to increase as Z decreases over the range

corresponding to a deformation temperature between 300°C and 350°C (for a strain rate of

1 S-I).

5.3.3.4 The Effect of Annealing Temperature

The value of annealing temperature was found to have a significant influence on

recrystallised grain size following deformation at strains of both f: = 2.7 and f: = 3.1 (at

room temperature and at a strain rate of I S-I) as can be seen in Figure 5.38. For a strain of f:

= 2.7, grain size was found to increase in size from a value of 16 urn after annealing at

420°C to a value of 45 urn after annealing at 550°C (an increase by a factor of nearly three).
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Figure 5.37 The combined effect of strain rate and deformation temperature (represented by
Z) on average recrystallised grain size. Deformation performed to a strain of £ =

2.7. Annealing performed at 420°C for 3 minutes.
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Figure 5.38 The effect of annealing temperature on average recrystallised graiu size.
Deformation performed at room temperature, to straius of £ = 2.7 and £ =3.1, and
at a strain rate of 1 s". (Lines in graph serve merely to connect points
corresponding to the same amount of strain).



6. Discussion

6.1 Shear Band Formation

6.1.1 Dependence on Deformation Variables

6.1.1.1 Strain

Shear banding was observed to increase in strength as strain increases (Figure 5.1 and

Figure 5.2). This is in agreement with what has been reported by a number of

researchers'Y':":" and reflects the continued accommodation of strain by shear bands, At

low amounts of strain shear bands were observed to be generally restricted to single grains

while at high amounts of strain shear bands were commonly observed to cross grain

boundaries. This would tend to confirm the transition of the nature of shear bands from

crystallographic to non-crystallographic as strain increases as suggested by Korbel and

Martin".

6.1.1.2 Deformation Temperature

Deformation temperature was observed to have very little influence on shear band

formation up to a temperature of 250°C. At a deformation temperature of 300°C some

weakening of shear banding was observed, while at a temperature of 350°C and above a

significant weakening in shear band formation was observed (Figure 5.2 and Figure 5.3). It

is contended that the significant weakening observed is a true observation of deformation

events and is not masked or caused by possible static recovery or recrystallisation that

might have occurred in the time period (I - 2 s) between the end of deformation at high

temperature and subsequent quenching. Evidence for this contention is gained from a

comparison of the as deformed microstructure after deformation at 350°C and 400°C

(Figure 5.3d and Figure 5.7b) with that of partially recrystallised microstructures after

deformation at room temperature and annealing (Figure 5.16 and Figure 5.18 - Figure 5.22).

The partially recrystallised microstructures still reveal clearly defined shear bands in the

unrecrystallised deformed part of the microstructure despite being annealed at a temperature

6. Discussion 

6.1 Shear Band Formation 

6.1.1 Dependence on Deformation Variables 

6.1.1.1 Strain 

Shear banding was observed to increase in strength as strain increases (Figure 5.1 and 

Figure 5.2). This is in agreement with what has been reported by a number of 

researchers"·"·"·" and reflects the continued accommodation of strain by shear bands. At 

low amounts of strain shear bands were observed to be generally restricted to single grains 

while at high amounts of strain shear bands were commonly observed to cross grain 

boundaries. This would tend to confirm the transition of the nature of shear bands from 

crystallographic to non-crystallographic as strain increases as suggested by Korbel and 

Martin'". 

6.1.1.2 Deformation Temperature 

Deformation temperature was observed to have very little influence on shear band 

formation up to a temperature of 250°C. At a deformation temperature of 300°C some 

weakening of shear banding was observed, while at a temperature of 350°C and above a 

significant weakening in shear band formation was observed (Figure 5.2 and Figure 5.3). It 

is contended that the significant weakening observed is a tme observation of deformation 

events and is not masked or caused by possible static recovery or recrystallisation that 

might have occurred in the time period (1 - 2 s) between the end of defomlation at high 

temperature and subsequent quenching. Evidence for this contention is gained from a 

comparison of the as deformed microstructure after deformation at 350°C and 400°C 

(Figure 5.3d and Figure 5.7b) with that of partially recrystallised microstructures after 

deformation at room temperature and annealing (Figure 5.16 and Figure 5.18 - Figure 5.22). 

The partially recrystallised microstructures still reveal clearly defined shear bands in the 

unrecrystallised deformed part of the microstructure despite being annealed at a temperature 



Discussion 105

of 420 0 e for several seconds. The annealing temperature of 420°C was higher than the

deformation temperatures of 3500 e and 400°C for which a significant weakening of shear

band formation was observed and the annealing time (7 - lOs) was longer than the delay

before quenching. Furthermore, a dependence of shear band formation on deformation

temperature has also been observed by Ridha and Hutchinson" for copper and by

Nakayama and Morii" for single crystals of AI-3Mg. Nakayama and Morii" found that no

shear bands formed after rolling at 2000 e compared to rolling at room temperature which

did produce shear bands.

6.1.1.3 Zener-Holloman parameter (Z)

Shear band formation was also found to depend on the Zener-Holloman parameter (Z),

which takes into account the combined effects of deformation temperature and strain rate

(Figure 5.7). The dependency of shear band formation on Z was investigated between those

Z values corresponding to deformation at 300°C (strain rate of I s') and 350°C (strain rate

of 1 s'). These two deformation conditions (Z values of l.7xlO" s and 1.2x1013 s

respectively) corresponded to conditions of still strong shear banding and very weak or no

shear banding respectively. The value of Z below which a significant weakening of shear

banding occurred was thus further narrowed down to approximately l.OxI0" s (between

l.3xl014 s' and 9.2xI013 s"), The rolling experiments performed by Nakayama and Morii"

mentioned in the previous section (6.1.1.2) were performed at a strain rate of the order of

10.2 s'. The deformation conditions for which they observed no shear banding

(deformation temperature of 200°C and strain rate of 10.2 s') corresponds to a Z value of

approximately Ixl0" s". Although slightly above the critical value of l.Ox1014 s obtained

for this study, it still compares favourably if it is considered that different modes of

deformation and different alloys were employed and that the study by Nakayama and

Morii" was conducted on single crystals as opposed to polycrystalline material.

6.1.2 Dynamic Recovery

6.1.2.1 General change in dynamic recovery

An increase in deformation temperature clearly causes an increase in the rate of dynamic

recovery as can be observed from the systematic drop in measured flow stress with

increasing deformation temperature during PSC (Figure 5.5). The observed drop in as
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deformed hardness with deformation temperature (Figure 5.6) is also indicative of an

increased rate of dynamic recovery during deformation. Dynamic recovery involves

dislocation annihilation (of dislocations of opposite sign) and dislocation rearrangement

into more stable (lower energy) configurations such as low angle boundaries. These

processes are facilitated by dislocation movement in the form of glide, climb and cross-slip.

Climb and cross-slip depend in turn on the SFE of the material. The higher the SFE, the

more likely climb and cross-slip will occur. The addition ofMg to aluminium is thought to

reduce the SFE of the alloy>", The addition of 1 % Mg is believed to cause the SFE of pure

aluminium to drop from about 170-200 ml.m to about 50-60 mJ.m'. A higher

deformation temperature allows for faster dynamic recovery due to the increased thermal

energy available for this dislocation movement. During deformation dynamic recovery

offsets the effects of work hardening, which is due to an increase in dislocation density and

the continued trapping of newly created mobile dislocations by existing dislocations. This

is reflected as a decrease in flow stress, which is what has been observed. The drop in

hardness observed reflects a decrease in the stored energy after deformation, due to a lower

dislocation density caused by increased dynamic recovery.

A decrease in strain rate similarly leads to an increase in dynamic recovery as can be seen

by the drop in flow stress with strain rate in Figure 5.8. A lower value of strain rate implies

that there is more time available for the basic recovery processes of dislocation glide, climb

and cross-slip to take place to offset the effects of work hardening, A decrease in Z was

also observed to lead to an increase in dynamic recovery as can be seen from the drop in as

deformed stored energy (reflected in hardness values) with a decrease in Z (Figure 5.9).

6.1.2.2 Sudden increase in dynamic recovery

The plot of as deformed hardness as a function of deformation temperature (Figure 5.6) not

only shows a general drop in hardness with deformation temperature, but also reveals a

sharp drop in hardness between a deformation temperature of 300°C and 350°C. This

suggests a sharp increase in dynamic recovery during deformation at deformation

temperatures between 300°C and 350°C, which exactly coincides with the observed

significant weakening of shear band formation during deformation between 300°C and

350°C. If Figure 5.6 and Figure 5,9 are effectively combined, a plot of as deformed

hardness as a function of Z for a large range of Z values is obtained (Figure 6.1). This plot
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also reveals a sharp drop in hardness, and therefore a sharp increase in dynamic recovery,

over a narrow range of Z values centred at approximately l.OxIO" s", This value of Z is

the same as that which is thought to mark the transition from strong shear banding to very

weak or no shear banding. It may be speculated that the observed drop in hardness in

Figure 6.1 is due, or at least due in part, to static recovery that occurs in the time period

between the end of deformation and quenching. Furthermore, the amount of static recovery

that occurs should be proportional to the deformation temperature. It is unlikely however

that this static recovery is responsible for the sudden step-like drop in hardness seen in

Figure 6.1 as a function of Z. The data points plotted as descending values of Z do not all

represent ascending values of deformation temperature.
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Figure 6.1 As deformed hardness as a function of Z for all deformation conditions measured
(for a constant strain of £ = 2.7).

The coincidence of the deduced sharp increase in dynamic recovery and the observed

significant weakening of shear band formation over the same narrow range of deformation

variables, suggests a sudden change in dynamic recovery events which leads to the sudden

change in shear band strength. Before considering the cause of the sharp increase in

dynamic recovery, it is instructive to first examine the microstructures corresponding to

instances of strong and weak shear banding respectively (Figure 5.4). The structure

corresponding to a strong shear banding case (Figure 5.4a) possesses a high dislocation

density and is characterised by parallel dislocation walls or microband lamellae. The
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structure corresponding to a weak shear banding case (Figure 5.4b), in contrast, exhibits a

lower relative dislocation density and is characterised by equiaxed subgrains similar to what

is normally observed in a dynamically recovered structure corresponding to pure

aluminium. These observations are well supported by the very similar observations made

by Nakayama and Morii", It is assumed that the observed rapid change in dynamic

recovery over a narrow range of deformation conditions (Z) is linked to the transition of

microstructure from one characterised by microbands (strong shear banding case) to one

characterised by equiaxed subgrains (weak or no shear banding case). The suddenness of

the transition suggests that an activation potential or energy needs to be overcome. Based

on this premise two plausible processes (possibly simultaneous) present themselves:

I) The unpinnin~ of dislocations from Mg atom almospheres: The addition of Mg to

aluminium results in the pinning of otherwise mobile dislocations. This pinning of

dislocations is thought to be responsible for the Portevin - Le Chatelier dynamic strain

ageing behaviour typical of AI-Mg alloys". Korbel et al" have suggested that it is also

responsible for the prevention of subgrain formation during the deformation of AI-Mg

alloys at low temperatures. Microbands are thought to form instead by the co-operative

movement of these pinned dislocations. The unpinning of dislocations from Mg atom

atmospheres obviously requires a critical amount of energy and time, or temperature

and strain rate in terms of deformation variables. Once the dislocations are unpinned

then normal subgrain formation can take place. At the same time shear band formation

would decrease or disappear if it assumed that microband formation is pre-essential for

shear band formation.

2) The onset of non-octahedral slip: Maurice and Driver" have provided evidence for the

onset of non-octahedral slip (slip on planes other than {III} planes) during deformation

at temperatures above 300°C on single crystals of Al and AI-IMn. They have also

provided some indirect evidence of non-octahedral slip during high temperature

deformation of polycrystalline AI-IMg-IMn21
• If non-octahedral slip does take place

during the high temperature deformation of polycrystalline aluminium alloys then it is

likely that its onset is sudden in terms of exceeding an activation potential. It is

possible that the onset of non-octahedral slip would greatly enhance the dynamic

recovery processes due to an increased number of active slip systems, and would

therefore enable a subgrain structure rather than microbands to develop.
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The changes in dynamic recovery behaviour as a function of deformation variables

(represented by Z) that have been discussed are summarised in Figure 6.2. Figure 6.2

attempts to show how specific dynamic recovery events lead to specific dislocation

structures, which in tum determine whether or not shear bands are likely to form.

General Increase in dynamic recovery --->

- Sudden increase in recovery'
dislocations unpinned and/or
onset of non-octahedral slip

- Microbands formed

- Shear band formation

1 OOE+20

,

1.00E+18 1.00E+16 1.00E+14
<-- Z (Is)

100E+12 1.00E+10 1.00E+08

Figure 6.2 The influence of deformation variables (Z) on dynamic recovery which influences
the formation of shear bands.

6.2 Deformation Textures

6.2.1 The Effect of Strain

The influence of the amount of strain during deformation on the deformation textures

measured was negligible (Figure 5.11 and Figure 5.12). This seems somewhat surprising as

a stronger deformation texture with increased strain might be expected. An increase in the

main deformation texture components - Brass, Copper and S - in particular might be

expected as a function of increasing strain. Figure 5.12 shows that this in not the case and

that in fact these components remain relatively stable for the values of strain indicated. A

possible reason for this could be due to the inhomogeneous deformation that is associated
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with shear banding. It has been shown (see Figure 5.1) that shear bands tend to

accommodate increasing amounts of strain as the nominal strain of deformation increases

and that at very high strains shear bands cause substantial distortion of the deformed

microstructure. This might very well counter the normal strengthening of the deformation

texture as a function of strain. A further possible explanation for the observed non­

strengthening of deformation texture with strain is related to the nature of the starting

microstructure. The starting microstructure (see Figure 3.2b) was partially recrystallised

containing elongated deformed grains and therefore the associated starting texture (see)

contained a fairly well developed deformation texture. Therefore during subsequent

deformation the material may have reached a saturation limit for texture strengthening at a

relatively low strain. The starting microstructure is also thought to influence the strength of

shear banding as a function of strain. The onset of strong shear banding might occur at

higher strains for a fully recrystallised starting microstructure

It has been suggested by Wagner et al"·" that the Goss and Q orientations are associated

with TO rotations during shear band formation. If this were so then it might be expected

that the Goss and Qorientation components would increase as the strength and frequency of

shear banding increases, or in this case, as strain increases. This, in fact, has not been what

has been observed. There would seem to be no dependence of the Goss and Qdeformation

texture components on the amount of strain for the strains considered (Figure 5.12). It

might be worth noting that the strains considered were E = 1.6 to E = 3.1. At a strain of E =

1.6 shear banding was already noticed to be quite strong. Had a deformation texture

corresponding to a lower amount of strain (when shear banding was still weak) been

measured, then some dependence ofthe Goss and Q components on strain might have been

noticed. Another point worth considering is that the likely volume fractions of Goss and Q

orientations associated with shear banding are probably not very high and consequently any

variation would be difficult to detect.

6.2.2 The Effect of Deformation Temperature

The deformation textures measured appeared to increase III strength as deformation

temperature increased (Figure 5.13 and Figure 5.14). Two of the main rolling texture

components (Brass and S) in particular displayed a small but clear increase in volume
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fraction with deformation temperature. This effect is believed to be due to the general

enhanced dynamic recovery that occurs at higher deformation temperatures, that results in a

deformed microstructure with a lower dislocation density. A more recovered

microstructure would therefore be expected to cause stronger diffraction of the X-rays used

in texture measurements. Similar observations and views have been presented by Engler et

al" for the deformation textures corresponding to Al-lMn-lMg PSC samples.

No dependence of the Goss, Q and P components was observed as a function of

deformation temperature. A decrease in the Goss and Q components with increasing

deformation temperature might have been expected due to the suspected association of

these components with shear banding. In particular, a decrease in these components

corresponding to a significant weakening in shear band formation (i.e. between a

deformation temperature of 300°C and 350°C) was not observed. However, it must again

be pointed out that the volume fractions of the Goss and Q components that might be

produced by shear banding are likely to be very small and therefore any dependent variation

of these components associated with shear banding would be very difficult to pick up.

It has been reported and suggested that Cube orientated grains present in the microstructure

are more stable at higher deformation tempcraturcs'<-:" and that this explains the increase

in the Cube component of the recrystallisation texture with increasing deformation

temperature. The recrystallised Cube component was indeed observed to increase as a

function of increasing deformation temperature in this study, but no increase in the

deformed Cube component was observed as a function of increasing deformation

temperature. There is thus no support for the above mentioned theory of Cube metastability

at high deformation temperatures. The observed dependence of the recrystallised Cube

texture component on deformation temperature will be explained in section 6.3.2.
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6.3 Recrystallisation Behaviour

6.3.1 Grain Nucleation at Shear Bands

112

6.3.1.1 Potential Nucleation Sites

Very good evidence that shear bands act as good potential nucleation sites during

recrystallisation has been provided. Figure 5.16 and Figure 5.17 - Figure 5.22 all show

examples of grains that appear to have nucleated at shear bands. For example, Figure 5.16f

shows a grain (indicated by an arrow) that looks very much as if it has just nucleated from

within the shear band it is situated. There is also ample support from published

research"O.""."" "'I 10 of nucleation at shear bands in copper and aluminium alloys. The

nucleation of grains at shear bands in not exactly surprising if one considers that shear

bands in theory are very good potential sites for heterogeneous nucleation. They are areas

of highly localised strain and are thus areas of high dislocation density which provides the

driving force necessary for the recovery events associated with nucleation. They are also

areas with high misorientations with respect to the surrounding matrix, which facilitates the

boundary movement associated with nucleation and growth.

6.3.1.2 Preferred Orientation of Grains Nucleating at Shear Bands

The orientation of grains suspected of having nucleated at shear bands have been measured

in an attempt to establish if there is any preferred orientation, or texture, of nucleation at

shear bands. It must be emphasised from the outset that any sort of truly quantitative

analysis in this regard is, and has proven to be, very difficult. Part of the problem lies in

obtaining an ideal partially recrystallised microstructure for analysis; that is a

microstructure containing a sufficient number of grains that can be seen to have clearly

nucleated at shear bands. For example, a microstructure that was say 70 % recrystallised

would contain an abundance of recrystallised grains but their relationship to the deformed

microstructure (and hence also to the shear bands) would be lost. A further problem is that

inherent in the relatively poor channelling contrast image quality obtainable for aluminium,

in relation to other metals, that is used in the local orientation measurements. The image

quality and resolution of the deformed regions of the microstructure in particular is not very
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good. Nevertheless, it is possible to make some reasonably sound qualitative deductions

based on the measurements made.

Figure 5.17 -Figure 5.22 all show good evidence of grains with random orientation (i.e. not

within 15° in orientation space of the Cube, CubeND, Cube..; R, Goss, Q or P orientations)

nucleating at shear bands. There is some evidence, although more limited, of grains with Q

and Goss orientations also nucleating at shear bands that is in line with the observations and

suggestions made by Lucke, Engler, Wagner, Heckelmann, Hirsch and

colleagues6
,90.92,9) ,109,1I2 . This group of researchers contend that the Goss and Q orientations

nucleate from regions of positive and negative TD rotation in and adjacent to shear bands.

They also suggest that the P orientation could nucleate from regions at shear bands where Q

orientated regions are thought to diverge to the P orientation after further strain. Little

evidence of P orientated nucleation at shear bands was found to support this though.

Some attempt to quantify the local orientation measurements was made by means of

generating ODFs (Figure 5.23) from all the measurements corresponding to a particular

condition. It was hoped that the bias in selecting certain grains for analysis would generate

an approximate texture corresponding to grain nucleation at shear bands. When these

ODFs are compared to those of bulk texture measurements (see Figure 5.25a and Figure

5.28a) which represent the average orientations of recrystallised grains that have nucleated

at all potential sites, some differences may be observed. The peaks around the Goss

component appear to be a lot more pronounced at the expense of those around the Cube

component for the ODFs representing the local orientation measurements compared to

those representing the bulk texture measurements. There also appears to be stronger,

although sometimes misplaced, peak around the Q component for the local orientation

ODFs. These observations lend some weight to a possible weak preference for the

nucleation of Goss and Q orientated grains at shear bands.

The orientation image of an almost fully recrystallised sample that had demonstrated strong

shear banding during formation (Figure 5.24) reveals a certain amount of grouping of Goss

and Qorientated grains. This observation lends further support to the suspected nucleation

of these orientated grains at regions in and adjacent to shear bands. Figure 6.3 shows
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schematically how nucleation of Goss and Qorientated grains at shear bands could lead to

the observed groupings. Goss orientated grains are believed to nucleate from regions

within shear bands that have experienced a negative TD rotation during deformation while

Q orientated grains are believed to nucleate from regions within and adjacent to shear bands

that have experienced a positive TD rotation during deformation":", According to this

theory it would thus be quite likely for a Goss orientated grain to nucleate from a region

within a shear band and have as a neighbouring grain a Q orientated grain that has

nucleated in an adjacent region.

Figure 6.3 Schematic representation of Goss (G), Q and randomly (X) orientated grains
nucleating in regions in and adjacent to shear bands in a deformed structure, An
example of a resultant grouping of Goss and Q orientated grains is shown in the
central region of the diagram.

It is worth examining the bulk recrystallisation texture measurements for evidence of any

preference for Goss and Q (and even P) orientated grains nucleating at shear bands. Any

increase of the Goss, Q and P volume fractions with a change in deformation conditions

that favour stronger shear banding would represent such evidence. Figure 5.26 reveals a

small but steady increase in the Goss recrystallised volume fraction as a function of strain

and therefore also as a function of stronger shear band formation. No trend is apparent for

the Q recrystallised volume fraction. Figure 5.27 (representing deformation to a strain of ~

= 2.7) and Figure 5.30 (representing deformation to a strain of ~ = 1.6) both reveal a general

increase in the Q recrystallised volume fraction as a function of decreasing deformation

temperature, i.e. as a function of stronger shear band formation. However, the exact

opposite trend for the Goss volume fraction is apparent from Figure 5.27 and Figure 5.30.

That is, an increase in the Goss volume fraction with increasing deformation temperature is

shown. This is most likely linked with the similar, but far more noticeable, increase in

Cube volume fraction with deformation temperature (which will be discussed in detail in
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section 6.3.2). The increase in Goss with deformation temperature is thus thought to be a

result of the increase in the TD scatter of the Cube component as it increases. which would

mask any downward trend caused by reduced nucleation at shear bands. No trend for the P

recrystallised volume fraction as a function of strain (Figure 5.26) or as a function of

deformation temperature (Figure 5.27 and Figure 5.30) could be detected.

6.3.2 Cube Texture

One ofthe most striking features of the results of this study is the very sharp increase in the

recrystallised Cube volume fraction that was noticed over a very narrow range of the

deformation parameters of deformation temperature and strain rate (Figure 5.27, Figure

5.30 and Figure 5.31). These observations are summarised in Figure 6.4 where Cube

volume fraction is plotted as a function of Z for the two separate strains of E = 2.7 and E =

1.6. The average recrystallised grain size as a function of Z is plotted on the same graphs

for direct comparison. The sharp increase of Cube volume fraction that can be observed for

a value of Z '" 1.0x1014
S·I after strains of both E = 2.7 (Figure 6.4a) and E = 1.6 (Figure

6.4b) is seen to coincide almost exactly with a similar sharp increase in the average

recrystallised grain size.

Besides the dramatic increase in the Cube texture strength at Z '" 1.0x1014
S·I, a more

general increase in Cube texture strength with decreasing Z can also be observed from

Figure 6.4. It is believed that the increased stability of the Cube texture at lower values of

Z, as has been observed and discussed by other researchers's":", accounts for this general

increase but does not account for the sudden increase in Cube texture strength. As

discussed previously (see section 6.2.2), no increase in the Cube deformation texture

strength with increasing deformation temperature was observed (Figure 5.14). Certainly no

variation of the cube deformation texture strength was observed between a deformation

temperature of 300°C (for which a weak recrystallised Cube texture was observed) and

350°C (for which a strong recrystallised Cube texture was observed).
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6.3.2.1 Influence of Shear Bands

The sharp increase in recrystallised Cube volume fraction that is seen (Figure 6.4) to occur

after deformation conditions within the narrow range of Z values at about l.OxI014 s'

corresponds very closely to the observed significant weakening of shear band formation

over the same narrow range of Z (Figure 6.2). Due to this very close correspondence, it is

suggested that shear band formation during deformation impedes the development of a

strong Cube texture after subsequent annealing. Possible mechanisms that would explain

how this could result include:

1. Competition of nucleation sites: It has been shown and discussed that shear bands offer

good potential nucleation sites and consequently also offer alternative nucleation sites

to other sites. These other sites include particles, grain boundaries, transition bands and

retained Cube orientated grains present before deformation. Nucleation at transition

bands and retained Cube orientated grains is known to lead to a Cube texture due to the

favoured nucleation and growth preferences of Cube orientated grains. In the absence

of competition from non-Cube orientated grains nucleating at other sites, the Cube

texture is known to become very dominant in the overall recrystallisation texture. It is

believed that nucleation at shear bands leads to the development of fairly randomly

orientated grains with a small preference of Goss and Q orientated grains. Competitive

nucleation at shear bands is thus thought to cause a weakening of the Cube texture. In

the absence or significant weakening of shear band formation this competitive

nucleation no longer exists and hence the Cube texture becomes dominant.

2. Destruction of Cube nucleation sites' It is obvious (see Figure 5.1) that shear bands

cause a severe distortion of the deformation microstructure due to the very localised

shear inherent in a shear band. This distortion could possibly destroy potential Cube

nucleation sites in transition bands and retained Cube orientated grains. The reduction

in the number of Cube nucleation sites would then lead to an associated weakening of

the Cube texture. As soon as shear banding disappeared or its formation significantly

weakened, potential nucleation sites would be 'restored' and a strong Cube texture

would develop once again.

It is of course possible, and quite likely, that both of the above two mechanisms are active

in reducing the strength of the Cube texture. However, by examining the recrystallised
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grain size in comparison to the Cube texture as a function of Z (Figure 6.4), it is possible to

infer which of the two mechanisms appears to be dominant. The coincidence of the sharp

increase in the recrystallised grain size with the sharp increase in the Cube volume fraction

at Z '" 1.0x10" s', suggests that the sudden increase in Cube texture strength is linked with

a sudden decrease in the number of nucleation sites. The nucleation sites that disappear or

become inactive below this value of Z are most likely those associated with shear bands,

because of the precise coincidence of the weakening of shear banding that is observed

below this same value of Z. Therefore it would seem that the first of the above two

mentioned mechanisms is dominant in reducing the strength of the Cube texture.

6.3.2.2 Influence of PSN

The sharp increase in the Cube recrystallisation texture observed at a value ofZ '" l.OxIO"

S·1 could perhaps equally well be explained by the influence of particle stimulated

nucleation (PSN). Second phase particles offer, just as shear bands do, alternative

nucleation sites to cube nucleation sites during recrystallisation. PSN is thought to cause a

randomising effect on the total recrystallisation texture'>":", and thereby weaken the Cube

texture, as well as possibly be responsible for weak peaks around the P and NO rotated

Cube components":". An increase in deformation temperature and / or a decrease in strain

rate, that is a decrease in Z, which has been shown to cause an increase in dynamic

recovery, will result in PSN being less effective. A decrease in PSN will cause a

corresponding strengthening of the Cube texture

An increase in dynamic recovery is thought to cause a reduction in PSN by influencing the

two criteria necessary for PSN to occur:

1. the formation of the deformation zones necessary for nucleation

2. the growth of the nuclei beyond the deformation zones into the deformed matrix

Humphreys and Kalu'" have demonstrated that for low values compared to higher values of

Z, the formation of the deformation zones around second phase particles is influenced by

the nature of the dislocation-particle interactions. For lower values of Z dislocations are

able to bypass particles by a process of climb and so the formation of deformation zones is

prevented. The critical strain rate for the formation of a deformation zone around a particle

ofdiameter, d, is given by Humphreys and Kalu'" as:
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Eqn 6.1

K exp(-=-Q,) K exp(=-Qb)
• I RT 2 RT
li= +

Td' Td'

119

where Q, and Q, are the activation energies for volume and boundary diffusion, T is the

deformation temperature, and K, (= 1712 m's·IK) and K, are constants. Ifparticles of size,

d > 1 urn, are considered as potential nucleation sites, then the second term in Eqn 6.1 can

be neglected. The critical size, d. of a second phase particle necessary for the formation of

a deformation zone can thus be expressed in terms ofZ (from Eqn 2.4 and Eqn 6.1) as:

Eqn 6.2 d =(~):
f ZT

The critical size (expressed as a radius) of a particle that is necessary for the growth of a

nucleus that has formed in the deformation zone adjacent to the particle has been given in

Eqn 2.2. This critical size expressed as a diameter, d, is:

Eqn 6.3 d =4rb
, p

d

From Eqn 6.3 it can be seen that d, is inversely proportional to the driving force provided

by the stored dislocation energy in the surrounding matrix, Pd. An increase in dynamic

recovery during deformation will reduce the stored energy of the matrix and consequently

reduce this driving force, which implies a larger value of d, necessary for PSN to continue.

The driving force, Pd, in Eqn 6.3 can be expressed in terms of the average subgrain size

(expressed as, s, instead of, d, to avoid confusion with the critical particle diameter) if it

assumed that at low values of Z dynamic recovery has led to a subgrain microstructure

similar to that in Figure 5.4b:

Eqn 6.4 P
_ 3r,

d - ,
S

r, - specific energy oflow angle boundaries

By combining Eqn 2.5 and Eqn 2.6 (from the work of Castro-Fernandez et al"), the

subgrain size may be expressed in terms ofZ as:

Eqn 6.5
I
-=C+D·lnZ,
s

C and D are constants
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Eqn 6.3, Eqn 6.4 and Eqn 6.5 can then be combined to give an expression for the critical

particle size for the growth criterion ofPSN in terms of Z as:

Eqn 6.6 d _ 4Yb
g - 3y, (C+ DlnZ)

The ratio of specific grain boundary energy to specific low angle boundary energy (y/y,),

may expressed in terms the misorientations across high angle boundaries (8b) and low angle

boundaries (8,) from the Read Shockley!" equation as:

r, ()b
Eqn 6.7 =----O~"-----~

Y, (),(I-ln~J

If 8b is estimated to be 15° and 8, is estimated to be 5° for low values of Z then Eqn 6.6

reduces to:

Eqn 6.8 d = 1.9
g (C+DlnZ)

An expression for the critical particle size for the growth criterion for PSN, d, is also given

by Sellars'". This expression has been empirically derived to fit observations for Al-I Mg:

Eqn 6.9 d = 0.37
g (IZ)"

Eqn 6.2, Eqn 6.8 and Eqn 6.9 can be solved for Z '" 1.0x I0'4 s', the value of Z at which a

sharp increase in the Cube texture was observed. Solving Eqn 6.2 yields a value of d, '" 0.2

urn if a deformation temperature of 325°C is used. If it is assumed that particles of size, d >

I urn, are responsible for PSN then it is clear that the formation criterion for PSN is not

responsible for the observed strengthening of the Cube texture. All potential particles

contributing towards PSN will satisfy the formation criterion (all larger than 0.2 urn) at

325°C and for Z '" l.OxI0'4 sol and so a possible reduction in PSN (and consequent increase

in Cube texture strength) cannot be explained in this way. Solving Eqn 6.8, for C = ­

3.87x106 mol and D = O.l65xl06 mol (these are the values given by Castro-Fernandez et al"

for the not too dissimilar alloy, AI-IMg-IMn), yields a value of d, '" 1.3 urn. Solving Eqn

6.9 (for a deformation temperature of 325°C) yields a comparatively similar value of d, '"
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0.95 urn. So it would appear that the growth criterion for PSN could be responsible for the

observed strengthening of the Cube texture. A more critical examination of this possibility

requires a careful comparison of the range of Z values over which the Cube strengthening

has been observed with the particle size distribution. The particle size distribution (Figure

3.3) reveals that the majority ofparticles (within one standard deviation of the mean) have a

diameter that lies in the range between 1.1 urn and 4.2 urn. Figure 6.4 reveals that the

sharp increase in Cube texture strength occurs between a very narrow range of Z values (at

least for a strain of E = 2.7), between Z '" 1.0x1014s·1 and Z '" 1.0xlOI3s". This range of Z

values results in a critical particle size range for the growth criterion for PSN, d, of

between 1.3 urn and 1.8 urn after solving for Eqn 6.8, and a similar range of between 0.95

urn and 2.0 urn after solving for Eqn 6.9. If it were so that a reduction in PSN, caused by

the growth criterion, resulted in the observed sharp increase in the Cube texture, then the
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completely correspond. In fact, there is at best a 50 % correspondence, which means that at

least half the particles in the material satisfy the growth criterion (larger than 2.0 urn). It is

therefore concluded that a reduction in PSN (from the dependence of the growth criterion

on Z) can not entirely be responsible for the observed sharp increase in Cube

recrystallisation texture as a function of Z.

6.3.2.3 Combined Influence of Shear Bands and PSN

The most plausible explanation for the observed sharp increase in the Cube recrystallisation

texture over a narrow range of Z is the combined influence of nucleation at shear bands and

PSN. The Z range over which the Cube increase is noticed has been shown to coincide

with the same Z range over which a sharp increase in dynamic recovery is noticed. This

sharp increase in dynamic recovery simultaneously leads to a severe reduction in shear band

formation and a decrease in the effectiveness of PSN. Both nucleation at shear bands and

PSN have been shown or are known to cause an effective randomisation of the total

recrystallisation texture, or at least cause a weakening of the Cube texture. In the absence ­

or severe reduction of - nucleation at shear bands and of PSN, the Cube texture becomes

dominant. Which of nucleation at shear bands or PSN is more effective in competing with

the Cube texture is quite difficult to say. The evidence for nucleation at shear bands

competing with Cube orientated nucleation is quite compelling from this study. The
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precise coincidence or the significant weakening of shear band formation that has been

observed with the observed sharp increase in Cube texture strength over the identical

narrow range of Z provides strong evidence. The evidence for the effect of PSN competing

with Cube orientated nucleation is more indirect and has been inferred from a theoretical

analysis. (Certainly much has been published in support of the competition between PSN

and Cube orientated nucleation'v-v.) In addition, the analysis is not altogether convincing

since the calculated critical particle size range for the growth criterion for PSN does not

coincide with the measured particle size distribution.

6.3.3 Effect of Annealing Temperature

The effect of annealing temperature on recrystallisation texture, following deformation that

leads to strong shear band formation, was characterised by an increase in both the overall

texture intensity and in the Cube texture (see Figure 5.32 - Figure 5.34). This corresponded

with quite a substantial increase in average recrystallised grain size as a function of

increasing annealing temperature (see Figure 5.38). These observations would at first hand

seem to contradict those made by Wagner et al" and Heckelmann et al'", who noticed an

increase in the random and Q recrystallisation components and a corresponding weakening

of the Cube texture as annealing temperature was increased for AI-3Mg. This was

attributed to the decrease in the growth preference of Cube orientated nuclei at higher

recrystallisation temperatures. The present study would therefore appear to offer no support

for this theory. However, it must be considered that the annealing times employed by

Wagner et al" and Heckelmann et al"' differed for each annealing temperature such that

recrystallisation was just complete and no grain growth occurred. In the present study a

fixed annealing time was employed for all annealing temperatures so that grain growth did

occur as can be gathered from Figure 5.38. It is proposed therefore, that faster grain growth

has occurred for Cube orientated grains during recrystallisation (as distinct from the growth

characteristics of Cube orientated nuclei) such that after higher annealing temperatures the

Cube texture is stronger due to the increased normal grain growth at higher annealing

temperatures. This ideal will be discussed in further detail in the next section (6.3.4). The

present observations do not therefore directly contradict those of Wagner et al" and

Heckelmann et al'".
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A dominant Cube texture after recrystallisation has for many years been a subject of intense

investigation and researchv'". Over the past 50 years two major alternative models have

evolved to explain the formation of a strong recrystallisation texture - usually described as

'Orientated (or Oriented) Nucleation (ON)' and 'Orientated (or Oriented) Growth COG)'.

Orientated Nucleation is the model that grains, with an orientation that will eventually

dominate the fully recrystallised texture, nucleate more frequently than do grains of other

orientations. Orientated Growth is the model that grains, with an orientation that will

eventually dominate the fully recrystallised texture, grow more rapidly out of a random

orientated spread of nuclei.

Before considering these two models in accounting for the observations of this study, or

alternatively, in considering the observations of this study in support of either of these

models, it is instructive to consider the process of recrystallisation in some detail.

Recrystallisation involves the formation and migration of high angle boundaries driven by

the stored energy of deformation. Heterogeneous recrystallisation involves two apparently

distinct steps: (i) the initial formation of a new grain (nucleation) and (ii) the growth of the

new grain. Nucleation is thought to occur in pre-existing structures of the deformed

microstructure that (i) possess high angle misoriented boundaries associated with high

mobilities and (ii) are of sufficient size for growth into the deformed regions. These pre­

existing structures include pre-existing grain boundaries, transition bands, deformation

zones surrounding large particles and regions within and adjacent to shear bands. The

nucleation process might thus involve subgrain coalescence near a high angle boundary in

one of these structures to form an embryo or nucleus of sufficient size and the further

movement or growth of this embryo into the deformed region. Once a nucleus is of

sufficient size it is referred to as a new grain and will continue to grow until it impinges on

other growing grains. Some orientated grains with special high angle boundaries are known

to grow faster than other orientated grains. An example of a special high angle boundary is

r.7, the 38° misoriented tilt boundary with a common <Ill> rotation axis.

The term 'growth' is therefore somewhat ambiguous in describing the vanous

recrystallisation events. In view of this it is perhaps better to rename the models of
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Orientated Nucleation and Orientated Growth as: (i) the grain frequency effect and (ii) the

grain size effect as was recently suggested by Doherty et al'" in their comprehensive review

on current issues in recrystallisation.

The behaviour of the Cube recrystallisation texture as a function of Z that has been

observed in this study can be explained by, or alternatively, confirms the grain frequency

effect. The relative frequency of cube orientated nuclei increases dramatically when a

significant number of non-cube orientated nuclei disappear. This happens below a certain

value of Z when nuclei at shear bands and large particles are no longer available or are no

longer viable. The weak preferred recrystallisation texture associated with nucleation at

shear bands (slight preference ofGoss and Qorientated grains) is also thought to be a grain

frequency effect. Goss and Q orientated nuclei are thought to possess high angle

boundaries of comparatively high mobility and thus more likely to form viable nuclei. This

effect has been termed a 'micro-growth' effect". Perhaps it should more accurately be

termed a 'micro-frequency' effect.

The grain size effect is thought to account, at least indirectly, for the observed increase in

the Cube recrystallisation texture as a function of increasing annealing temperature.

Normal grain growth may occur subsequent to the end of primary recrystallisation; that is

once significant grain impingement occurs. The driving force for normal grain growth is

some two orders of magnitude lower than that for primary recrystallisation and therefore

grain growth is very dependent on annealing temperature with significant growth only

occurring at very high annealing temperatures. During primary recrystallisation Cube

orientated grains are thought to possess a growth rate advantage over other orientated grains

due to their near "'[.7 misorientation to S (a major component of the deformation texture)

orientated grains". At the end of primary recrystallisation (and therefore at the start of

normal grain growth) Cube orientated grains thus have a size advantage over other

orientated grains. During normal grain growth this size advantage allows Cube orientated

grains to grow at the expense of smaller non-Cube orientated grains. The volume fraction

of the Cube orientation is in this way effectively increased. Increased normal grain growth

at higher annealing temperatures results in a higher volume fraction of the Cube orientation.
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7. Conclusions

1. A plane strain compression (PSC) apparatus was developed to facilitate the reliable

compression of laboratory scale aluminium specimens. The apparatus provided very

good control of the deformation variables of deformation temperature, strain and strain

rate. The platen / specimen geometry of the apparatus was optimised to ensure that the

strain distribution through the specimen was as uniform as possible, while still ensuring

that deformation remained acceptably close to plane strain.

2. Asymmetric flow was observed to occur during PSC after high amounts of strain. It is

thought to occur as the result of a small lateral movement of the moving platen and is

possibly exacerbated by uneven friction conditions along the platen I specimen

interface. The relative lateral movement of the platens is believed to cause a rotation of

the plastic-rigid exit boundaries of the deforming material and thus result in an

asymmetrical slip-line field. Although asymmetric flow compared to symmetric flow is

believed to cause an increase in the strength and frequency of shear band formation in

the material investigated (Al-lMg), it was found to have a negligible effect on both the

deformation and recrystallisation textures of the samples investigated. This was

attributed in part to the selective sampling that was adopted within a deformed

specimen.

3. Copper type shear bands were observed to occur in Al-IMg. Their formation was

characterised as a function of the deformation variables of strain, deformation

temperature and strain rate by a systematic matrix of PSC testing. Shear band

formation was stronger and more frequent with increasing strain. Shear band formation

depended quite critically on deformation temperature and strain rate (Z), in that a

significant weakening of formation was observed over a very narrow range of Z values

at Z '" 1.0 x 1014S·1. This significant weakening was attributed to a sharp increase in

dynamic recovery over the same narrow range of Z values, which led to the formation

of a subgrain microstructure instead of a microband microstructure that is considered a

prerequisite for shear band formation.
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4. Grain nucleation at shear bands was observed to occur during recrystallisation. The

orientations of grains believed to have nucleated at shear bands were measured in an

attempt to describe their texture. From the single grain orientation measurements made

and from the generated ODFs of these measurements, a random texture with weak

peaks around the Goss and Q ideal orientations was described.

5. Grain nucleation at shear bands had a profound influence on the bulk recrystallisation

textures measured as a function of deformation variables. In particular, nucleation at

shear bands was observed to influence the strength of the potentially dominant Cube

recrystallisation texture. At high values of Z (low deformation temperatures and / or

high strain rates leading to strong shear band formation) weak recrystallisation textures

were observed which coincided with nucleation at shear bands. At low values of Z

(high deformation temperatures and / or low strain rates leading to weak or no shear

band formation) strong recrystallisation textures dominated by the Cube orientation

were observed. Shear bands are believed to offer alternative nucleation sites to Cube

orientated nucleation sites and additionally are also believed to destroy Cube orientated

nucleation sites. When shear bands form during deformation, they effectively weaken

the Cube recrystallisation texture formed after annealing. If they do not form during

deformation, then the Cube recrystallisation texture dominates the total recrystallisation

texture after annealing.

6. Nucleation at particles (PSN) is also believed to moderate the strength of the Cube

recrystallisation texture in much the same way as nucleation at shear bands does.

Particles offer alternative nucleation sites to Cube orientated nucleation sites. When

PSN is effective (i.e. at high values of Z), it weakens the Cube texture. When PSN is

less effective (i.e. at low values of Z), due to dynamic recovery effects, its moderation

of the Cube texture is also reduced.

7. Some insight into the rival theories of Orientated Nucleation (ON) and Orientated

Growth (OG) of recrystallisation has been provided. ON (referred to as the grain

frequency effect) is thought to account for the strengthening of the Cube
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recrystallisation texture as a function of Z. When nucleation at shear bands (and also at

particles) is no longer viable the relative frequency of Cube orientated nuclei increases.

Conclusions t27 

recrystallisation texture as a function of Z. When nucleation at shear bands (and also at 

particles) is no longer viable the relative frequency of Cube orientated nuclei increases. 



8. Recommended Further Work

8.1 Shear Band Formation

This study has revealed a very clear dependence of shear band formation in Al- IMg on

deformation temperature. A dependence on Z (the Zener-Holloman parameter), which

combines the influence of deformation temperature and strain rate, has also been shown.

Although the dependence on Z is also very clear it is based on a more limited number of

observations. It is therefore recommended that the dependence of shear band formation on

deformation temperature and strain rate be more extensively investigated by performing a

matrix of PSC tests over a wide range of strain rates and deformation temperatures. It

might thus be possible to obtain at least an empirical relationship that describes the

dependence of shear band formation on one or more of the parameters of Z, deformation

temperature and strain rate. Of interest would be to observe if such a relationship reflects a

critical dependency on the deformation parameters of a sudden transition from strong shear

band formation to weak shear band formation, The systematic characterisation of the

deformed microstructure by the use of transmission electron microscopy would assist in the

understanding of any such transition.

8.2 Grain Nucleation at Shear Bands

Further work is recommended for a detailed study of grain nucleation at shear bands. In

particular it is recommended that the orientations of a statistically relevant number of grains

positively identified as having nucleated at shear bands be measured. This would be more

feasible with a sophisticated automatic EBSD system of the type currently available on the

market. It is also recommended that the local orientations of deformed regions adjacent to

the nucleated grains be measured in order to establish misorientation relationships. In this

way a more definite deduction could be made concerning the texture produced from

nucleation at shear bands. As has been mentioned, this type of study is non-trivial due to the
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experimental difficulties involved. However, it is felt that it is worth pursuing due to the

fundamentally important information that would be gained.

8.3 The Influence of Shear Bands on Recrystallisation

Texture

It is felt that further bulk texture (both deformation and recrystallisation) studies be pursued

to ascertain more comprehensively the influence of shear bands on recrystallisation and in

particular on the Cube recrystallisation texture. It is felt that the range of deformation

variables should include very high amounts of strain: {; ~ 3.45 (~ 95 % reduction) which

would lead to extremely strong and extensive shear band formation. Any texture associated

with nucleation at shear banding would thus be more obvious to describe. The range of

deformation variables should also be expanded to include more fully the effects of strain

rate on recrystallisation texture. Observations thus made would have to be related closely

to observed shear band formation over the same deformation conditions (see section 8.1).

Recommended Further \\'orl< 129 

experimental difficulties involved. However, it is felt that it is worth pursuing due to the 

fundamentally important infonnation that would be gained. 

8.3 The Influence of Shear Bands on Recrvstallisation 
~ 

Texture 

It is felt that further bulk texture (both defonnation and recrystallisation) studies be pursued 

to ascertain more comprehensively the influence of shear bands on recrystallisation and in 

particular on the Cube recrystallisation texture. It is felt that the range of defonnation 

variables should include vcry high amounts of strain: c ~ 3.45 (~ 95 % rcduction) which 

would lead to extremely strong and extensive shear band formation. Any texture associated 

with nucleation at shear banding would thus be more obvious to describc. The range of 

defonnation variables should also be expanded to include more fully the effects of strain 

rate on recrystallisation texture. Observations thus made would have to be related closely 

to observed shear band fonnation over the same defonnation conditions (see section 8.1). 



Appendix A:

Source Code Listing for Control of PSC

3.0

Alan Duckham
March 1997
TURBO C++, ver

I Irollsim7 .cpp
IIThis programme controls the PSC apparatus built at the Department of
//Materials Engineering, University of Cape Town.
II
IIWritten by,
IILast Updated,
//Compiler used:

#include <stdio.h>
#include <stdlib.h>
#include <constrea.h>
#include <time.h>
#include "pc30esh2.h"
#include "pc j o v h"

int main (void)
(

int stroke zerol 0;
int stroke zero2 0;
int stroke_zero3 0;
int *stroke_zero, load_zero;
float area, gauge_length;
float stroke_distance = 0, szero = 0, hO, strainrate;
int nUffi-passes, pass;
struct variables vpassl, vpass2, vpass3, *pass_variablesj
struct camp_data dpassl, dpass2, dpass3, *stroke load;
char response;
clock_t ti;
float t;

clrscr () ;
ini_board () ;

printf (IiEnter contact area (in square metres): \n");
scanf (lI%fll, &area ) i

printf("Enter gauge length of specimen (in millimetres ) :\n"};
scanf("%f", &gauge_Iength );
pri.rrt f tvznte r number of rolling pass simulations (maximum of 3) :\n");
scanf (U%dl1

, &num_passes);
printf("\n") ;
load_zero set zero(2);

for( pass
{

1; pass <= nUffi-passesi ++pass )

switch(pass)
{

case 1:
pass_variables
break;

case 2:
pass_variables
break;

case 3:
pass_variables

&vpass1;

&vpass2;

&vpass3;
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I /rollsim7 .cpp 
/ /This programr.1e controls the PSC apparatus built at the Depart;r,ent of 
IIMaterials E:::gineerir:.g, Unive:"sity of Cape Town. 
1/ 
I/Written by, 
//Last Updated, 
I/Compiler used: 

JUan Duckham 
March 1997 
7URBO C++, ver 3.0 

#include <stdio.h> 
#include <stdlib.h> 
#include <co~strea.h> 
#include <time.h> 
#include "pc30esh2.h" 
#include "pc30.h l' 

int main (void) 
{ 

int stroke_zerol 0; 
int stroke zerc2 0; 
int stroke_zero3 0, 
int ·stroke_zero, load_zero; 
float area, gauge le~gth; 
float stroke_distance:::: 0, szero =.: 0, hO, strainrate; 
int nUffi-passes, pass; 
struct variables vpassl, vpass2, vpass3, *pass_variablcs; 
struct camp_data dpassl, dpass2, dpass3, ·stroke load; 
char response; 
clock_t ti, 
float t; 

clrscr () ; 
ini_board () ; 

printf ("Enter contact area (in square metres): \r."); 
scanf (01%f ll , &area ); 
printf ("Enter gauge length of specimen (in millirr.ctres ) : \n"); 
scanf (to %f", &gauge_length l; 
printf{IfEnter nurrber of rolling pass sim:..!lations (maximum of 3) :\nH); 

scanf ("%d", &num_passes) i 

printf (!I\n") ; 

load_zero set zero(2); 

for( pass 1; pass <= num-passes; ++pass ) 
{ 

switch(pass) 
{ 

case 1: 

case 2: 

pass_variables 
break; 

pass_variables 
break; 

case 3: 
pass_variables 

&vpassl; 

&vpass2; 

&vpass3; 



Source Code Listing for Control of PSC

}
get variables ( pass, pass_variables);

}
do
{

printf ("\n Accept and continue? [yin] \n");
scanf (II %cII, &response);
if ( response == "n ' I response == 'N')

exi t to) ;

}
while( response 1= 'y' && response != 'Y' ) i

for( pass = 1; pass <= nUffi-passesi ++pass )
{

switch(pass)
{

case 1:
stroke_load = &dpassl;
pass_variables = &vpassl;
stroke_zero = &stroke zerol;
hQ = gauge_length:
set_temperature ( pass_variables
break:

case 2:
stroke load = &dpass2:
pass variables = &vpass2;
stroke_zero = &stroke_zero2;
hO -= vpassl.comp_distance;
cooldown{ vpassl.temperature, vpass2.temperature,

vpass2.interpasstime );
break;

case 3:
stroke_load = &dpass3;
pass_variables = &vpass3;
stroke_zero = &stroke_zero3;
hO -= vpass2.comp_distance;
cooldown ( vpass2.temperature, vpass3.temperature,

vpass3.interpasstime );
}
*stroke zero = set_zero ( 1 );
szero = stroke_distance;
stroke_distance += pass_variables->comp_distance;
strainrate = pass_variables->strain_rate;
compres4{ szero, stroke_distance, hO, strainrate, load_zero,

stroke load);
-}

clean () ;
da_out( 0, fmap_mti( 20 ) );
clrscr{) ;
for( pass = 1; pass <= nUffi-passes; ++pass )
{

switch(pass)
{

case 1:
stroke_load = &dpass1;
stroke_zero = &stroke_zero1;
hO = gauge_length;
break;

case 2:
stroke_load = &dpass2;
stroke_zero = &stroke_zero2;
hO -= vpass1.comp_distance;
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do 
{ 

get variables ( pass, pass_variables); 

printf("\n Accept and contin'.le? [yin] \n"); 
scanf (H %c II, &response); 
if ( response :::::::: ':1' I response == 'N') 

exit(O) ; 

while( response 1= 'y' && response != 'Y' ); 

fort pass:::: 1; pass <= nu~~asses; ++pass ) 
{ 

switch(pass) 
{ 

case 1: 
stroke load:::: &dpassl; 
pass_variables:::: &vpassl; 
stroke_zero:::: &stroke zero1; 
hO '" gauge_ler.gth; 
set_ter.lperature ( pass_variables 
break; 

case 2: 
stroke load:::: &dpass2; 
pass variables:::: &vpass2; 
stroke_zero:::: &stroke_zero2; 
hO -:::: vpassl.comp_distance; 
cooldown { vpassl. temperature, vpass2, tempera. ture, 

vpass2.interpasstime ); 
break; 

case 3: 
stroke_load -;-: &dpass3; 
pass_variables:::: &vpass3; 
stroke_zero ~ &stroke_zero3; 
hO -= vpass2.comp_distance; 
cool down ( vpass2.temperature, vpass3 temperature, 

vpass3.interpasstime ); 
} 
*stroke_zero = set zero{ 1 ); 
szero = stroke_distance; 
stroke_distance t= pass_variables->comp_distance; 
s~rainrate = pass_variables->strain_rate; 
compres4{ szero, stroke_dista:lc€, hO, strair:rate, load_zero, 

stroke load); 
-} 

clean () ; 
da_out( 0, fmap_IT.ti( 20 ) I; 
clrscr() ; 
for ( pass:: 1; pass <= numyasses; ++pass ) 
( 

switch(pass) 
{ 

case 1: 

stroke_load = &dpassl; 
stroke_zero = &stroke_zerol; 
hQ = gauge_length; 
break; 

case 2: 
stroke_load = &dpass2; 
stroke_zero = &stroke_zero2; 
hO -= vpassl.conp_distance; 

Ul 
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break:
case 3:

stroke load = &dpass3:
stroke_zero = &stroke_zero3;
hO -= vpass2.comp_distance:

132

write_disk ( area, pass, hO, *stroke zero, load_zero, stroke load) i

for( t = 0, ti = cLock l l , t <= 5.0;
t = !clock()-ti)/CLK_TCK, da_out( 0, fmap_mti!-(4.0·t - 20.0)) ) );
da_out! 0, fmap_vtiIO) );

return ( a ) i

/*Function that initializes the pc30 board*/
#define BADD Ox700
#define data_3D
void ini_board(void)

int i;
set_base (BADD) ;

i = diag () ;
printf("\nPC-30 diagnostics report the following :\n");
if (i ! = 0)

(
printf ("\nPC-30 not found, or failed. II);

exit (0);

}
else
{

switch (get_type!)) {
case found_3D printf ("PC-26/PC-30 found, operating correctly. II);

break:
case found 39 printf("PC-39 found, operating correctly.");

break;
case found 30be : printf{"PC-30s/pc-30C found, operating

correctly.") ;
break;

case found_30d : printf{"PC-30D found, operating correctly. 11);

break;
case found_30pg : printf{"PC-30PG found, operating correctly. II) ;

break;
case found 126 : printf{"PC-126 found, operating correctly. ");

break;
}
printf{"\n\n"l;
init ();

int set zero( int chan
{

Ilfunction that determines the zero values for
II displacement or load.

char response;
int volt_zero, temp, i;
long sum = 0;

for( i 1; i <= 100; ++i)

{
init () ;
c Leari l ) ;
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case 3: 
break; 

stroke load::: &dpass3; 
stroke_zero::: &stroke_zero3; 
hO -= vpass2.comp_distar.ce; 
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write_disk ( area, pass, hO, *stroke zero, load_zero, stroke load); 

for{ t ::: 0, ti '" clcckO; t Co, 5.0; 
t = tclock()-ti)/CLK_TCK, da_out( 0, frr,aPJ,ti(-(4.0't - 20.0)) ); 
da_out( 0, f~ap_vti(O) l; 

return ( 0 ); 

/*Function that initializes the pc30 board*! 
#define BADD Ox700 
#define data_30 
void ini_board(void) 

int i; 
set_base (BADD) ; 

i = diag () ; 
printf("\nPC-30 diagnostics report the follcwing :\n"); 
if (i !::: 0) 

( 

else 

printf ("\nPC-30 not fou!1d, or failed. II); 
exit (0); 

switch (get_type!)) { 
case found 30 printf (!!PC-26/PC-30 found, operatir:..g correctly."); 

break; 
case fou!1d 39 

break; 
printf ("PC-39 found, operatir:g correctly. "); 

case found 30bc : printf{"PC-30B!PC-30C four:d, operating 
correctly.") ; 

break; 
case found_30d : printf("PC-30D found, operating correctly.!!); 

break; 
case fou:1d_30pg : printf{IiPC-30PG fou:ld, operating correctly. "}; 

break; 
case fou;J.d 126 : printf("PC-126 found, operating correctly. "); 

break; 

printf{"\n\n!!) ; 
init (); 

int set zero( int chan I/function that determines the zero values for 
II displacement or load. ( 

char response; 
int volt_zero, temp, ii 
long sum':;. 0; 

for( i 1; i <= 100; ++i) 

init () ; 
clean!) ; 
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ad_in ( chan, &temp );
sum += tempi
}

volt zero = sum / 100;

return { volt zero);

II function to get deformation variables from user
void get_variables ( int pass, struct variables *pass_variables)

printf("Enter the starting temperature (in %cCl for pass %d\n:", 248, pass
) ;

scanf("%f ll , &pass_variables->temperature );
printf{"Enter the compression distance (in millimetres) for pass %d:\n",

pass) ;
scanf("%f", &pass_variables-:>comp_distance );
printf {"Enter the strain rate (per second) for pass %d\n: '", pass) j

scanf("%f", &pass_variables->strain_rate );

if( pass:> 1 )

{
printf (v En t e r- cooling time (in seconds) between pass %d and %d\n" I

pass-l, pass );
scanf("%f", &pass_variables->interpasstime };
}

printf (lI\n");

II function to set temperature before compression
# void set_temperature ( struct variables *pass_variable
{

int temp_i, temp;
float temp_f = 0;
long i, sum;
clock_t ti;

clrscr (l ;

printf("Adjusting temperature to %f\nn, pass_variable->temperature );
while{ temp_f < pass_variable->temperature 1

{
init (l ;

clean() ;
fort i 1, sum = 0; i <= 100; i++}

{
ad_in ( 3, &temp );
sum += tempi

) ;

) ;

else

}
temp_i = sum I 100;

temp_f = fmap_itt{ temp_i )i

printf ("temperature read in is: %. Of%cC\r" ,
iff temp_f < pass_variable->temperature

{
clean() ;
da_out( 1, fmap_vti{ ON )
}

{
clean() ;
da_out( 1, fmap_vti( OFF)
}
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ad_in ( char., &temp ); 
sum += t.emp; 

volt zero = sum / 100; 

returr.{ volt zero); 

1/ function to get deformation variables frorr: user 
void get_variables ( int pass, stn:.ct variables *pass_va~iables) 
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printf("Enter the starting temperature (in %ee) for pass %d\n:", 248, pass 
) ; 

scanf ("!till, &pass._yariables->temperature ); 
pri:J.tf {"Enter the compression distance (in millirr.etres) for pass %d: \nn , 

pass} ; 
scanf{"%f", &pass_variables-::.>comp_distance ); 
printf {"Enter the strain rate (per secor..d) for pass %d\n:!l f pass 
scanf("%f n , &pass_variables->strain_rate ); 

if( pass::.> 1 ) 

{ 
printf("Enter cooling time (in seco:1ds} between pass %d and %d\n" , 

pass-l, pass ); 
scant ("!'H", &pass_variables->interpassti;ne }; 
} 

printf (lI\n"); 

II function to set temperature before compression 
# void set_temperature ( struct variables *pass_variable 
{ 

int temp_i, temp: 
float temp_f = 0; 
long i, sum; 
clock_t ti; 

clrscr () ; 
printf(!!Adjusting temperature to %f\n", pass_variable->temperature ); 
while{ temp_f < pass_variable->temperature ) 

{ 
init () ; 
clean() ; 
for ( i 1, sum'" 0; i <= 100; i++) 

ad_in ( 3, &temp ); 
sum += terr.pi 

temp_i '" su~ / 100; 
temp_f '" fmap_itt { tew.p_i ); 
print! ("temperature read in is: %. Of%cC\r ll

, temp_f, 248); 
if( temp_f < pass_variable->temperat~re ) 

{ 
clean () ; 
da out{ 1, - fmap_vti( ON ) ) ; 

} 
else 

{ 
cleanO; 
da - out( 1, fmap_vti ( OFF ) ) ; 

} 
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init ();
clean I) ;
for( i = 1, sum = 0; i <= 100: i++)

(
ad_in ( 3, &temp );
sum += temp:

sum / 100;
fmap_itt{ temp_i) i

printf("\n\nStablising temperature at %f\n", pass_variable->temperature};
fori t i ec Iock t l : (c Lcck O -til /CLK_TCK c 30; )

{
if( temp_f < pass_variable->temperature

else

(
clean() ;
da_out( 1, fmap_vti( ON) );
}

(
c l een I ) ;
da_out( 1, fmap_vti( OFF) );
}

init o .
clean () ;
for{ i = 1, sum = 0: i <= 100; i++)

(
ad_in { 3, &temp );
sum += tempi
}

temp_i = sum I 100;
temp_f = fmap_itt( temp_i);
printf("temperature read in is: %.Of%cC,

secs\r", temp_f. 248, (clockl)-ti)/CLK_TCK);
}

holding time is: %.0£

else

> 6)

temp f < pass variable->temperature(- -

clean () ;
da_out( 1, fmap_vti{ ON) ) i

}

(
clean() ;
da_out( 1, fmap_vti( OFF) );
}

init () ;
cjean t l ,
fort i = 1, sum = 0; i <= 100; i++)

pow ( (temp i-pass variable->temperature) ,2)
( - -
if(

while (

(
ad_in ( 3, &temp );
sum += temp;
}

temp_i = sum / 100;
temp_f = fmap_itt{ temp_i };
printf("temperature read in is: %.Of%cC\r", temp_f, 248);
}

pr-Lnt f t v'vn" ) ;
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init () ; 
clean () ; 
for( i :::::: 1, sum::::: 0; i <= 100; i++) 

ad_ln( 3, &te:np ); 
s~m += tempi 

sum / 100; 
fmap_itt{ temp_i) i 
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printf ('I \n \nStablising temperature at %f\n", pass _ variable- :>te:nperature) ; 
fori ti=clock(); {clock()-til!CLKJCK < 30; I 

{ 
if I temp_[ < pass_variable->temperature 

( 
c::'ean () ; 
da_out { L frr,ap_ vti ( ON) ); 
} 

else 

clean() ; 
da_out( 1, fmap_vti( OFF) ); 
} 

init (); 
clean()i 
for{ i =: 1, s:;tm::::: 0; i <= 100; i++} 

ad_in ( 3, &terr.p ); 
sum += temp; 

temp_i ::::: sum I 100; 

tcmp_f ::::: fmap_itt( temp_i ); 
printf (Iltemperature read i:1 is: %. Of!!~cC, 

secs\r", terr,p_f. 248, (clock()-ti)/CLK_TCK); 

) 

holding time is: %.Of 

while( pow ( (temp f-pass variable->temperature) ,2) > 6) 
{ - -
if{ temp f < pass variable-::>'.:emperature {- -

cleanO; 
da_out( 1, fmap_vti{ ON) ); 
} 

else 

clean{) ; 
da_out( 1, fmap_vti( OFF) ); 

init () ; 
clean(}; 
for( i ::::: 1, sum::: 0; i <= 100; i++) 

ad_in { 3, &temp ); 
sum += temp; 

temp_i :::: sum / 100; 
temp_f ::::: fmap_itt { terr.p_i ); 
printf{"temperat'Jre read in is: %.Of%cC\r U

, temp_£, 248), 

} 

printf("\n"} ; 
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clean() ;
da_out{ 1, fmap_vti( OFF) );

II function to control rate of cooling between each compressive event
void cooldown( float temphigh, float templow, float intpasstime

int temp_i, temp;
float temp_f = 0, coolingrate, time OJ

long i, sum;
clock_t timestart;

times tart = clock () ; Iistart timer

coolingrate (temphigh - templow) / intpasstime;/Icalculate
fleDoling rate

clrscr () ;
printf (vAdj us t Lnq temperature to %f\n", templow ) i

time = (clock() - timestart) / CLK_TCK; //update time

500; i++)

while ( time < (0. 9S*intpasstimel )
{
init () ;
clean{) ;
for ( i = 1, sum = 0; i < =

{
ad_in( 3, &temp );
sum += tempi

sum / sao;
fmap_itt( temp_i };

//sample temperature
//a number of times
lIto average

time = (clock() - timestart} I CLK_TCK; Ilupdate time

Iitransformer sWitched
Iloff

Iitransformer switched
lion

else

if( temp_f < (temphigh - coolingrate * time) )
{
clean () ;
da_out( 1, fmap_vti( ON) );
}

(
clean () ;
da_out( 1, fmap_vti( OFF) );

}

prLnt f Ivtemper-a t ure read in is: %.Of%cC. interpass time
seconds\r", temp_f, 248, time);

}

%.Of

Iisample temperature
Iia number of times
lito average

if ( (temp_f-templow) != 0
{
while( pow(temp f templow} ,2) > 25)

( -

clean() ;
for( i = 1, sum = 0; i <= 500; i++)

(
ad_in ( 3, &temp );
sum += temp;

lito ensure compression
Ilat correct temperature

sum I SOD;
fmap_itt( temp_i };

if( (temp_f-templow) == 0
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clean() ; 
da_out{ 1, fmap_vti( OFF) ); 

II function to control rate of cooling betwee~ each compressive event 
void cooldown( float temphigh, float templow, float intpasstime 

int temp_i, temp; 
float temp_f "" 0, coolingrate, time 0; 
long i, sum; 
clock_t timestart; 

times tart ::: c::'ock () ; / / start timer 

coolingrate:= (terr,phigh - templow) I in:passtime;//calculate 
fleooling rate 

clrscr(}; 
printf ("Adjusting :.emperature to %f\n", templow ); 
time =: (clock() - timestart) I CLK_TCK; Ilupdate tiIDe 

while ( tirr.e < (0. 95*intpasstimel ) 

init () ; 
clean{} ; 
fort ::.. := 1, sum::::: 0; i <= 500; i++) 

ad_in( 3, &temp ); 
sum += temp; 

st.:.m / sao; 
fmap_itt ( temp_i); 

//sample temperature 
//a :lumber of times 
lIto average 

time::::::: (clock() - tir:1cstart} I CLK_TCK; /Iupdate ::itne 

if( temp_f < {temphigh - coolingrate * time) ) 
{ 
clean {) ; 
da_out{ 1, fmap_vti( ON} ); 

Iitransformer switched 
I/on 

} 
else 

clean {} ; 
da_out:( 1, fmap_vti( OFF 

} 
) ; 

Iitransformer sWitched 
//off 

printf{lItemperature read in is: %.Of%cC. interpass time 
seconds\r", temp_f, 248, tirr,e); 

%.Of 

} 

if( (temp_f-tereplow) 1= 0 

{ 
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while{ pow(temp f 
{ -

templow) ,2) > 25) lito ensure conp~ession 
f!at correct temperature 

clean() ; 
for{ i :::::: 1, sum::::::: 0; i <= 500; i++) 

ad_in ( 3. &temp ); I/sample temperature 
sum += terr,p; Iia number of tirr-es 

lito average 
sum I 500; 
fmap_itt( teMp_i); 

if ( (temp_f-templow) =::::: C 
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break;

time = (clock() - timestart) / CLK_TCK; jjupdate time
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if( ternp_f c tempI ow
{
clean () ; / /transformer switched
da out t 1, fmap_vti( ON ) ) ; 11011
}

-

else
{
clean()i / /transformer switched
da_out( 1, fmap_vti ( OFF ) ) ; Iloff
}

printf("temperature read in is: %.Of%cC. interpass time
%.Of seconds\r", temp_f, 248, time);

}

pr-Lnt f tvvn'') ;

clean() ;
da_out( 1, fmap_vti( OFF) );

//transformer switched
//off for beginning of

//compression

II compres4.cpp
II function that samples from the stroke and load outputs of the ESH, as well
II as the temperature of deformation. The data is stored in an array and then
II corrected for the zero points.
II Compression is simultaneously controlled at a constant strain rate
II ESH compliance is corrected for during compression
void compres4( float szero, float stroke dlstance, float hO, float strain rate,
int load_zero, struct comp_data *stroke_load

int i I j;
int templ
long loadi
long sum1 '"
float t , d ,
clock_t ti;

0, temp2 '" 0, temp3 '" 0;
:::: 0;

0, sum2 '" 0, sum3 '" 0;
load, rig_camp = 0;

//sample load and calculate
//rig_comp before compression

printf (n \nNOW COMPRESSING\n\n") ;

for{ j = 1; j <= 25; j++ )
{
clean () ;
ad_in ( 2, &temp2 );
sum2 += temp2;
}

loadi = sum2 / 25;
if (loadi < load_zero)

{
loadi -:::: load_zero;
load = fmap_dtk(-loadi};
rig_camp = pow(load, 0.6S} I 23.0,
)

for( i 0, t = 0, ti :::: clock(), d = szero;
d < (stroke_distance + rig_comp) && i < MAX_POINTS;
t :::: (clock()-ti)/CLK_TCK, d:::: szero + rig_comp + hO*( 1.0 - exp{­

strain_rate*t)), i++)
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break; 

time:::: {clocj;:(} - timestart) / CLK_TCK; Ilupdate time 

if ( tcrr.p_f < ternplow 
{ 
clean () ; 
da_out{ 1, fmap_vti( ON 1 I, 

/ /transformer switched 
lion 

} 
else 

clean(); 
da_ol.4t( 1, frr,ap_vti( OFF) 

} 

I /tra~sfora',er swi'C.checi 
I, Iloff 

print! ("temperature read in is: %-.Cf%cC. interpass time 
%.Of seconds\r", temp_f, 248, time); 

} 

prir:.tf{"\n H
) ; 

clean() ; 
da_out ( 1, fmap_vti ( OFF) ); 

II compres4.cpp 

/Itransfor"mer switdl.ed 
/ /off for beginnir.g of 

I/compressicn 

II function that sa~ples from the stroke and load outputs of the ESE, as ~ell 
II as the temperature of deforrr.ation. The data is stored ir. an array and then 
/1 corrected for the zero points. 
II Compression is Sir-lUI taneously controlled at a constan-t strain rate 
1/ ESH compliance is correc~ed for during compression 
void compres4 ( float szero, float stroke_distance, float hO, float slrain rate, 
int load_zero, struct camp_data *stroke_load ) 

int i, j; 
int templ 0, temp2 = 0, temp3 = 0; 
long loadi '" 0; 
long suml ~ 0, sum2 = 0, sum] = OJ 

float t, d, load, ri9_co:nP "' 0; 
clock_t ti; 

printf (U\nNOW COMPRESSING\n\n ll
) ; 

far( j = 1; j <= 25; j++ ) 
( 
clean () ; 
ad_in ( 2, &temp2 ); 
sum2 += temp2; 

loadi = sum2 I 25; 
if (loadi < load_zero) 

{ 
loadi -= load_zero; 
load = fmap_dtk(-loadil; 

Iisample load and calculate 
//ri9_comp before compression 

rig_camp = pow(load, 0.651 / 23.0, 
} 

for( i 0, t = 0, ti = clock(), d = szerOj 
d < (stroke_distance + rig_camp) && i < ~AX_POINTS; 

t = (clock(}-ti)!CLK_TCK, d = szero + rig_co~p + hO*( 1.0 - exp(­
strain_rate*t»), i++) 
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sum! 0;
sum2 0:
sum3 0;
clean{) ;
da_outl 0, fmap_mtil-dl );
for( j = I: j <= 25; j++ )

(
ad_in ( I, &templ );
ad_in ( 2, &temp2 ),.
ad_in( 3, &temp3 };
sum! += tempI;
sum2 += temp2;
sum3 += temp3;
}

stroke_load->stroke[i] = sum! / 25:
loadi = sum2 / 25:
stroke_load->load[i] = loadi;
s t rokejLoad-c t emperat.ure [il sum3 / 25;
if (loadi < load_zero)

(
loadi -= load_zero;
load = fmap_dtk(-loadi);
rig_comp = powlload, 0.651 I 23.0;
}

da_out ( 0, fmap_ffiti (- (stroke_distance + rig_camp)) ); / Ito ensure correct
//compression
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for( : (clock()-ti)/CLK_TCK c 0.4; i++ )
(

//sample data for at
I/least 0.4 seconds

suml
sum2
sum3
fori

0;

0;
0;

j = 1; j <= 25; j++ )
(
ad- in( 1, &templ ) ;

ad- in( 2, &ternp2 ) ;

ad in( 3, &temp3 1;
suml += t empt •
sum2 += temp2;
sum3 += temp3:
}

stroke_load->stroke[i] = suml / 25;
loadi = sum2 / 25;
stroke_load->load[il = loadi;
stroke_load->temperature(il sum3 / 25;
if (loadi < load zero)

( -
loadi -= load_zero;
load = fmap_dtk(-loadi);
if (load > 20)

(
rig_comp pow(load, 0.65) / 23.0;
clean () ;
da_out( 0, fmap_mti(-(stroke_distance + rig_comp)) );
}

II
II
II

clean() ;
rig_comp
clean () ;

(pow tLoad , 0.65) 123.01 • 0.70; / /load relieved
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/I 
/I 
II 

suml 0, 
sum2 0; 
sum3 0; 
clean() ; 
da_out( 0, fmap_mti(-dl ); 
for( j ::::: 1; j <= 25; j++ ) 

( 
od in( 1, &tcmpl ) ; 

ad in( 2, &teIT'-p2 ) ; 

ad in( - 3, &::emp3 } ; 

suml += terr.pl; 
sum2 += temp2; 
sum3 += temp3; 

stroi<e_load->stroke[i] ::::: S'J.ml / 25; 
loadi ::::: s~m2 I 25; 
stroke_load->load[i1 ::::: loadi; 
stroke_load->ter.lperature[i} sum3 / 25, 
if (loadi <: load_zero) 

( 
loadi -= load_zero; 
load::::: fmap_dtk(-loadi); 
ri9_col1',P = pow(Joad, 0.65) / 23,0; 
} 

da_out( 0, fmap_mti(-(stroke_distance + rig_camp}) l;//to ensure correct 
//compressior. 

fort ;(c~.ock()-ti}/CLK._TCK <: 0.4; i4-+ 

( 
SUr.11 0, 
sum2 0; 
sum) 0; 
for( j ~ 

, . " , j <~ 25, j++ ) 

ad - in( 1, &ternpl ) ; 

ad - in( 2, &ternp2 ) ; 

ad inC 3, &temp3 ) ; 

suml += temp1 ; 
sum2 +;;: temp2; 
sum3 += temp3; 

stroke_load->stroke[i] ::::: suml / 25; 
loadi ::::: sum2 I 25; 

stroke_load->load[il = loadi; 
stroke_load- >temperaturc [ij SUr.13 / 25; 

if (loadi < load zero) 
( -
loadi -::::: load_zero; 
load = fIT.ap_dtk(-loadi); 
if (load > 20) 

( 

//sample data for at 
I/least 0.4 seconds 

rig_comp pow(load, 0.65) I 23.0; 
clean {} ; 

clean(} ; 
rig_comp 
clean () ; 

da_o'.lt( 0, fmap_mti(- (st:::-oke_distance + rig_camp)) ); 
} 

(pow(load, 0.65) /23,0) • 0.70; / /load re:ievcd 
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printf("i = %d \nn, i);

if{ i >= MAX POINTS
{
printf ("array bounds exceeded");
exit(O) ;
}

stroke load->stroke[il -5000;

factor of

by user)data in memory to a file (named

*1
displacement for rig stifness
strain calculations adjusted by

/* function that writes an array of
on disk

II Updated March 1994: To calibrate
II Updated October 1995: Stress and
II 1.155
II Updated February 1997: Deformation temperature data also written to file.
void write disk( float area, int pass, float hO, int stroke zero, int load_zero,
struct camp_data *stroke_load

FILE *stroke_filei
char file[30], response;
int i;
float load, millimetre,
float zero correction

stress,
0;

strain, calib_fact f temperature;

do
(
printf (vno you want to write sampled data from pass %d to file?

[yin] \n", pass);
scanf("%c", &response );
if ( response == "n I I response 'N 1 )

return;

while! response != ' y ' && response 1= 'y' );

II printf("hO = %f\n", hO);
printf ("Enter name of file
scanf("%s", file);

'vn" ) ;

if ( stroke_file::: f open I file, "wt") ) / / writing data to disk
f or t i ::: 0 ; s t rckejLoad-os t roke [i] 1= -5000 && i < MAX_POINTS: ++i)

{
stroke_load->stroke[i] -= stroke_zero;// correcting for zero
millimetre::: fmap_dtm( - (stroke_load->stroke[i]) ) ii/points
if I stroke load->load[il < load zero)

( - -
s t rokejl.oad-c-Load Li l -= load_zero;
load = fmap_dtk( -(stroke_load->load[i]) ); Ilin kN

if ( (i==O) && (load> 5.0) )
zero_correction::: powl load, 0.65) / 23.0;

calib_fact = pow ( load, 0.65) I 23.0;
//calibrating for rig stiffness
millimetre = millimetre + zero_correction

strain log( hO / (hO - millimetre) ) * 1.155;
stress load / (area * 1000 * 1.155); //in MPa
temperature = fmap_itt( stroke_load->temperature[i] );
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printf("i;:; %d \nl!, i); 

if( i >= MAX POINTS 

printf ("array bounds exceeded"); 
exit(O) ; 
} 

stroke load->stYoke[i] -5000; 

1* function that writes an array of data in memory to a file (named by user) 
on disk it/ 

/1 Updated March 1994: To calibrate displaceme~t for rig stifness 
/ I Updated October 1995; Stress and strain calculatio!1s adjusted by factor of 
II 1.155 

13~ 

II Updated February 1997: Deformation tereperature data also writtcr. to file, 
void write_disk( float area, int pass, float hO, int s~roke zero, int load_zero, 
struct comp_data *stroke_load ) 

FILE *stroke file; 
char fi1e[30], response; 
in'.: i; 
float load, millimetre, stress, strain, calib_fact, temperature; 
float zero correction 0; 

do 

printf ("Do you want to write sampled data from pass %d to file? 
[yin] \n", pass); 

II 

scanf("%c", &response ); 
if ( response == 'n! I response 

return; 

while ( response ! _~ , Y I && response ! "" 1 Y' ); 

printf(HhO CO" %f\n", ha); 
printf("Enter r:ame of file 
scanf("%s", file); 

\n") ; 

if( stroke_file := fopen( file, "wt!1) ) /1 writing data to disk 
for(i ~ a ; stroke_load->stroke[i] 1= -5000 && i <: MAX_POINTS; -1+i) 

{ 
stroke_load->stroke [i1 -'" stroke .. _zero;/ / correcting for zero 
millimetre", :map_dtm( - (stroke_load->stroke[i]) ) ii/points 
if( stroke load->load[i] < load zero) 

strain 
stress 

{ - .. 

stroke_load->load[il -= load_zero; 
load = fmap_dtkl -(stroke_load->load[i]) ); j/in kN 

HI li==O) && (load> 5.0) ) 
zero_correction := pow{ load, 0.65) / 23.0; 

calib_fact = pawl load, 0.65) I 23.0; 
Ilcalibrating for rig stiffness 
millimetre := ~illimetre + zero correction 

log( hO I (hO - millimetre) ) * 1.155; 
load / (area * 1000 * :.155); Ifin MPa 

te:nperature := fmap_itt ( stroke_load->temperature [i] ); 
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fprintf ( stroke_file, lI%t %f
temperature );

prLnt t t " i = %d\r tl
, i) i

}
else

(
pr i.nt.f Ivtjnabj e to open file \nt!) i

exit (0) ;

}
fclose( stroke_file) j

if\ll", strain, stress,
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1* Function that maps an voltage value
1* For RANGE 10, 0
1* is mapped to
1* For RANGE 20, -10
1* is mapped to
int fmap_vti( float voltage}

to a integer value
volts <------->

a <------->

volts <------->

4096 <------->

to be outputted */
+10 volts */

4096 */
10 volts */

o * I

0 <---------> 4096 *1
-5 volts <---------> +5 volts */

0 <---------:> 4096 */
0 volts <---------> +10 volts */

0 <---------> 4096 */
-10 volts <---------> +10 volts */

float finteger = 0;
int integer = 0;

switch (RANGE)
{

case 10:
finteger voltage * 4096 / 10
break;

case 20:
finteger = (-voltage * 2048 / 10 ) + 2048

}
integer = (int) finteger;
return ( integer );

/* Function that maps a voltage integer value read in to a voltage value
in volts */

/* for RANGE 5
/* is mapped to
/* for RANGE 10
/* is mapped to
/* for RANGE 20
/* is mapped to
float fmap_itv( int integer
{

float finteger = 0;
float voltage = 0;

finteger = (float) integer;
swi tch ( RANGE )
{

case 5:
voltage (finteger - 2048) * 5 / 2048;
break;

case 10:
voltage finteger * 10 / 4096;
break;

case 20:
voltage (finteger - 2048) * 10 / 2048;

}
return ( voltage );

}
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%f\n", strain, stress, 
temperature ); 

else 

printf(" i ::::: %d\r U
, i); 

} 

printf(UUnable to open file \1'.11) i 

exit (0) ; 

} 
fclose( stroke_file); 

/* Function that maps an voltage value 
/* For RANGE 10: C 

to a integer value 
volts <-------> 

to be outputted */ 
+10 volts */ 

I' is mapped to 
1* For RANGE 20: 

1* is mapped to 
int fmap_vti( float voltage} 

float finteger = 0; 
int integer ::0 0; 

switch (Rl;..,."l'GE) 

{ 
case 10: 

o <-------> 

-10 volts 
4096 

<-------> 

<-------> 

finteger 
breaK; 

case 20: 

voltage * 4096 / 10 ; 

fir;teger ::0 (-voltage * 2048 I 10 ) + 2048 

integer =: (int) finteger; 
return ( int.eger ); 

4896 */ 
10 volts *1 

o * / 

/* Function that maps a voltage integer value read in to a voltage value 
in volts */ 

/* for RANGE 5 
1* is mapped to 
/* for RANGE 10 
1* is mapped to 
1* for RANGE 20 

I * is mapped to 
float fmap_itv( int integer) 
{ 

float finteger = 0, 
float voltage = 0; 

finteger = (float) integer; 
swi tch ( RANGE } 
{ 

case 5: 

0 <-----_ .. _-> 

-5 volts <---------:> 

0 <---------;. 
0 volts <---------> 

0 <---------> 

-10 volts <---------> 

voltage (fir~teger - 2048) * 5 / 2048, 

} 

break; 
case 10: 

voltage 
break; 

case 20: 
voltage 

return ( voltage ); 

fi~teger * 10 / 4096; 

(£integer - 2048) * 10 I 2048; 

4096 

*5 volts 
4096 

+10 volts 
4096 

+10 volts 

*1 
*1 
*1 
*1 
*1 
*1 

139 
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in millimetres to a voltage value in/* function that maps a stroke value
integers to be outputted */

1* for RANGE 10

is mapped to
for RANGE 20

is mapped to
int frnap_mti( float mm )

o mm
o

-50 mm
4096

<--------> 50 mm
<--------> 4096
<--------> 50 mm
<--------> a *1

float finteger = 0;
int integer = 0;

switch( RANGE
{
case 10:

finteger
break;

case 20:
finteger

mm * 4096 / 50;

( -mm * 2048 I 50 ) + 2048;

integer = (intlfinteger;
return (integer) i

0 mm < - - - - - - - - - >
0 < - - - - - - - - - >

0 mm < - --- - - - - - >
0 < - - - - - - - - - >

0 mm < - - - - - - - - - >

/* Function that maps a voltage difference integer value to a
millimetres or a load value in K Newtons */

/* for RANGE 5 0 <--------->

/* is mapped to
/* for RANGE 10
1* is mapped to
/* for RANGE 20

/* is mapped to
float fmap_dtm( int integer)
{

stroke value in

4096 *1
50 mm * /
4096 */
50 mm * /
4096 */
100 mm */

float finteger 0:
float stroke O·

finteger = (float) integer;
swi tch ( RANGE )

{

}

case 5:
case 10:

stroke
break;

case 20:
stroke

)
return ( stroke ):

finteger * so / 4096:

finteger * 100 ( 4096;

voltso volts <-------> 10
<-------> 4096
<-------> 250 deg C
<-------> 4096
<-------> 500 deg C
<-------> 4096
<-------> 500 deg C

signal of max range
RANGE 5 0

a temperature of -250 deg C
RANGE 10 0

o deg C
RANGE 20 0

-500 deg C

I(function that maps a voltage integer read in to a temperature in degrees
IICelsius
Ilan amplified voltage
II
IIi8 mapped to
II
IIi8 mapped to
II
Ilis mapped to
float fmap_itt( int integer
{

float finteger = 0:

Source Code Listing for Control of PSC 140 

1* function that maps a stroke value in millimetres to a voltage value in 
integers to be outputted */ 

/* for RANGE 10 

is mapped to 
for RANGE 20 

is mapped to 
int fmap_mti ( float rr,m ) 

float finteger = O· 
int integer = 0; 

switch( RANGE 
{ 
case 10: 

finteger 
break; 

case 20; 
finteger 

integer = (int)finteger; 
return {i~teger) ; 

0 IT,ffi <--------::> 50 mm 
0 <-- - ---> 4096 

-50 mm <--------> 50 mm 
4096 <--------> 0 

mm '* 4096 / 50; 

( -mm * 2048 I 50 ) + 2048; 

*/ 

/* Function that ~aps a voltage difference in~eger value to a stroke value i:r1. 
millimetres or a load value in K Newtons */ 

/* for RANGE 5 0 <:---------> 4096 */ 
/, is mapped 
1* for RANGE 10 

" is mapped 
1* for RANGE 20 
/, is mapped 
float fmap_dtm( ir.t integer I 
{ 

float finteger 0; 
float stroke O' 

'0 
to 

to 

finteger = (float) integer; 
swi tch ( RA."JGE ) 

( 
case 5: 

0 mm <---------:> 50 mm * / 
0 <---------;:> 4096 */ 

0 mm <---------> 50 mm */ 
0 <---------> 4096 */ 

0 mm <---------;> 100 mm *1 

case 10: 
stroke 
break; 

case 20; 

finteger * 50 / 4096; 

stroke finteger * 100 I 4096; 

return ( stroke ); 
} 

/Ifunction that maps a voltage integer read in to a tewperature in degrees 
IICelsius 
Ilan amplified voltage signal of max range 
II RANGE 5 0 
/Iis mapped to a temperature of -250 deg C 
II RANGE 10 0 
/Iis mapped to 
II 

o deg C 
RANGE 20 0 

-500 dog C Ilis mapped to 
float fmap itt{ int integer 
{ -

float finteger = OJ 

o volts <-------> 10 volts 
<-------> 4096 
<-------> 250 deg C 
<-------> 4096 
<-------> 500 deg C 

<-------> 4096 

<-------> 500 dcg C 
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float temperature:

finteger = (float) integer:

switch ( RANGE
{

141

case 5:
temperature
break:

case 10:
temperature
break:

case 20:
temperature

return ( temperature);

(finteger - 2048 ) * 250 / 2048;

finteger * 500 / 4096:

(finteger - 2048 ) * 500 / 2048;

0 <---------> 4096 */
0 kN <---------> 250 kN */

0 <---------> 4096 */
0 kN <---------> 250 kN */

0 <---------> 4096 */
0 kN <---------> 500 kN */

/* Function that maps a voltage difference integer value to a load value in
K Newtons */

/* for RANGE 5
/* is mapped to
/* for RANGE 10
/* is mapped to
/* for RANGE 20
/* is mapped to
float fmap_dtk{ int integer)
{

float finteger = 0:
float load 0;

finteger = (float) integer;
switch( RANGE
{

case 5:
case 10:

load finteger * 250 / 4096:
break:

case 20:
load finteger * 500 / 4096:

}
return ( load );
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float temperature; 

finteger = (float) integer; 

switch ( RANGE 
{ 

case 5: 
temperature 
break; 

case 10: 
temperature 
break; 

case 20: 
temperature 

return ( temperature); 

(finteger - 2048 ) * 250 / 2048; 

finteger * 500 I 4096; 

(fintegcr - 2048 ) * 500 / 2048; 

I' Function that Maps a voltage difference integer value to a load value 
K Newtons */ 

I' for 

l-
I' for 

I' 
I' for 

l-
float 
{ 

RA'IGE 5 
is mapped to 

RA'IGE 10 

is mapped to 
RA'IGE 20 

is mapped to 
fmap_dtk( int integer 

float finteger = 0; 
float load 0; 

finteger = (float) integer; 
swi tch ( RA.lIJGE ) 

{ 
case 5: 

0 

0 kN 
0 

0 )(.'1 

0 
0 kN 

case 10: 
load 
break; 

case 20: 

finteger * 250 I 4096; 

load finteger * 500 I 4096; 

return ( load ); 

<---------> 4096 

<---------> 250 kN 
<---------> 4096 
<:---------> 250 kN 
<---------> 4096 

<---------> 500 kN 

141 

in 

*1 
*1 
*/ 
*/ 
*1 
*/ 
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Source Code for Misorientation Calculations

Engineering
Town

September 1997
TURBO C++, ver 3.0

Alan Duckham
Dept. of Materials
university of Cape

Iitmatch.cpp
I/This programme calculates minimum misorientation angles between several
//ideal orientations and measured orientations. The ideal orientations
Ilcan be for either FCC or Bee structures. The measured orientations are
I/react in from a file with a format created by EBSD measurements
//conducted at the University of Cape Town and subsequently processed by
/ /the programme «comb i ne v. Output is to file in the form of the minimum
//misorientation angles calculated for the relevant (BCe or FCC) ideal
//orientations for each measured orientation. From these results the
//closest matching orientation can by chosen by identifying the smallest
I/misorientation angle.

II
IIWritten by,
II
II
II
IILast Update,
/jCompiler used:

#include <fstream.h>
#include <iostream.h>
#include <iomanip.h>
#include <conio.h>
#include <process.h>
#include <math.h>
#include <string.h>

void bee ( float texture [3] (3], float minangle [11]);
void fcc ( float texture [3] [3], float minangle [11]);
void invert_matrix(float matrix [3] [3] I float matrix_i [3] [3]) i

void user_matrix(float arrayl [3], float array2 [3], float matrix [3] [3]);

void matrixyrod{float matrix! [3] 13] I float matrix2 [3] [3J, float prod [3]
£3] ) ;
float minAng (float misO [3] [3]),

float PI = 3.141592654,
int N CRYST ELEMS = 24,
float CRYST_ELEMS [24] [3]

float
float
float
float

ORTHOO
ORTH01
ORTH02
ORTH03

[3] £3]
[3] £3]
[3] [3]

[3] [3]

[3] = {l,D,O,C,l,O,O,O,I, -1,0,0,0,1,0,0,0,-1,
-1,0,0,0,-1,0,0,0,1, 1,0,0,0,-1,0,0,0,-1,
0,1,0,0,0,1,1,0,0, 0,-1,0,0,0,1,-1,0,0,
0,-1,0,0,0,-1,1,0,0, 0,1,0,0,0,-1,-1,0,0,
0,0,1,1,0,0,0,1,0, 0,0,-1,1,0,0,0,-1,0,
0,0, -1, -1, 0, 0, 0, 1, 0, a, 0,1, -I, 0, 0, 0, -1,0,
0,0, -1,0, -1,0,-1,0,0, 0,0,1,0,-1,0,1,0,0,
0,0, I, 0,1, a, -1, 0, 0, 0, a, -I, 0, 1, 0, I, 0, 0,
-1,0,0,0,0, -1, 0,-1,0, 1,0,0,0,0,-1,0,1,0,
1,0,0,0,0,1,0,-1,0, -1,0,0,0,0,1,0,1,0,
0,-1,0,-1,0,0,0,0,-1, 0,1,0,-1,0,0,0,0,1,
O,l,O,l,O,O,O,O,-l,O,-l,O,l,O,O,O,O,l};

{I, 0, a, 0, 1, 0, 0, 0, I};
{-l,O,O,O,l,O,O, 0, -I};
{l,O,O,O,-l,O,O, 0, -I};
{-I, 0,0, 0,-1, a, 0, O,l};
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Iitmatch.cpp 
IIThis programme calculates minimt.4ffi misorientation angles between several 
Ilideal orientations and measured orier.ta':.:ions. The ideal orien::a!.:10ns 
Ilcan be for either FCC or Bee structures, Tr.e Measured orientatio~s are 
I/read in from a file with a format created by EBSD measurements 
Ilconducted at the University of Cape '.:'own and subsequently processed by 
lithe programme "combine!!. Output is to file in the form of tbe minirrum 
Ilrnisorientation angles calculated for the relevant {Bee or FCC} ideal 
//orientations for each measured orientation. From these results the 
Ilclosest matching orientation can by chosen by identifying the smallest 
Ilmisoricntation anglo. 
II 
IIWritten by, 
II 

Alan Duckham 

II 
Dept. of Materials Engiaeering 
university of Cape Town 

II 
IILast Update, 
I/Compiler used: 

September 1997 
TURBO C++, ver 3.0 

#include <fstream.h> 
#include <iostream.h> 
#include <iomanip.h> 
#include <conio.h> 
#include <process.h> 
#include <math.h> 
#include <strir.g.h> 

void bee ( float texture {3] (3], float minangle [11]); 
void fcc ( float texture [3] [3], float minaagle [11]); 
void invert_matrix(float matrix [3} [3], float matrix_i [3] [3]); 

void user_matrix{float arrayl [3], float array2 [3], float tr.atrix [3] [3]); 
void matrixyrod{float matrix1 [3] 13], float matrix2 [3] [3J, float prod [3) 
[3 J ) ; 
float minAnglfloat misO [3J [3J); 

float PI • 3.141592654; 
int N CRYST ELEMS = 24; 
float CRYST_ELEMS [24J [3J [3J = {l,O,O,O,l,O,O,O,l, -1,0,0,0,1,0,0,0,-1, 

float ORTHOD [3] [3 J 
float ORTH01 [3] [3] 
float ORTH02 [3] [3] 
float ORTH03 [3J [3J 

-1,0,0,0,-1,0,0,0,1, 1,0,0,0,-1,0,0,0,-1, 
0,1,0,0,0,1,1,0,0, 0,-1,0,0,0,1,-1,0,0, 

0,-1,0,0,0,-1,1,0,0, 0,1,0,0,0,-1,-1,0,0, 

0,0,1,1,0,0,0,1,0, 0,0,-1,1,0,0,0,-1,0, 
0,0,-1,-1,0,0,0,1,0, 0,0,1,-1,0,0,0,-1,0, 
0,0, -1,0, -1,0,-1,0,0, O,C, 1, 0, -1,0, 1,0, 0, 
0,0,1,0,1,0,-1,0,0, O,O,-1,O,1,C,1,O,0, 
-1,0,0,0,0, -1, 0, -1,0, 1, 0,0, 0, 0 1 -1, Oil, 0, 

1,0,0,0,0,1,0,-1,0, -1,0,0,0,0,1,0,1,0, 
0,-1,0,-1,0,0,0,0,-1, 0,1,0,-1,0,0,0,0,1, 
O,l,O,I,O,O,O,O,-l,Of- l ,O,l,O,O,O,O,l}; 

{I, 0, 0, 0, 1. 0, 0, 0, 1}; 
{-1,0,0,0,1,0,0, 0, -I}; 
{l/O,O/O,-l,O,O, 0, -I}; 
{-I, 0,0, 0,-1, 0, 0, 0, 1}; 
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int main()
{
float plane [3], direction [3], texture [3] [3];
float minangle [11]
float lowest_ang;
char fo[30], fi[30]
char Chi
int i = OJ

int aj

int lines = OJ

int Lnumbe r- 0;
int structure = 0;
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clrscr() ;
cout « "This programme calculates minimum misorientation angles between
several \n n ;

cout « "ideal orientations and measured orientations. The ideal orientations
canvn" ;
cout « "be for either FCC or Bee structures. \n";
cout « "The measured orientations are read in from a file with a format
created\n" ;
cout « "by EBSD measurements conducted at the University of Cape Town and\n";
cout c "subsequently processed by the programme 'combine'. \n";
cout c "Output is to file in the form of the minimum misorientation angles\n";
cout c "caLcuLa t ed for the relevant (BCC or FCC) ideal orientations for each\n";
cout c "measured orientation. From these results the closest matching
orientation\n" ;
cout c "can by chosen by identifying the smallest misorientation angle. \n";
cout < "\n\n";

while ( structure != 1 && structure != 2)

cout c "Enter 1 for BCC or 2 for FCC. ";
cin » structure;

cout « "\nEnter name of input file (EBSD measurements) ";
cin » fi;
cout < "\nEnter name of output file (results file): ";
cin » fo;

ofstream fout (fo);
if stream fin (fi);
if (!fin)

{
cerr < "Cannot open tt c fi < "for input\n";
exit{-l) ;
}

for( i=O; i!=S; i++)

{
fin .get {ch) ;

while ( ch t e t vn")

fin.get{ch) ;

//eats up 1st S lines of text of input file

ideall ideal2 ideal3 ideal4 idealS ideal6 ideal?

//Write heading to output fileswitch (structure)
{
case 1: fout «
lowest anq'vn II ;

break;
case 2: fout c

Q P BR

)

"No.

"No. copper S
lowest ang\n ll ;

brass g06S cube cubeND cubeRD R

Source Code Listing of :VllsoricntatlOl1 Calculations 

int main() 
{ 
float plane [3], directio!1 [3], texture [3] [3 J ; 
float minangle [11] 
float lowest_angj 
char fo [30J, fi [30J 
char ch, 
int i =: 0; 
int a; 
int lines = 0; 
int Inumber 0; 
int structure = 0; 

clrscr() ; 
cout « "This programMe ca;'culates m.inimum misorientation angles between 
several \n 11 ; 

cout « "ideal orientations and measured orientations. The ideal orientations 
can\nH; 
cout « "be for either FCC or Bee struc:.:ures. \n"; 
cout « "The measured orientatior.s are read in from a file with a for:nat 
created\n" ; 
cout « Hby EBSD measurements conducted at the University of Cape Town and\n"; 
cout « Hsubsequently processed by the programme 'combine'. \n"; 
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cout « UOutput is to file in ::he form of the minimum misoJ:ientatio:1 a:lgles\n"; 
cout « !!calculated for the relevant (BCC or FCC) ideal oJ:ientations for each\n ll ; 

cout « 'Imeasured orientation. From these results the closest matchir:g 
orientation\n" ; 
cout « "can by chosen by identifying the smallest misorientation angle. \::"; 
cout « !I\n\n"; 

while ( structure 1= 1 && structure != 2) 

cout « "Enter 1 for Bec or 2 for FCC. II; 

cin » structuJ:ei 

cout « "\nEnter name of input file (EBSD measurements) "; 
cin » fi; 
cout « "\r:Enter name of output file (results file): "; 
cin » fo; 

of stream fout (fa); 
if stream fin (fi); 
if (!fin) 

{ 
cerr « "Cannot open n « fi « "for input\n"; 
exit{-ll; 
} 

fort 1=0; i!:::5; i++} //eats up 1st 5 lines of text of input file 
( 
fin.get feh); 
while( chl:::'\n l ) 

fin,get (ch); 

switch (structure) 
( 
case 1: fout « "No" 
lowest ang\n H ; 

break; 

//Write heading to output file 

ideall idea12 ideal3 idea14 idealS idea16 idea17 

case 2: fout « tlNo. copper S brass gOS8 c1.;.be cubeND cubeRD R 
Q 
) 

P BR lowest ang\nl1; 
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while ( fin.get(ch} && fout //loop intil end of input file
{
fin » lines; I/read line number
Inumber ++;

for( i=O; i!=3; i++) I/read in plane co-ordinates
{
fin » plane [i] ;

p Lane l Ll 1= 1000.0;
}

for( i=Oi i!=3; i++) I/read in direction co-ordinates
{
fin » direction[il j

direction[i] /= 1000.0;
}

fin.get (ch);
while( ch!= '\n'} //eat up the rest of the line

fin.get (ch l ,
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user_matrix( plane, direction, texture); //calculate matrix for
Ilmeasured orientation

fout« Inumber«" " ; //write line number to ouput
Ilfile

fout.precision(l) ;
lowest_ang = 180;
switch (structure)

case 1:
{
bee (
fort

/!calculate minimum
//rnisorientation angles
//depending on type of

//structure chosen
texture, minanglel; //and write to file
i=O; i!=7; i++)

{
fout « minangle lLl c " ";
if(minangle [i] < lowest_ang)

{
lowest_ang = minangle [i];
a = i;

tout « lowest_ang;
swi tch lal

{
case 0, fout « (ideal1)\n"; break;
case L fout « (ideal2)\n"; break;
case 2 , tout « (ideal3)\n"; break;
case 3, fout « {idea14)\n"; break;
case 4 , fout « (Ldea'l s )\n"; break;
case 5, fout « (idea16)\n lt

; break;
case 6, fout « (ideal?) \nn; break;

break;
case 2:

{
fcc( texture, minangle);
for( i=O; i!=11; i++)

{
fout« minangle [i] « 11 ";

if(minangle [i] < lowest_ang)
{

Source Code Listing: of Misorientation Calculations 

while ( fin.get(ch) && fout //loop intil end of input file 
{ 
fin » lines; Ilread line number 
Inumber ++; 

for( i=O; i!=J; i++) //read in plane co-ordinates 
{ 
fin » plane [i] ; 

plane!i] t= 1000.0; 
} 

for( 1=0; i!::::3; i++} Ilread in direction co-ordinates 
{ 
fin » direction[i}; 
direction(i] 1= 1000.0; 

} 

fin.get (ch}; 
while( chi:::::: '\n'} Jleat up the rest of the line 

fin .get (ch}; 

user_matrix( plane, direction, texture}; /Icalculate matrix for 
//measured orie~tation 

fout« lr..umber«" " ; I/write line number to o'Jput 
IlfHe 

fout.precision(l) ; 
lowest_a~g :::: 180; 
switch (structure) / /calculate IT.inimuf:1 

//misorientation angles 
I/depending on type of 

//structure chosen 
case 1: 

( 
bcc( texture, minangle); 
for( i=O; i!=7; i++) 

//and write to file 

{ 
fout <:< rr.inangle [i] « " "; 

if{rninar.gle [i] <: lowest_ang) 
{ 
lowest_ang = minangle (1); 
a =: i; 

fout « lowest _a::g; 
swi tch (al 

{ 
case 0, fout « (ideal1) \n"; break; 
case 1, fout « (idca12)\n"; break; 
case 2 , fot.:.t « (ideal3) \n'l; break; 
case 3, fO'J.t « (idea14)\n"; break; 
case 4 , fout « (idealS) \n'l 

; break; 
case 5, fout « (idea16}\n'l; break; 
case 6, fout « (ideal?) \n"; break; 

break; 
case 2: 

{ 
fcc( texture, minangle); 
fort i=O; i1:11; i++) 

{ 
fout« minangle [i] « !l "; 

if(minangle [iJ < lowest_ang) 
{ 
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lowest_ang minangle [i] ;

a = i i

fout « lowest_ang;
switch (a)

{
case 0, fout c c (copper) \nn; break;
case 1, fout « (8) \n"; break;
case 2 , fout « (brass) \n" i break;
case 3, fout « (g05S) \n"; break;
case 4, fout c c (cube) \n" i break:
case 5, fout « (cubeND) \n"; break;
case 6, fout « (cubeRD) \n"; break;
case 7, fout c c (R)\n"; break;
case 8 , fout c c (Q)\n"; break;
case 9 , fout c c (P)\n"i break;
case 10, fout c c " (BR}\n"; break;

fin. close ();
fout.close() ;
return (0);

void bcc( float texture [3] [3], float minangle [11))
{
float ideall [3] [3] = {O.70710678,0.70710678,0.0,

-0.70710678,0.70710678,0.0,
o.O,o.O,l.O};

float idea12 [3] [3] = {O.70710678,0.57735027,0.40824829,
-0.70710678,0.57735027,0.40824829,
0.0,-0.57735027,0.81649658},

float ideal3 [3 J [3] = (0.70710678, -0.57735027,0.40824829,
-0.70710678,-0.57735027,0.40824829,
0.0,-0.57735027,-0.81649658);

float idea14 [3] [3] = (0.70710678,0.40824829,0.57735027,
-0.70710678,0.40824829,0.57735027,
0.0,-0.81649658,0.57735027);

float idealS [3] [3] = {0.0,0.81649658,0.57735027,
-0.70710678,-0.40824829,0.57735027,
0.70710678,-0.40824829,0.57735027};

float idea16 [3] 13J = {-0.40824829,-0.70710678,0.57735027,
0.81649658,0.0,0.57735027,
-0.40824829,0.70710678,0.57735027};

float idea17 [3] [3] = {0.40824829,0.70710678,0.57735027,
-0.81649658,0.0,0.57735027,
0.40824829,-0.70710678,0.57735027};

float sym_matrix [3] [3] ;
float ideall_s [3] [3], idea12_s [3] [3!, ideal3 s [3] [3], idea14 s [3] [3] ;
float idea15_s (3) [3], idea16_s [3] [3], idea17 s [3] [3] ;
float ideall_i (3) 13], idea12_i [3! [3], idea13 i [3] [3], idea14 i [3] [3] ;
float idealS i (3) 13], idea16_i [3! [3!, idea17 i [3] [3] ;
float misorien [3] [3] ;
int i,j,m,n;
float angle;

for (me Oim<7; ++m)
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lowest_ang 
a :::: i; 

minangle [iJ; 

fout « lowest _ang; 
switch (a) 

{ 
case 0, fout « (copper) \n"; break; 
case 1, fct:.'.: « (8) \n II ; break; 
case 2, fcut « (brass) \n"; break; 
case 3 , fout « (g088) \n"; break; 
case 4 , fout « (cube) \n"; break; 
case 5 , fout « (cubcND} \r." ; break; 
case 6 , fout « (cubeRD) \n"; break; 
case 7 , fout « (Rl\n"; break; 
case 8 , fout « (Q)\n"; break; 
case 9 , fout « (P)\n"; break; 
case 10, fout « " (BR}\n"; break; 

fin. close (); 
fout. close () ; 
return (0); 

void bcc( float texture [3] [3], float minangle [11]) 
{ 
float ideall [3] [3] = (O.7071067B,O.70710678,O.0, 

-0.70710678,0.70710678,0.0, 
0.0,0.0,1.0); 

float idea12 [3] [3] = {O. 70710678,0.57735027,0.40824829, 
-0.70710678,0.57735027,0.40824829, 
0.O,-0.57735027,0.81649658}; 

float ideal3 [3J [3] = {O.70710678,-O.57735027,0.40824829, 
-0.70710678,-0.57735027,0.40824829, 
0.O,-0.5773S027,-0.81649658}; 

float idea14 [3J [3J = {O.70710678,0.40824829,0.57735027, 
-0.70710678,0.40824829,0.57735027, 
0.O,-O.81649658,O.57735027}; 

float idealS !3] [3] = {O.0,0.81649658,O.5773S027, 
-0.70710678,-0.40824829,0.57735027, 
O.70710678,-0.40824829,O.S7735027}; 

float idea16 !3] [3) = {-O.40B24829,-O.70710678,O.57735027, 
0.81649658,0.0,0.57735027, 
-0.40824829,0.70710678,0.57735027}; 

float idea17 l3] l3] = {O.40824829,0.70710678,O.57735027, 

-0.81649658,0.0,0.57735027, 
O.40824829,-0.70710678,O.57735027}; 

float sym_matrix [3] [3] ; 
float. ideall_s [3] [3] , 

float idealS_s [3] l3] , 
float ideall_i [3] !3] , 
float idealS i [3] !3] , 
float misorien [3] [3] ; 
int i,j,m,n; 
float angle; 

for (m=O ;m<7; ++m) 

idea12 
idea16 
idea12 
idea16 

s [3] [3] , 

s [3] [3] , 

i - [3] [3] , 

i - [3] [3] , 

idea13 s [3] [3] , -
idea17 s [3J [3] ; -
ideal3 i [3 J [3] , 

idea17 i [3] [3] ; 

idea14 

idea14 
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5 [3J [3] ; 

~ [3] [3] ; 
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{
minangle[m] = 180.0;
for (neo i 0<4; ++0)

{
switch (n)

{
case 0: for(i=O;ic3;++il

for(j=Oijc3j++j)
sym_matrix [i] [j]

case 1: for{i=O;ic3;++i}
for(j~O;j<3;++j)

sym_matrix [i] ljJ
case 2: for(i=O;ic3;++i)

for(j=O;jc3;++jl
sym_matrix til [j]

case 3: for(i=O;ic3;++il
for(j=O;jc3;++jl

sym_matrix [il [j]

ORTHOO [i] [j]; break;

ORTHOl [il [j]; break;

ORTH02 [i] [j]; break;

ORTH03 [i] [j]; break;
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}
switch (m)

{
case 0:

(
matrix-PTod(ideall, sym_matrix, ideall_sl;
invert_matrix(ideall_s, ideall_i);
matrix-prod(texture,ideall_i,misorien) j

} break;
case 1:

{
matrix-prod{idea12, sym_matrix, idea12_s);
invert_matrix (idea12_s, idea12_i};
matrix-prod(texture,idea12_i,misorien) ;
} break;

case 2:
{
matrix-prod(idea13, sym_matrix, idea13_s};
invert_matrix(idea13_s, ideal3 i);
matrix_prod(texture,idea13_i,misorien) ;
} break;

case 3:
{
matrix-prod{idea14, sym_matrix, idea14 s);
1nvert_matrix(ldea14_s, idea14 1);
matrix-prod(texture,idea14_i,misorien) ;
} break;

case 4:
{
matrix_prod (idealS, sym_matrix, idealS_s);
invert_matrix (idealS_s, idealS_i);
matrix-prod(texture,idealS i,misorien);
} break; -

case S:
(
matrix_prod (idea16, sym_matrix, idea16_s);
invert_matrix(idea16_s, idealG_i);
matrix-prod(texture,idea16_i,misorien) ;
} break;

case 6:
{
matrix-prod{idea17, sym_matrix, idea17_s);
invert_matrix(idea17_s, idea17_i);
matrix-prod(texture,idea17 i,misorien);
} break; -

.'
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minangle[mJ :-:; 180.0; 
for (n=O ;n<4 ;++n) 

{ 
switch (n) 

( 
case 0: for(i=O;ic3;++i) 

for(j:O;j<3;++j) 
sym_matrix [il [jl 

case 1: for(i=O;ic3;++i) 
for{j~O;jc3;++j) 

sym_matrix [iJ [j ~ 
case 2: for(i:O;ic3;++ii 

for(j=O;jc3;++j) 
sym_matrix [il [j 1 

case 3: for(i=O;ic3;++i) 
for(j=C;jc3;++j) 

sym_IT:<ltrix [il [jl 

ORTHOO [iJ [jl; break; 

ORTl!Ol til [jl; break; 

ORTH02 [il [jl; break; 

ORTH03 [il [jl; break; 

) 
switch (m) 

{ 
case 0: 

( 
matrixyrod(ideall, sym_matrix, ideall_sJ; 
invcrt_matrix(ideall s, ideall_i); 
matrix-prod{text~re,ideall_i,misorien) ; 
} break; 

case 1: 

( 
matrix_prod(idea12, sym_matrix, idea12_s); 
invert_matrix(idea12_s, idea12 i); 
If:atrix_prod (texture f idea12_i, misorien) ; 
} break; 

case 2: 
{ 
matrix_prod(idea13, sym_matrix, idea13_si; 
invert_matr~x{~dea13 s, idea13 i); 
matrix_prod(texture,idea13_i,misorier.) ; 
} break; 

case 3: 

case 4: 

( 
matr':"x_prod{ideal4, sym_tr.atrix; idea14_s); 
invert_matrix(ideal~ s, idea14 i}; 
matrix-prod(text~refidea14_i,misorien) ; 
} break; 

{ 
matrix_prod (idealS, sym_matrix, idea15_s); 
invert_matrix(idealS s, idealS_i); 
matrlx-prod(texture,ldea15 i,misorlen); 
} break; 

case 5: 
( 
matrix_prod(idea16, sym_matrix, idea16_s); 
invert_matrix{idea16_s, idea16 i}; 
matrix-prod(texture,idea16 i,misorien); 
} break; -

case 6: 
( 
matrix-prod(idea17, sym_matrix, idea17_s); 
invert_matrix(idea17_s, ideal7 i); 
matrix-prod(texture,idea17 i,misorien}; 
} break; -
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angle = minAng(misorien);
if (angle < minangle[m])

minangle[ml ::: angle;

void fcc ( float texture [3] [3], float minangle (11))
{
float copper [3J [3] = {-0.5774,0.7071,0.4082,

-0.5774,-0.7071,0.4082,
0.5774,0.0,0.8165};

float s [3J [3J = {-0.7682,0.5817,0.2673,
-0.3841,-0.7528,0.5345,
0.5121,0.3080,0.8018);

float brass [3J [3J = {0.4082,0.5774,0.7071,
-0.4082,-0.5774,0.7071,
0.8165,-0.5774,0.0);

float goss [3] [3J = {0.0,0.7071,0.7071,
0.0,-0.7071,0.7071,
l.O,a.O,D.a};

float cube [3] (3] = {0.0,0.0,l.0,
0.0,-1.0,0.0,
l.a,a.O,D.a};

float cubend [3J [3J = {-0.9487,-0.3162,0.0,
0.3162,-0.9487,0.0,
0.0,0.0,l.0);

float cuberd [3J [3J = {0.0,0.9487,0.3162,
0.0,-0.3162,0.9487,
l.O,a.O,D.O};

float r [3J [JJ = {-0.8165,0.5345,0.2182,
-0.4082,-0.8018,0.4364,

0.4082,0.2673,0.8729};
float q [3J (3J = {-0.5345,0.8452,0.0,

-0.8018,-0.5071,0.3163,

0.2673,0.1691,0.9487};
float p [3J (3J = {-0.3333,0.9428,0.0,

-0.6667,-0.2357 /0.7071,
0.6667,0.2357,0.7071};

float br [JJ [3J = {-0.3030,0.9091,0.2857,
-0.8081,-0.4041,0.4286,
0.5051,-0.1010,0.8571);

float sym_matrix [3J [3J ;
float copper_s [J] [3J, s_s [3J [3J, bras8_8 [3J [JJ, gOS8_S [3J [3J;
float cube_s [3J [3J, cubend_s [3J [3J, cuberd_s [3J (3J, r_s [3J [3J ;
float ~s (3J [3J, p_s [3J [3J, br_s [3] [3J ;
float copper_i [3] [3J, s_i [JJ [JJ, brass_i [3J [3], goss_i [3J [JJ ;
float cube_i [3J [3J, cubend_i [3J [3J, cuberd_i [3J [JJ, r_i [3J [3J ;
float ~i [JJ [3J, p_i [JJ [3J, br_i [3] [JJ ;
float misorien [3 ] [3];
int i,j,m,n;
float angle;
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for(m=Oi mcll; m++)
{
minangle(mJ = 180.0;
for {ne O;nc4 ;++n)

{
switch (n)

{
case 0: for(i=O;ic3;++i)

for(j=O;jc3;++j}
sym_matrix [i] Ijl ORTHOO [iJ [j] ; break;

J
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angle = minAng(misorien); 
if (angle < mina~gle[m]) 

minangle[m] = angle; 

void fcc ( float texture [3] [3], float minangle [11J) 
{ 
float copper [3J [3J = {-O.5774,O.7071,0.4082, 

-0.5774,-0.7071,0.4082, 
O.S774,0.0,0.8165}; 

float s [3J [3J = (-0.7682,O.S817,O.2673, 
-0.3841,-0.7528,0.5345, 
0.5121,0.3080,0.8018); 

float brass [3) [3] =: {o 4082/0.5774,0.7071, 
-0 4082,-0.5774,0.7071, 

0.8165,-0.5774,0.0); 
float goss [3] [3] = {0.O,0.7071,O.7071, 

0.0,-0.7071,0.7071, 
l.O,a.o,a.o}; 

float cube [3] [3] = {0.O,0.0,1.0, 
0.0,-1.0,0,0, 
1.a,o.O,G.o}; 

float cub end [3J [3J = {-0.9487,-O.3162,O.O, 
0.3162,-0.9487,0.0, 
0.O,0.O,1.0}; 

float cuberd [3] [3] = {0.0,0.9487,O.3162, 
0.0,-0.3162,0.9487, 

1.0,0.0,C.O); 
float r [3J [3] = {-0.8165,0.5345,O.2182, 

-0.4082,-0.8018,0.4364, 
0.4C82,O.2673,0.8729}; 

float q [3J [3J = {-0.5345,0.8452,0.O, 
-0.8018,-0.5071,0.3163, 
0.2673,O.1691,0.9487}; 

float p [3J [3J = {-O.3333,O.9428,O.0, 
0.6667,-0.2357,0.7071, 

O.6667,0.2357,0.7071j; 
float br [3J [3J = {-O.3030,O.9091,O.2857, 

-0.8081,-0.4041,0.4286, 
O.505:,-O.lO:O,O.8571}; 

float sym_matrix [3] [3] ; 
float copper_s [3] [3], s_s [3J [3], brass_s [3J [3J, g08S 8 [3] [3J; 
float cube_s [3] [3], cubend_s [3] [3J, cuberd_8 [3] [3], r_s [3J [3] ; 
float 'L8 [3] [3], p_s [3J [3J, br_s [3] [3J ; 
float copper_i [3] [3], s_i [3J [3J, brass_i [3] [3], 908S_i [3] [3]; 
float cube_i [3] [3J, cubend_i [3] [3J, cuberd_i [3] [3], r i [3] [3] ; 

float 'Li !3] [3], p_i [3] D], br i [3] [3J ; 

float misorien [3 ] [3]; 
int i,j,m,ni 
float angle; 

for(m=Oi mcll; m++) 
{ 
minangle[mJ = 180.0; 
for (n~O ;n<4; ++n) 

{ 
switch {n) 

{ 
case 0: for{i:O;ic3;++i) 

for(j=O;j<3;++j} 
symJlatrix [iJ [jl ORTHOO til [j] ; break; 
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case 1: for(i;O;i<3:++i}
for(j=Oij<3i++j)

sym_matrix [i] rn
case 2: for(i=O:i<3:++i)

for(j=O;j<3;++j)
sym_matrix [i] [i)

case 3: for(i=O;i<3;++i}
for(j=Oij<3;++j)

sym_matrix [i] [i]

ORTHOI [i] [i]' break,

ORTH02 Ii] [i], break,

ORTH03 [i] [i), break,
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}
switch (m)

{
case 0:

(
matrix-rrod(copper,sym_matrix,copper_s) ;
invert_matrix (copper_s, copper_i);
matrix-rrod(texture,copper_i,misorien) ;
}break;

case 1:

{
matrix_prod(s, sym_matrix, s_s} i

invert_matrix (s_s, s_i);
matrix_prod{texture,s_i,misorienl;
}break,

case 2:
(
matrix-prod(brass, sym_matrix, brass_s) i

invert_matrix (brass_s, brass_i);
matrix-prod(texture,brass_i,misorien) ;
)break,

case 3:
(
matrix-rrod(goss, sym_matrix, g05S_S);

invert_matrix (goss_s, goes_i);
matrix-prod(texture,goss_i,misorienl;
}break,

case 4:
(
matrix-rrod(cube, sym_matrix, cube_s);
invert_matrix(cube_s, cube_i);
matrix-rrod(texture,cube_i,misorienl;
}break;

case 5:
(
matrix-rrod(cubend, gym_matrix, cubend_sl;
invert_matrix{cubend_s, cubend_i);
matrix-rrod(texture,cubend_i,misorienl;
}break,

case 6:
(
matrix-rrod(cuberd, sym_matrix, cuberd_s) i

invert_matrix (cuberd_s , cuberd_i);
matrix-rrod{texture,cuberd_i,misorien) i

}break,
case 7:

(
matrix-prod(r, sym_matrix, r_s);
invert_matrix(r_s, r_i);
matrix-rrod(texture,r i,misorien);
}break; -

case 8:
(
matrix-rrod{q, sym matrix, ~s);

invert_matrix{~s, ~il;



Source Code Listing of :VI isorientauon Calculations

matrix-prod(texture,~i,misorien) ;
}break;

case 9:
{
matrix_prod(p, sym_matrix, p_s) i

invert_matrix (p_s, p_i);
matrix-prod(texture,p_i,misorien) ;
}break;

case 10:

{
matrix-prod(br, sym_matrix, br_s);
invert_matrix (br_s, br_i);
matrix-prod(texture,br_i,misorienl;
}break;

}
angle = minAng(misorien);
if (angle < minangle[m])

minangle[rn] = angle;

void invert matrix{float matrix [3] [3], float matrix i [3] [3] )
{ -

int i, j ;
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for (i=Oi i<3: ++i)
for (j::O; j<3; ++jl

matrix i [j 1 [il
)

matrix [i] l j l .

void user matrix(float array! [3], float array2 [3], float matrix [3] [3]}
{ -
float array3 [3};
int i:

array3 [0] (arrayl [1] • array2 [2] arrayl [2] • array2 [1] ) ;

array3 [lJ (arrayl [2] • array2 [OJ arrayl [0] • array2 [2] ) ;

array3 [2] (arrayl [0] • array2 [1] arrayl [1] • array2 [0] ) ;

for(i==O; i<3; ++il
matrix [ iJ [0] array2 til ;

for(i=O; i<3; ++i)
matrix [i] [1) array3 [il ;

for(i==O; i<3; ++il
matrix [i] [2] arrayl [i] ;

}

void matrixyrod(float matrixl [3] [3], float matrix2 [3] [3], float prod D}

[3] )
{
int i, j ;

for (i=O; i<3; ++il
for (j==O; j<3; ++j)

prod l i l [j] = matrix1 l i l [0] • matrix2 [0] [j]
+ matrix1 [i] [1] • matrix2 [1] [j)
+ matrixl [i} [2] * matrix2 [2] [j];

}



Source Code Li,ting of Mrsoricntanon Calculations

float minAng (float misO [3] [3])
{
float trace, minAng = PI, Ang:
int r. n r

//ofstream fout (vresuLt si t exvj ,
for(n=Oj n<N CRYST ELEMS: ++n)

{ - -
trace misO [0] [OJ - CRYST_ELEMS In] [0] [0]

+ misO [OJ [1] - CRYST_ELEMS [n] [I] [0]
+ miso [0] [2] - CRYST_ELEMS In] [2J [OJ;

trace +=misO [1] [0] - CRYST_ELEMS [n] [0] [lJ
+ misO [1] [1] - CRYST_ELEMS [nJ [I] [I]
+ misO I a l [2] - CRYST_ELEMS In] [2j [1];

trace +=misO [2] [OJ - CRYST_ELEMS In] [0] [2]
+ misO [2J [1] - CRYST_ELEMS In] [I] [2J

+ misO [2] [2J - CRYST_ELEMS [nJ [2] [2];
if (t r ace s e z.999999)

return 0.0;
else if (trace<=-O.999999)

Ang PI;
else

ISO

)
return (minAng*lBO.O/PI);

II
II

Ang acos
if IAng<minAng)

minAng=Ang;
cout « n+l «
fout « n+l « "

I (c r ace c i . 0) 12.0) ;

« IAng-lBO.O/PI)
« (Ang-lBO.o/PI)

« u\n";
< n\n";

Source Code Li,ting of :\ilSoriel1tatlOl1 CalculatIons 

float minAng (float misO [3] [3]) 
{ 
float trace, mi~~g = PI, Ang; 
int j,n; 

Ilofstream fout ("results.tex"); 
for(n=O; n<N CRYST E~EMS; ++n} 

/I 
II 

{ - -
trace IT.isO 

+ 

trace +""misO 

+ 

+ 
trace -;-=misO 

+ 

[oj [OJ * CRYST_ELEMS [nJ [OJ [OJ 
misO [0] [1] * CRYST_ELEMS [nJ [lJ 
misO [OJ [2J * CRYST_ELE~S [nJ [2] 
[1] [0] * CRYST_ELEMS [nl [e] [IJ 
misO [lJ [I] • CRYST_ELE~S [nJ [11 
misO [I] [2] * CRYST_ELEMS [n] [2] 
[21 [OJ * CRYST_ELEMS [n] [OJ [2] 
misO 12] [I] • CRYST_ELEMS [n] II] 
ldso [2] [2] * CRYST ELEMS [n] 12] 

if (trace>=2. 999999) 
return 0.0; 

else if (trace<=-O.999999) 
Ang PI; 

else 
Ang acos (ttrace-1.0)/2.0); 

if (A:-:g<minAngl 
minAng",.Ang; 

cout « n+l « 
fout « n+l « " 

<0::: (Ang*180.0/PI) « It\n"; 
« (Ang*180. a/PI) « "\n"; 

return (minAng*lBO.O/PI); 

[0] 
[0] i 

[11 
[lJ ; 

[2] 

[2] ; 

ISO 
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